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The carbon monoxide-releasing molecule CORM-2
inhibits the inflammatory response induced by
cytokines in Caco-2 cells

J Megias, ] Busserolles and MJ Alcaraz

Department of Pharmacology, University of Valencia, Burjasot, Valencia, Spain

Background and purpose: Recent evidence indicates that carbon monoxide-releasing molecules (CO-RMs) exhibit potential
anti-inflammatory properties. In the present study, we have investigated whether tricarbonyl dichloro ruthenium(ll) dimer
(CORM-2) can control the inflammatory response induced by cytokines in a human colonic epithelial cell line, Caco-2.
Experimental approach: Caco-2 cells were preincubated with CORM-2 for 30 minutes and then stimulated with interleukin
(IL)-1B, tumor necrosis factor-a and interferon-y for different times. Gene expression was analyzed by real-time PCR. Protein
expression was investigated by Western blot and ELISA. Transcription factor activation was determined by the luciferase
method.

Key results: We have shown that CORM-2 significantly decreased the mRNA expression of nitric oxide synthase-2 (NOS-2) and
the production of nitrite, in Caco-2 cells stimulated with cytokines. IL-8, IL-6 and metalloproteinase-7 (MMP-7) mRNA and
protein were also significantly reduced by CORM-2. Time-course and small interfering RNA studies suggest that inhibition of
IL-6 plays a role in the regulation of MMP-7 expression by CORM-2. These effects of CORM-2 can be dependent on the
modulation of nuclear factor-xB (NF-xB), activator protein-1, CCAT/enhancer binding protein and the phosphorylated forms
of NF-xB inhibitory protein-o;, c-Jun N-terminal protein kinase 1/2, p38 and extracellular signal-regulated kinase 1/2.
Conclusions and Implications: CORM-2 can regulate a number of genes relevant in intestinal inflammation and cancer
progression. These findings provide new insights into the anti-inflammatory properties and potential applications of this class
of compounds.
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factor-«xB; NOS-2, nitric oxide synthase-2; siRNA, small interfering RNA; TNFe, tumor necrosis factor-u

Introduction

In intestinal epithelial cells, proinflammatory cytokines
activate nuclear factor-«B (NF-«B), which regulates the trans-
cription of nitric oxide synthase-2 (NOS-2), interleukin(IL)-8,
IL-6, matrix metalloproteinases (MMPs) and other molecules
involved in chronic intestinal inflammation and cancer
(Roebuck, 1999; Jobin and Sartor, 2000). MMPs can be
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effector molecules for mucosal injury and play an important
role in inflammatory bowel disease (Baugh et al., 1999) and
early stages of colorectal carcinogenesis (Nosho et al., 2005).
In particular, MMP-7 is produced by epithelial cells in the
digestive tract and may mediate a wide range of cellular
responses. This enzyme could participate in wound healing
(Salmela et al., 2004), leading to migration of epithelial cells
after tissue damage. MMP-7 is thought to be a key mediator
in intestinal inflammation (Wielockx et al., 2004) and colon
cancer (Witty et al., 1994; Newell et al., 2002), as well as a
marker of activity related to dysplasia and cancer in patients
with ulcerative colitis (Matsuno et al., 2003). Therefore,
targeted inhibition of MMP-7 has been proposed as a novel
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therapeutic option for intestinal inflammation associated
with necrotizing enterocolitis (Bister et al., 2005) and several
inflammatory disorders (Wielockx et al., 2004).

