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2',4'6'-Tris(methoxymethoxy) chalcone (TMMC), a synthesized chalcone derivative, dis-
plays potent antiproliferative and anti-inflammatory effects in rat hepatic stellate cells and
murine macrophages, respectively. Here we tested the hypothesis that TMMC could ame-
liorate diseases characterized by mucosal inflammation. Treatment of mice with TMMC
significantly protected against trinitrobenzene sulfonic acid (TNBS)-induced colitis, as
assessed by reductions in the weight loss, colonic damage and mucosal ulceration that
together characterize this symptom. Moreover, TMMC suppressed the expression of inter-
cellular adhesion molecule-1, interleukin 18 (IL-18) and tumor necrosis factor-a (TNF-a) in
the mice treated with TNBS. Pretreatment of human intestinal epithelial HT-29 cells with
TMMC also significantly inhibited the IL-8 and extracellular matrix metalloproteinase-7
levels induced by TNF-a. TMMC induced the expression of heme oxygenase 1 (HO-1) in HT-
29 cells. TMMC increased extracellular signal-regulated kinase1l/2 and p38 kinase phos-
phorylation levels, which led to the nuclear translocation of nuclear factor-erythroid 2-
related factor 2 (Nrf2) and consequently to HO-1 expression. TMMC inhibited TNF-a-induced
nuclear factor kB (NF-«B) activation directly and indirectly. Interestingly, the latter is
mediated by HO-1, which presumably blocks the TNF-a-induced nuclear translocation of
NF-kB p65 without affecting I-kBa degradation. Moreover, we found that the different
products of HO-1, carbon monoxide and bilirubin, exerted anti-inflammatory effects that
were additive or synergistic in HT-29 cells stimulated with TNF-a. Thus, TMMC might serve
to protect against intestinal inflammatory diseases.
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic condition of the
intestine of unknown etiology involving multiple immune,
genetic and environmental factors, with only suboptimal
medical and surgical therapies available [1]. Studies elucidat-
ing the pathophysiological mechanisms involved in these
disorders suggest that they entail general inflammatory
processes, resulting in tissue damage and clinical manifesta-
tions [2]. In an experimental model using intracolonic
administration of trinitrobenzene sulfonic acid (TNBS), the
intestinal inflammation induced resembles many of the
clinical, histopathological and immune characteristics of
IBD in humans [3,4].

Heme oxygenase (HO) is the rate-limiting enzyme in the
catabolism of excess heme and generation of iron, carbon
monoxide (CO) and biliverdine, which is subsequently con-
verted to bilirubin by biliverdine reductase [5]. As a redox-
sensitive inducible protein, HO-1 has been implicated in
serving as a protective gene because of its abilities in
antioxidant, anti-inflammatory and anti-apoptotic actions
[6-8]. HO-1 is abundant in the epithelial cells of the rat and
human intestine [9,10]. In addition, both mice and human
deficient in HO-1 gene expression have a phenotype of an
increased inflammatory state [11,12]. In view of the growing
evidence that HO-1 provides anti-inflammatory protection to
the intestine [13-15], HO-1 induction by pharmacological
modulators may represent a novel target for therapeutic
intervention.

We have shown previously that 2',4/,6'-tris(methoxy-
methoxy) chalcone (TMMC), a synthetic chalcone derivative,
displays potent anti-inflammatory and antiproliferative
effects; these are mediated by the induction of HO-1
expression in murine macrophages and rat hepatic stellate
cells, respectively [16,17]. In the present study, we employed a
murine TNBS-induced colitis model to determine whether
TMMC is protective against this disorder. In addition, we
tested the potency of TMMC as an intestinal epithelial inducer
of HO-1 expression, and its regulation in HT-29 cells.

2. Materials and methods
2.1. Reagents and cell culture

All reagents were from Sigma-Aldrich (St. Louis, MO) unless
otherwise indicated. Tumor necrosis factor-a (TNF-a) was
from R&D Systems (Minneapolis, MN). Inhibitors of p38
kinase (SB203580), of extracellular signal-regulated kinase1/2
(Erk1/2) kinase (PD98059) and of SAPK/c-Jun N-terminal
kinase (JNK) kinase (SP600125) were from Calbiochem (San
Diego, CA). Tin protoporphyrin (SnPP), an inhibitor of heme
oxygenase activity, was from Porphyrin Products Inc. (Logan,
UT, USA). The HT-29 celllines used in this work were obtained
from the American Type Culture Collection (Rockville, MD)
and cultured at 37 °C under 5% CO, in RPMI 1640 medium
(Invitrogen, Carlsbad, CA) supplemented with antibiotics
(100 IU/ml of penicillin G and 100 pg/ml of streptomycin)
and 10% heat-inactivated fetal bovine serum (Gibco-BRL,
Gaithersburg, MD).