Heme oxygenase (HO) activity catabolizes heme to
biliverdin, carbon monoxide (CO) and iron. The HO-1
isoform is induced by oxidative stress in colonic epithelial
cells (Dijkstra et al., 2004) and can be detected in the
intestinal epithelium of severely inflamed mucosa of inflam-
matory bowel disease patients (Paul et al., 2005). Owing to
the anti-inflammatory effects observed in animals (Wang
et al., 2001; Paul et al., 2005), HO-1 has been proposed as
a new therapeutic target for inflammatory bowel disease
(Naito et al., 2004). The protective actions of HO-1 in the gut
may be mediated by the production of biliverdin, bilirubin
(Berberat et al., 2005; Busserolles et al., 2006) or CO (reviewed
in Ryter and Otterbein, 2004). Carbon monoxide-releasing
molecules (CO-RMs) mimic the biological actions of CO
derived from HO activity (Foresti et al., 2005). Recent data
have demonstrated the vasoactive (Foresti et al., 2004) and
cardioprotective (Clark et al., 2003) effects of this group of
compounds. Interestingly, CO released by CO-RMs has been
shown to inhibit NO and tumor necrosis factor-a (TNFx)
production in mouse macrophage (Sawle et al., 2005) or
microglia (Bani-Hani et al., 2006) cell lines. These observa-
tions suggest potential anti-inflammatory properties for CO-
RMs. The aim of this study was to test the hypothesis that a
CO donor, CORM-2 inhibits the inflammatory response
elicited by cytokines in a human colonic epithelial cell line,
Caco-2. Here we show that this agent inhibits the production
of inflammatory mediators through the modulation of NF-
kB and other transcription factors. These data demonstrate
for the first time the ability of a CO-RM to downregulate
MMP-7 expression and support the anti-inflammatory
potential of this group of compounds.

Methods

Cell growth and culture

Caco-2 cells from the European Collection of Cell Cultures
(ECACC 86010202, Salisbury, UK) were routinely grown in
100 mm plastic dishes at 37°C in a humidified atmosphere of
5% CO; in air in modified Eagle’s medium, supplemented
with 10% fetal calf serum, 2mM glutamine, 100U ml !
penicillin, 100 ugml~' streptomycin, 1mM fungizone and
20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
Caco-2 cells were seeded at 10° cells ml™! and routinely
subcultured when about 80% confluent. The culture med-
ium was changed every other day. Cells were used between
passages 20 and 40. Cell viability was assessed by the
mitochondrial-dependent reduction of 3-(4,5-dimethylthia-
zol-2-y1)-2,5 diphenyltetrazolium bromide (MTT) to forma-
zan. After appropriate stimulation times, cells were
incubated with MTT (200 ug ml~') for 180 min. The medium
was then removed and the cells solubilized in dimethyl
sulfoxide (DMSO) (100 ul) to quantitate formazan at 550 nm
(Gross and Levi, 1992). For cell stimulation, Caco-2 cells were
plated at 10° cells/well in six-well dishes for 10 days. After
medium removal, fresh medium without serum was added.
CORM-2 was dissolved in DMSO and then diluted in culture
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medium (0.1%, vv~!). Control cells were treated with the
same vehicle. Cells were preincubated with CORM-2 for
30min and then stimulated with a mixture of proinflamma-
tory cytokines (cytomix) — interferon-y (1000 Uml™'), IL-1p
(10ngml~') and TNFx (10ngml~!) — for different times. As
a negative control, cells were treated with RuCl; (150 um).

Measurement of NOz levels

In supernatants from 18h cytomix-stimulated cells, NO2
was determined fluorometrically in microtiter plates using
NaNO, as a standard (Misko et al., 1993).

Transient transfection and luciferase activity assay

Cells (10%/well) were seeded in six-well plates and after
24 h incubation were transiently transfected overnight with
either the NF-«xB-Luc, activator protein-1 (AP-1)-Luc or
CCAT/enhancer binding protein (C/EBP)-Luc plasmid (Stra-
tagene, La Jolla, CA, USA) using Fugene 6 (Roche Applied
Science, Indianapolis, IN, USA) according to the supplier’s
recommendations. Cells were treated with cytomix for 8h in
the presence or absence of CORM-2 at different concentra-
tions. After lysis and centrifugation, 20 ul aliquots of super-
natants were used to assay luciferase activity using the kit
from Promega Corp. (Madison, WI, USA). Luminescence was
measured in a Microbeta counter (Wallac, Turku, Finland)
and normalized against protein amount.