2.2.  Interleukin-8 (IL-8) analysis

IL-8 protein secretion was measured in cell culture super-
natant by enzyme-linked immunosorbent assay (ELISA; R&D
Systems) according to the manufacturer’s instructions. Mea-
surements were performed in triplicate.

2.3. Experimental colitis

The Animal Studies Ethics Committee of Wonkwang Uni-
versity approved all of the experiments. Male BALB/c mice (7-
8-week-old) were purchased from Dae-Han Bio Animal Center
Company (Daejun, Republic of Korea). Mice were anesthetized
lightly using diethyl ether. Using a polyethylene catheter fitted
onto a 1ml syringe, we slowly injected 0.1 ml of 50% (v/v)
ethanol containing 2 mg TNBS (two doses separated by a
seven-day interval) into the lumen of the colon (3.5cm
proximal to the anus through the rectum). Animals were kept
in a vertical position for 60s and returned to their cages.
Animals in the control group were handled similarly, but 50%
(v/v) ethanol alone was administrated instead. All mice were
sacrificed on day 9 after the first TNBS administration. To
investigate the effect of TMMC, mice were administrated
TMMC at doses of 100 or 200 pg/mouse per day via the lumen
of the colon one day before, and three and six days after the
first TNBS administration.

2.4. Histological and immunohistochemical analysis

For histology, tissues were fixed in 10% formalin and paraffin-
embedded tissue sections were stained with H&E using
standard techniques. Immunohistochemistry was performed
using the LSAB™ 2kit (Dako), based on the streptavidin-biotin-
peroxidase complex method. Following endogenous perox-
idase blocking, the sections were incubated at room tempera-
ture for 2 h with anti-intercellular adhesion molecule (ICAM)-
1, anti-IL-18 and anti-TNF-« antibodies.

2.5. Reverse transcriptase polymerase chain reaction (RT-
PCR)

Total RNA (5pg) was reverse-transcribed using Moloney
Murine Leukemia Virus reverse transcriptase (Gibco-BRL)
and the resultant cDNA was diluted 10-fold for PCR.
Oligonucleotide primer sequences were as follows: human
IL-8 sense, 5'-ttc ctg att tct gca get ctg tgt-3' (corresponding to
nt 77-100) and antisense, 5'-ctc agc cct ctt caa aaa ctt ctc-3’
(corresponding to nt 308-331), according to GenBank accession
no. BC013615. PCR reactions were carried out in the presence
of 1.5 mM MgCl, for 30 cycles at the following temperatures
and times: denaturation at 94 °C for 30 s, annealing at 55 °C for
30s and extension at 72°C for 1min; these cycles were
followed by a final extension at 72 °C for 10 min. The amplified
PCR products were analyzed by agarose gel electrophoresis
with ethidium bromide staining. The integrity of cDNA
samples was confirmed using primers specific for human
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; sense,
5'-cgg agt caa cgg att tgg tcg tat-3' corresponding to nt 888-911:
antisense, 5'-agc ctt ctc cat ggt ggt gaa gac-3' corresponding to
nt 1171-1194, according to GenBank accession no. BC014085).
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2.6. Western blot analysis

Equal volumes of conditioned medium from HT-29 cells were
concentrated 10-fold in 10 kDa microcentrifuge concentrators
(Millipore, Bedford, MA). Equal amounts of protein were
resolved on 10% SDS-polyacrylamide gel by electrophoresis,
blotted onto a nitrocellulose membrane (Amersham Pharma-
cia Biotech, Uppsala, Sweden) and incubated with anti-matrix
metalloproteinase 7 (MMP-7) antibody (Chemicon Interna-
tional).