Electrophoretic mobility shift assay (EMSA)

Caco-2 cells (10%/well) were preincubated with CORM-2 for
30min and then stimulated with cytomix for 15 or 30 min.
Nuclear extracts were prepared as described (Lopez-Collazo
et al., 1998). Cells were washed twice with ice-cold
phosphate-buffered saline, and then treated with 0.2ml of
buffer A (20 mM Tris-HCI, pH 7.8, 10 mM KCI, 1 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid,
1mM dithiothreitol (DTT), 1mM phenylmethylsulfonyl
fluoride and 10uM leupeptin) for 15min followed by
addition of Nonidet P-40 (0.5%, wv!). The tubes were
vortexed for 15, and nuclei were sedimented by centrifuga-
tion at 8000g for 30s. Aliquots of the supernatant were
stored at —80°C (cytoplasmic extract), and the nuclei pellet
was resuspended in 50ul of buffer A supplemented with
0.4M KCIl. After centrifugation at 13000g for 15min,
aliquots of the supernatant (nuclear extract) were stored at
—80°C. Protein was determined by the DC Bio-Rad protein
reagent (Richmond, CA, USA). Double-stranded oligonucleo-
tide containing the consensus NF-xB sequence (Promega
Corp., Madison, WI, USA) was end-labeled using T4 poly-
nucleotide kinase (GE Healthcare, Barcelona, Spain) and
[y-32P]JATP (NEN Life Sciences Products Inc. (Boston, MA,
USA). Incubations were performed on ice with 6pug
of nuclear extract, 100000c.p.m. of labeled probe, 2 ug
poly(dI-dC), 5% (vvh glycerol, 1mM ethylenediamine-
tetraacetic acid, 5 mM MgCl,, 1 mM DTT, 100 mM NaCl and
10 mM Tris-HCI buffer (pH 8.0) for 15 min. Complexes were
analyzed by nondenaturating 6% polyacrylamide gel elec-
trophoresis in 0.5 x Tris-borate buffer followed by analysis



of the dried gel by the Typhoon 9410 system (GE Healthcare,
Barcelona, Spain).

Western blot analysis

For NF-«xB inhibitory protein-o (IxBx), cytoplasmic extracts
from Caco-2 cells were obtained as indicated in EMSA.
Proteins (25 ug) were separated by 12.5% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and trans-
ferred onto polyvinylidene difluoride membranes (GE
Healthcare, Barcelona, Spain). Membranes were incubated
with polyclonal antibodies against IxB« or f-actin. For other
proteins, the cell pellets were lysed in 100 ul of buffer (1%
Triton X-100, 1% deoxycholic acid, 20 mM NaCl and 25 mm
Tris, pH 7.4) and centrifuged at 4°C for 5min at 10000g.
Proteins (25 ug) in cell lysates were separated by 12.5% SDS-
polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membranes. Membranes were
incubated with specific polyclonal antibodies against phos-
phorylated Thr'®’/Tyr'®® c-Jun N-terminal protein kinase 1/2,
phosphorylated Thr'8/Tyr'82 p38, phosphorylated Thr'®3/
Tyr'® extracellular signal-regulated kinase (ERK)1/2, the
corresponding unphosphorylated proteins, HO-1 or f-actin.
Finally, membranes were incubated with peroxidase-con-
jugated goat anti-rabbit immunoglobulin (Ig)G and the
immunoreactive bands were visualized by enhanced chemi-
luminescence using the AutoChemi image analyzer (UVP
Inc., Upland, CA, USA).

Quantification of MMP-7, IL-8 and phosphorylated IxBo.
Quantikine CXCLS8/IL-8 immunoassay kit (sensitivity
3.5pgml ') was purchased from R&D Biosystems (Abing-
don, UK). Pro-MMP-7 protein levels were measured by
human Biotrak ELISA kit (sensitivity 97 pgml~') from GE
Healthcare (Barcelona, Spain). To monitor the amount of
phosphorylated IxBux relative to total IxBoa protein in Caco-2
cells, we used the ELISA CASE for IxBa-Ser*?/Ser*6-phospho-
IxBo kit from SuperArray Bioscience Corp. (Frederik, MD,
USA) according to manufacturer’s instructions.

Quantitative real-time PCR

Cells were preincubated with CORM-2 for 30 min and then
stimulated with cytomix for different times. Total RNA was
extracted using the TRIzol reagent (Life Technologies Inc.
Barcelona, Spain) according to the manufacturer’s instruc-
tions. Reverse transcription was accomplished on 1pg of
total RNA using random primers (TagMan reverse transcrip-
tion reagents, Applied Biosystems Spain, Madrid). PCRs
were performed using Power SYBR Green PCR Master Mix
(Applied Biosystems Spain, Madrid). The primer sequences
have been reported elsewhere: IL-8 (Muhlbauer et al., 2004),
IL-6 (www.realtimeprimers.org), MMP-7 (Yanagisawa et al.,
2005), NOS-2 and p-actin (Thilakawardhana et al., 2005).
PCR assays were performed in duplicate on an iCycler Real-
Time PCR Detection System (Bio-Rad Laboratories, Rich-
mond, CA, USA) running the cycling conditions: 95°C for
10min, 40 cycles of 95°C for 15s and 60°C for 1min.
Reaction specificity was determined by melt curve analysis
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which was performed by heating the plate from 55 to 95°C
and measuring SYBR Green I dissociation from the ampli-
cons. Cycle threshold (CT) values for each gene were
corrected using the mean CT value for $-actin. Relative gene
expression for cells stimulated with cytomix either in the
presence or absence of drug treatments was calculated with
respect to the mean ACT of nonstimulated cells.

Data analysis

Results are presented as mean+s.e.m. Statistical analyses
were performed using one-way analysis of variance, followed
by Dunnett’s t-test for multiple comparisons.

Materials

The proinflammatory cytokines were from Peprotech EC Ltd.
(London, UK). Anti-active mitogen-activated protein kinase
(MAPK), p38 and c-Jun N-terminal protein kinase (JNK)1/2
polyclonal antibodies were purchased from Promega Biotech
Iberica (Madrid, Spain), and the antibodies against the
corresponding unphosphorylated proteins were from Cell
Signaling Technology (Beverly, MA, USA). Polyclonal anti-
body against IxBx was purchased from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA, USA) and the HO-1 antibody
was from Stressgen (Ann Arbor, MI, USA). The peroxidase-
conjugated IgGs were purchased from Dako (Copenhagen,
Denmark). Predesigned small interfering RNA (siRNA) oligo-
nucleotides were purchased from Ambion Inc. (Austin, TX,
USA). Cobalt protoporphyrin IX was purchased from Fron-
tier Scientific Europe Ltd. (Carnforth, UK). CORM-2 and
other reagents were from Sigma-Aldrich (St Louis, MO, USA).

Results

CORM-2 inhibits the production of inflammatory mediators in
Caco-2 cells stimulated with cytokines
Treatment of Caco-2 cells with CORM-2 significantly
reduced NO generation measured as nitrite after 18 h of
cytomix stimulation, in a concentration-dependent manner
(Figure 1la). In contrast, the negative control without CO
groups RuCl; was ineffective. The inhibition of NO produc-
tion by CORM-2 appears to correspond to that of NOS-2
mRNA expression (Figure 1b). The concentrations used are in
the range of those previously reported in other cell lines
(Motterlini et al., 2002) and Caco-2 cells (Busserolles et al.,
2006). These effects were not because of cytotoxicity of the
compounds, as cell viability was not significantly modified
by either CORM-2 (50-150uM) or RuCl; (150uM), as
determined by the MTT assay (Figure 2a). As CO and
CORM-2 may induce HO-1 (Sawle et al., 2005), which could
inhibit NO production (Turcanu et al., 1998), we assessed the
effect of CORM-2 on HO-1 protein expression. The known
HO-1 inducer, cobalt protoporphyrin IX, was included as
positive control. As shown in Figure 2b, CORM-2 treatment
did not induce a significant increase in HO-1 expression.
Because the CXC-chemokine IL-8 plays an important role
in intestinal inflammation (Mazzucchelli et al., 1994), we
also tested whether CORM-2 could inhibit IL-8 production.
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Figure 1 Effects of CORM-2 on nitrite levels in supernatants (a) and

NOS-2 mRNA expression (b) in Caco-2 cells stimulated with cytomix
for 18 or 12h, respectively. Results are the mean+s.e.m. of three
separate experiments each consisting of four samples. *P<0.05;
**P<0.01 vs control cells stimulated with cytomix (C). (-),
nonstimulated control cells.