Whole-cell lysates (for HO-1, mitogen-activated protein
kinase [MAPK], ICAM-1 and cyclooxygenase 2 [COX-2]),
nuclear extracts (for p65, nuclear factor-erythroid 2-related
factor 2 [Nrf2] and TATA binding protein [TBP]), or cytosolic
extracts (for phospho-I-kBa and I-kBa) were separated by 10%
SDS-polyacrylamide gel electrophoresis. Nitrocellulose mem-
branes were incubated with specific antibodies against HO-1,

(A) —&— EtOH
—&—TNBS

I-kBa, p65, Nrf2, ICAM-1, COX-2 and B-actin (Santa Cruz
Biotechnology, Santa Cruz, CA). Antibodies against phospho-
Erk1/2, -p38 and -I-kBa were obtained from Cell Signaling
Technology (Beverly, MA). TBP (Abcam, UK) was used as a
nuclear protein loading control. Immunoreactive bands were
detected by incubating with anti-rabbit, anti-goat, or anti-
mouse IgG antibodies conjugated with horseradish peroxidase
and enhanced chemiluminescence reagents (Amersham
Pharmacia Biotech).

2.7.  Statistical analysis

Data were analyzed using Student’s t-test when appropriate or
by a one-way analysis of variance (ANOVA) and Tukey’s
multiple comparison tests when comparing more than three
means. Calculations were performed with GraphPad Prism
software (GraphPad Software, San Diego, CA).

—¥— TNBS+TMMC 100 pg/mouse/day
—4— TNBS+TMMC 200 pg/mouse/day
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Fig. 1 - TMMC ameliorates the clinical, macroscopic and histopathological features of TNBS-induced colitis. Colitis was
induced by rectal administration of two doses of TNBS in 50% ethanol (EtOH), seven days apart. Mice treated with 50% EtOH
alone were used as controls. TMMC (100 or 200 pg/mouse per day) was infused into the lumen of the colon one day before
and three and six days after the first TNBS treatment. All mice were sacrificed on the ninth day after the first TNBS
administration. The clinical evaluation and severity of colitis were monitored by mouse weight changes (A), macroscopic
signs of disease (B) and histopathology (C). The weight changes (A) are expressed as the mean * S.D. of five mice per group.
(C) EtOH-treated control mice (a), TNBS/EtOH-treated mice (b), TMMGC + TNBS/EtOH-treated mice (c).
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3. Results

3.1.  Protective effects of TMMC against TNBS-induced
colitis in mice

Mice treated with TNBS in 50% ethanol developed severe
bloody diarrhea and rectal prolapse accompanied by an
extensive wasting disease as assessed nine days after the
first TNBS challenge. Control mice treated with 50% ethanol
alone failed to develop colitis and had a healthy appearance.
After administration of TNBS, a dramatic and rapid decrease
in body weight was observed from the colitis and was
maintained during the nine-day period (Fig. 1A). However,
administration of TMMC significantly attenuated body weight
loss associated with TNBS-induced colitis (P < 0.05). Macro-
scopic inspection of the colon showed evidence of severe
edema and hemorrhage, compared with control colons from
ethanol-treated mice (Fig. 1B). Treatment with TMMC almost
completely prevented both edema and inflammation in the
colon. Histology of the colon from ethanol-treated mice

IL-1B

TNF-o

TNBS/EtOH

showed normal features (Fig. 1C(a)). We assessed focal
ulceration of the colonic mucosa extending through the
muscularis mucosae as well as desquamated areas or loss
of the epithelium. The architecture of the crypts was distorted
and the lamina propria was thickened in peripheral areas of
distorted crypts, especially in basal areas (Fig. 1C(b)). However,
TMMC treatment caused an attenuation of these signs of cell
damage and inflammatory cells were not found in the lamina
propria (Fig. 1C(c)). These observations suggest the beginning
of re-epithelization and healing in the TMMC-treated mice.

To investigate whether the protective effect of TMMC in
TNBS-induced colitis was also associated with the down-
regulation of ICAM-1, IL-18 and TNF-a levels, immunohisto-
chemical staining was performed in the local colonic tissue.
This revealed increased immunoreactivity for all these three
proteins in TNBS-treated mice compared with control mice.
Levels of these three proteins were reduced in colonic samples
of mice treated with TMMC. As shown in Fig. 2, TMMC
administration dramatically reduced ICAM-1, IL-18 and TNF-«
levels in the mice with TNBS-induced colitis.