Treatment of Caco-2 cells with cytomix significantly upre-
gulated IL-8 mRNA as well as the release of IL-8 protein. As
shown in Figure 3a and b, CORM-2 inhibited IL-8 protein
levels in supernatants and mRNA expression in Caco-2 cells.

CORM-2 decreases the induction of MMP-7 by cytokines
Consistent with the role of cytokines in inducing MMP-7
in epithelial cells, stimulation of Caco-2 cells with cytomix
significantly increased MMP-7 expression. As shown in
Figure 4a, CORM-2 inhibited the levels of pro-MMP-7 protein
in a concentration-dependent manner, whereas RuCl; showed
no effect. To find out whether CORM-2 reduces MMP-7 gene
expression, Caco-2 cells were stimulated with cytomix in the
presence or absence of CORM-2 and the relative amounts of
mRNA were measured by real-time reverse transcriptase-PCR.
Figure 4b shows that treatment with CORM-2 significantly
reduced cytomix induction of MMP-7 mRNA.

Inhibition of IL-6 may contribute to the regulation of MMP-7

by CORM-2

It is known that the inflammatory mediator IL-6 is produced
by the intestinal mucosa and can be induced by IL-1f in
Caco-2 cells (Parikh et al., 1997). Cytomix stimulation led to
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Figure 2 Effects of CORM-2 on cell viability (a) and HO-1 protein
expression (b). Caco-2 cells were incubated with test compounds
for 24h in the absence or presence of cytomix (C). Viability was
expressed as percentage of nonstimulated control cells (—). Results
are the mean+s.e.m. of three separate experiments. CoPP, cobalt
protoporphyrin IX. The immunoblot is representative of three
independent experiments. **P<0.01 vs control cells stimulated with
cytomix (C).

a rapid increase in IL-6 production. As shown in Figure 5a,
CORM-2 treatment markedly decreased IL-6 levels in super-
natants of cells stimulated with cytomix for 6h, in a
concentration-dependent manner, to approximately the
same level as noticed in nonstimulated cells, whereas RuCls
was inactive. As IL-6 can mediate MMP-7 induction by IL-1p
(Maliner-Stratton et al., 2001), we conducted experiments to
determine whether the inhibition of IL-6 production plays a
role in the effects of CORM-2 on MMP-7. To address the link
between IL-6 and MMP-7, we performed a series of real-time
PCR experiments looking at changes in relative transcript
abundance. IL-6 mRNA was barely detectable in nonstimu-
lated cells, whereas treatment with cytomix rapidly upregu-
lated the expression of this transcript. Figure Sb shows the
time course of IL-6 and MMP-7 mRNA induction by cytomix
in Caco-2 cells. IL-6 expression stimulated by cytomix
peaked by 3h. This is different from that observed in
cytomix-elicited MMP-7 expression, which reaches a plateau
after 6h of cytomix stimulation. Interestingly, CORM-2
treatment reduced the expression of both genes, with the
highest effect for IL-6 and MMP-7 at 6 and 12 h after cytomix
stimulation, respectively. Therefore, inhibition of IL-6 mRNA
expression by CORM-2 preceded that of MMP-7. In addition,
the inhibitory effects of CORM-2 on MMP-7 mRNA were
abolished if IL-6 was added to the culture medium at the
same time as cytomix (Figure 6a). We also observed that
pretreatment of Caco-2 cells with a siRNA specific for IL-6
significantly decreased MMP-7 mRNA expression in cytomix-
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Figure 3 Effects of CORM-2 on IL-8 protein levels in supernatants
(a) and mRNA expression (b) in Caco-2 cells stimulated with cytomix
for 18 or 12h, respectively. Results are the mean+s.e.m. of three
separate experiments, each consisting of four samples. *P<0.05;
**P<0.01 vs control cells stimulated with cytomix (C). (-),
nonstimulated control cells.

stimulated cells, whereas pretreatment with a nonspecific
siRNA had no effect. Furthermore, addition of IL-6 to
nonstimulated cells induced MMP-7 mRNA expression
which was not inhibited by CORM-2 treatment (Figure 6b).

CORM-2 inhibits the activation of NF-xB, AP-1 and C/EBP

As NF-xB activation is essential for cytokine-mediated
inflammation and transcription of NOS-2 and IL-8 in human
intestinal epithelial cells (Jobin et al., 1998), and production
of IL-6 in Caco-2 cells cells after IL-1f stimulation has been
related to the activation of NF-«xB, AP-1 and C/EBP (Parikh
etal., 1997; Hungness et al., 2000, 2002a), we have tested the
hypothesis that CORM-2 mediates its effects through the
suppression of the activity of these transcription factors.
Cytokine treatment of Caco-2 cells resulted in rapid
phosphorylation of IxBo, nuclear translocation of NF-«B,
DNA binding and activated transcription. To determine the
effect of CORM-2 on cytokine-induced NF-xB-dependent
reporter gene expression, we transiently transfected the cells
with the NF-«xB-regulated luciferase reporter construct,
followed by incubation with CORM-2 and cell stimulation
with cytomix. Exposure of cells to cytomix for 8 h increased
the luciferase activity in the cells transfected with the NF-xB-
luciferase reporter construct, whereas treatment with CORM-
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Figure 4 Effects of CORM-2 on pro-MMP-7 protein levels in
supernatants (a) and mRNA expression (b) in Caco-2 cells stimulated
with cytomix for 18 or 12h, respectively. Results are the mean+
s.e.m. of three separate experiments each consisting of three
samples. *P<0.05; **P<0.01 vs control cells stimulated with
cytomix (C). (=), nonstimulated control cells.

2 significantly reduced NF-xB activation (Figure 7a). In
addition, EMSA experiments revealed that CORM-2 also
inhibited NF-«B-DNA binding (Figure 7b). As shown in
Figure 8a, IxBa protein expression decreased after cytomix
stimulation for 30 min, which was prevented by CORM-2
treatment. In addition, IxBx phosphorylation was signifi-
cantly inhibited by CORM-2 at 30min after cytomix
stimulation (Figure 8b).

To examine the effects of CORM-2 on the AP-1 and C/EBP
transcription activity, Caco-2 cells were transiently trans-
fected with luciferase reporter plasmids containing the
corresponding promoters. Treatment with cytomix resulted
in an approximately threefold increase in luciferase activity
(Figure 9a and b). We found that CORM-2 significantly
decreased the activation of these transcription factors by
proinflammatory cytokines.

Effects of CORM-2 on MAPK enzymes

Because activation of MAPK enzymes is an important step of
human enterocyte activation by proinflammatory cytokines,
we examined the potential involvement of this pathway in
the inhibitory effects of CORM-2. We treated cells with
cytomix and cell lysates were subjected to Western blot
analysis to detect the activated forms of p38, ERK1/2 and
JNK1/2, using specific antibodies. As shown in Figure 10,
cytomix stimulation rapidly increased the levels of phos-
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*P<0.05; **P<0.01 vs control cells stimulated with cytomix (C).

phorylated forms of these proteins and in cells treated with
CORM-2, the expression of the activated forms of p38,
ERK1/2 and JNK1/2 was markedly reduced.