TMMC+TNBS/EtOH

J

(0
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B AAY

Fig. 2 - TMMC reduces the expression of ICAM-1, IL-1p and TNF-a in colonic mucosa of mice with TNBS-induce colitis.
Tissue sections from the experimental groups were incubated with primary antibodies (anti-ICAM-1, -IL-18, or -TNF-a).
The slides were then incubated with anti-rabbit or anti-goat biotinylated secondary antibodies and stained with 3,3'-
diaminobenzidine and hematoxylin (original magnification 100x).
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3.2. TMMC inhibits TNF-«a-induced IL-8 and MMP-7 levels
in HT-29 cells

The effects of TMMC on intestinal inflammation and asso-
ciated pathways were investigated using human origin
intestinal epithelial cell (IEC) HT-29 cells. We first examined
the effect of TMMC on IEC proinflammatory cytokine levels.
The level of IL-8 produced by HT-29 cells was significantly
increased by the addition of TNF-a. We therefore examined
whether TMMC could suppress TNF-a-induced IL-8 gene
expression. HT-29 cells were pretreated with various doses
of TMMC and then stimulated with TNF-« for 12 h, after which
IL-8 mRNA accumulation was analyzed by RT-PCR. It was
indeed induced by TNF-« and was significantly decreased in
cells treated with 5 or 10 uM TMMC (Fig. 3A, upper panel).
Inhibition of IL-8 gene expression was confirmed by measur-
ing IL-8 protein production using ELISA. Addition of TMMC
also dramatically reduced TNF-a-induced IL-8 secretion in a
dose-dependent manner (Fig. 3B).
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Fig. 3 - (A) Effects of TMMC on TNF-a-induced IL-8 mRNA
(upper panel) and extracellular MMP-7 protein (lower panel)
levels. Cells were pretreated with TMMC for 1 h and then
the cells were further incubated for 12 h (for IL-8 mRNA) or
24 h (for MMP-7 protein) with TNF-« (10 ng/ml). Total RNA
was extracted and the level of IL-8 mRNA was determined
by RT-PCR. The amount of RNA loaded in each lane was
confirmed using human GAPDH as a reference. The
concentrated conditioned media were collected and
extracellular MMP-7 protein level determined by
immunoblotting. (B) TMMC inhibits the secretion of IL-8 in
HT-29 cells. Cells were pretreated for 1 h with increasing
concentrations of TMMC before the start of the 24 h
incubation with TNF-a (10 ng/ml). IL-8 protein secretion
was determined by ELISA. Results are the mean + SD of
three independent experiments, each performed using
triplicate wells. P < 0.001 vs. cells treated with TNF-a
alone, as analyzed by one-way ANOVA and Tukey’s
multiple comparison tests. *P < 0.05, as analyzed by
Student’s t-test.
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Fig. 4 - (A) Time-dependent induction of HO-1 protein
expression by TMMC. HT-29 cells were treated with 20 pM
TMMC for 24 h and the levels of HO-1 protein in cells were
analyzed by western blotting; p-actin is shown as the
loading control. (B) Time-course experiment on the effects
of TMMC on Erk1/2 and p38 phosphorylation levels. Cells
were treated with TMMC (20 puM) for the indicated periods
(30, 60, 120, 180 or 240 min). Cell lysates were obtained
and separated by electrophoresis, transferred to
nitrocellulose and then incubated with anti-phospho-
Erk1/2 or -p38 antibodies. Equal loading of proteins in
each lane was confirmed by probing the membrane with
anti-total-Erk1/2 or -p38 antibodies. (C) Effect of MAPK
inhibition on TMMC-induced HO-1 gene expression in HT-
29 cells. Cells were pretreated with the indicated
concentrations of PD98059, SB203580 or SP600125 for 1 h
and then treated with 20 phM TMMOC for 8 h. The levels of
HO-1 protein were detected by western blotting.

We examined whether TMMC played any role in the
secretion of extracellular MMP-7 in TNF-a-stimulated HT-29
cells. TMMC significantly decreased TNF-a-stimulated MMP-7
production in a dose-dependent manner (Fig. 3A, lower panel).
A concentration of 20 pM of TMMC inhibited the secretion of
IL-8 and MMP-7 maximally (P < 0.05 versus 10 pM TMMC), so
we used that concentration for the following experiments,
unless otherwise indicated.

3.3.  TMMC-induced HO-1 protein expression involves
phosphorylation of both Erk1/2 and p38 in HT-29 cells

As we have shown that TMMC induces HO-1 expression in
murine macrophages and rat hepatic stellate cells [16,17], we
tested whether TMMC had such an action in HT-29 cells. As
shown in Fig. 4A, at 20 pM, TMMC induced a time-dependent
increase in HO-1 protein levels that was apparent 6 h after
treatment and peaked at 24h. TMMC also induced HO-1
protein expression in a concentration-dependent manner
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Fig. 5 - Effects of TMMC on Nrf2 nuclear translocation in HT-29 cells. (A) Cells were treated with 20 pM TMMC for the
indicated periods (30, 60, 120, 180 or 240 min). Cytoplasmic and nuclear extracts were subjected to western immunoblotting
with anti-Nrf2, -B-actin, or -TBP antibodies. Anti-TBP antibody was used as a nuclear protein loading control. (B) Effects of
TMMC-induced Erk1/2 and p38 activation on Nrf2 nuclear translocation. Cells were incubated with TMMGC for 2 h in the
presence or absence of PD98059 or SB203580 and then nuclear extracts were subjected to western blotting analysis using

an anti-Nrf2 antibody.