Discussion

In chronic intestinal inflammation, continuous proinflam-
matory cytokine stimulation leads to NOS-2 upregulation
and NO production, a possible risk factor for colorectal
cancer (Seidelin and Nielsen, 2005). High levels of NO can
damage DNA or inhibit repair (Jaiswal et al., 2000), enhance
angiogenesis and favor tumor progression (Ambs et al., 1998;
Hellmuth et al.,, 2004). We have shown that CORM-2
modulated NOS-2 gene expression and NO production, in
Caco-2 cells stimulated with proinflammatory cytokines.
Studies on the biological activity of CO have shown that the
influence of this mediator on NOS-2 expression can be cell
and stimulus-dependent. In a model of rat endotoxemia, CO
has been shown to prevent the upregulation of NOS-2 in the
lung while increasing NOS-2 expression in the liver (Sarady
etal., 2004). Our data in Caco-2 cells are in line with previous
studies reporting that the anti-inflammatory actions of CO
may be related to NOS-2 downregulation in DLD-1 cells and
animal models of intestinal inflammation (Dijkstra et al.,
2004).

The expression of IL-8 correlates with mucosal inflamma-
tion in both ulcerative colitis and Crohn’s disease (Daig et al.,
1996). Increased production of IL-8 in the presence of
bacteria or intestinal inflammation has been related to
malignant transformation, cell growth, metastasis and
angiogenesis in colon cancer cells (Mizukami et al., 2005).
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Several studies have revealed the expression of this pro-
inflammatory chemokine in colorectal cancer tissues where
it may act as an autocrine or paracrine growth factor.
Conversely, the inhibition of IL-8 production can inhibit
the proliferation of colon carcinoma cells (Li et al., 2001). We
show in this study that IL-8 can be downregulated by the CO
donor CORM-2. Given the persistent expression of this
chemokine in intestinal inflammatory disorders and colon
cancer, these results suggest that the inhibition of IL-8
production by CORM-2 may contribute to the protection of
intestinal epithelial cells.

In addition to the participation in inflammatory
responses, MMP-7 is a transcriptional target of the src
oncogenic pathway in colonic cancer cells, which may
contribute to tumorigenicity, cellular invasion and the
metastatic potential of cancer cells (Witty et al., 1994;
Yamamoto et al., 1995; Rivat et al., 2003). Apart from
degradation of extracellular matrix and induction of angio-
genic factors, MMP-7 may activate cytokines or growth
factors to modify cell growth. Therefore, absence of MMP-7
may inhibit intestinal neoplasia in mice (Wilson et al., 1997)
and would reduce the risk of progression from ulcerative
colitis-related low-grade dysplasia to cancer (Newell et al.,
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Figure 8 Effect of CORM-2 on IxBo expression (a) and lkBa
phosphorylation (b), in cytoplasmic extracts from Caco-2 cells
stimulated with cytomix for either 15 or 30 min. Results are the
mean +s.e.m. of three separate experiments each consisting of three
samples. (=), nonstimulated control cells. **P<0.01 vs control cells
stimulated with cytomix (C). In (a), the figure is representative of
three experiments with consistent results.

2002). Our data demonstrate that CORM-2 downregulates
MMP-7 expression during the inflammatory response
elicited by cytokines in human enterocytes. These studies
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with cytomix for 15 min. (=), nonstimulated control cells. The figure
is representative of three experiments with consistent results.

would support a role for CO in the regulation of MMPs,
which is consistent with a recent report on the inhibition of
MMP-1 and MMP-2 expression by CORM-2 in the human
lung epithelial cell line A549 (Desmard et al., 2005).
Previous work has noted that MMP-7 expression is induced
in inflamed human colon epithelia, but the cellular
mechanisms responsible for this response are unclear (New-
ell et al., 2002). In intestinal tumors, MMP-7 expression is
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regulated by the PEA3 Ets transcription factor (Lynch et al.,
2004), which could enhance transcriptional responses to
both f-catenin and AP-1 (Crawford et al., 2001). We show
that CORM-2 strongly inhibits the production of IL-6, a
cytokine involved in the pathogenesis of chronic inflamma-
tory conditions such as inflammatory bowel disease (Gross
et al., 1992). The present data suggest that this IL-6 decrease
may mediate at least in part the effects of CORM-2 on MMP-
7 expression. Production of IL-6 after stimulation of Caco-2
cells by proinflammatory cytokines has been related to
activation of NF-xB (Parikh et al., 1997), AP-1 (Hungness
et al., 2000) and C/EBP (Hungness et al., 2002a). We found
that CORM-2 inhibited the activation of these transcription
factors, which could contribute to modulate IL-6 expression.
Previous studies have reported that CO inhibited the
production of IL-6 in murine macrophages and lung cells
(Kim et al., 2005), and a murine model of shock via AP-1
inhibition (Morse et al., 2003).

Activation of NF-xB by cytokines correlates with the degree
of mucosal inflammation in inflammatory bowel disease
(Rogler et al., 1998) and plays a key role in NOS-2 and IL-8
induction (Nunokawa et al., 1996; Roebuck, 1999). Activa-
tion of this transcription factor has been observed in Crohn’s
disease and ulcerative colitis (reviewed in Jobin and Sartor,
2000), as well as in intestinal tumor development (Greten
et al., 2004), human colon cancer cell lines and human
colorectal cancer (Lind et al., 2001). Therefore, NF-«xB is
considered a therapeutic target for intestinal inflammatory
diseases and cancer (Viatour et al., 2005).

Our data suggest that inhibition of NF-«B could be
responsible for the anti-inflammatory effects of CORM-2 in
human enterocytes. Similarly, CO inhalation inhibits NF-xB-
binding ability and NOS-2 expression after tracheal trans-
plantation in mice (Minamoto et al., 2005). In contrast, CO
shows no effect on this transcription factor in activated
endothelial cells (Soares et al., 2004) and the protection
against hepatic ischemia/reperfusion injury by CO adminis-
tration is not associated with inhibition of NF-xB signaling
(Kaizu et al., 2005). In cytokine-stimulated Caco-2 cells,
inhibition of NF-«B activation by CORM-2 can be dependent
on inhibition of p65 nuclear translocation owing to
increased stability of the p65-IkBa complex. IxBx undergoes
phosphorylation by activation of IxB kinases, which are
regulated by many upstream kinases (Karin, 1999; Jobin and
Sartor, 2000). We have shown that CORM-2 inhibited-IxBu«
phosphorylation and subsequent degradation, most likely by
interference with one or more of the protein Kkinases
responsible for the phosphorylation of this protein.

Upon activation by stress and inflammatory cytokines,
p38 translocates to the nucleus and regulates various
transcription factors (Vanden Berghe et al., 1998). It is
known that this MAPK may facilitate NF-xB-dependent gene
transcription in Caco-2 cells (Garat and Arend, 2003) and
may also regulate IL-8 expression independently of NF-«xB.
Although its precise role in intestinal inflammation is not
known, attenuation of p38 may result in anti-inflammatory
effects in conditions such as inflammatory bowel disease
(Parhar et al., 2003). In addition, the control of JNK1/2
activation by CORM-2 may provide a basis for its inhibitory
effects on AP-1 activation. The MAPK signalling pathway is
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also involved in the activation of the C/EBP family of
transcription factors, in Caco-2 cells stimulated with IL-18
(Hungness et al., 2002b). On the other hand, p38 or ERK1/2
can play a role in the stabilization of IL-6 or IL-8 mRNA
(Winzen et al., 1999; Choi et al., 2004). Therefore, inhibition
of MAPK pathways and transcription factors by CORM-2
may offer several potential mechanisms to control the
production of inflammatory mediators in human colonic
epithelial cells.

The results reported here indicate that CORM-2 can
prevent the increased production of important mediators
during an inflammatory situation in colonic cells. Our data
suggest that CORM-2 regulates MMP-7 expression induced
by cytokines by inhibiting the IL-6 gene. The inhibitory
effects of CORM-2 on inflammatory gene transcription may
be the result of the regulation of NF-xB, AP-1 and C/EBP
transcription factors. Our work also suggests that CORM-2
may exert chemopreventive effects on inflammation-asso-
ciated colon carcinogenesis. Although additional studies are
necessary to define the precise molecular mechanisms
involved, the present results provide novel information
about the regulation by CORM-2 of MMP-7 expression in
colonic cells and the activity of nuclear factors that
participate in the transcription of key genes in intestinal
inflammation and cancer progression.
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