(data not shown). In mammalian cells, Erk1/2, JNK and p38
MAPK represent the three major kinase cascades. All of these
appear to be involved to some extent in the upregulation of
HO-1 gene expression in response to diverse stimuli [18-20].
Therefore, we examined the effects of TMMC on MAPK
activation in HT-29 cells. Treatment with 20 pM TMMC
increased the activities of Erk1/2 and p38 MAPK (Fig. 4B),
but not JNK (data not shown). Increased phosphorylations of
Erk1/2 and p38 were detected within 60 min after treatment
with TMMC and the amount of these two kinases remained
above the basal level for 4 h. To further confirm the possible
upstream signaling pathway involved in the TMMC-mediated
HO-1 expression, the cells were pretreated with the Erk1/2
inhibitor PD98059, the p38 inhibitor SB203580, or with the JNK
inhibitor SP600125. Inhibitors for MAPK used in this study had
no significant cytotoxicity (data not shown). Suppression of
Erk1/2 or p38 activities, but not of JNK MAPK activity, abolished
the TMMC-induced HO-1 expression (Fig. 4C). This data
confirm the involvement of Erk1/2 and p38 signaling in HO-
1 gene expression by TMMC in HT-29 cells.

3.4. TMMC-induced HO-1 protein expression involves
nuclear translocation of Nrf2 in HT-29 cells

It has been reported that Nrf2 is essential in protecting
intestinal integrity through the regulation of proinflammatory
cytokines [21] and is an important upstream step of HO-1 gene
expression [22,23]. Thus, we examined whether TMMC could
induce Nrf2 nuclear translocation in HT-29 cells. Nrf2 proteins
in the cytoplasm and nuclear compartments of the cells were
subjected to gel electrophoresis. Western blot analysis
revealed that TMMC significantly increased Nrf2 nuclear
translocation in a time-dependent manner, whereas Nrf2
protein levels in the cytoplasm decreased gradually (Fig. 5A).
Our findings suggest that the Erk1/2 and p38 pathways are
involved in the regulation of TMMC-induced HO-1 gene
expression (Fig. 4B and C). Therefore, using specific inhibitors
of Erk1/2 and p38 MAPK, we evaluated whether TMMC-
induced Erk1/2 and p38 phosphorylations might be involved in
TMMC-induced Nrf2 nuclear translocation. Blocking the

phosphorylation of Erk or p38 inhibited TMMC-induced Nrf2
translocation in dose-dependent manners (Fig. 5B). These
results suggest that activation of Erk1/2 or p38 mightbe central
to the nuclear translocation of Nrf2 by TMMC in HT-29 cells.

3.5.  HO-1 mediates the inhibition of IL-8 production by
TMMC

To clarify the contribution of HO-1 in TMMC-mediated IL-8
downregulation in TNF-a-stimulated HT-29 cells, we tested
the action of hemin [24], a potent HO-1 inducer. The cells were
treated with TMMC with or without hemin in the presence of
TNF-a for 24h and IL-8 levels were analyzed (Fig. 6A).
Induction of HO-1 protein expression by hemin was able to
potentiate the inhibitory effects on TNF-a-induced IL-8
production and there was an additive effect of hemin and
TMMC on TNF-a-induced IL-8 production. We cotreated HT-29
cells with TMMC, with or without SnPP, as an inhibitor of HO-1
activity [16,17], in the presence of TNF-«a and the amount of IL-
8 production was measured. This treatment significantly
attenuated their inhibitory activity of TMMC on TNF-a-
induced IL-8 production (Fig. 6B). Thus, expression of the
HO-1 gene might participate in the inhibitory mechanism of
TMMC on TNF-a-induced IL-8 production.

3.6. TMMC inhibits TNF-«-induced NF-«B activation
directly and indirectly

We examined whether TMMC-induced HO-1 expression might
be related to NF-«B activity. Because TMMC-induced HO-1
expression was evident even 6 h after treatment with TMMC
(Fig. 4A), TMMC was added for different times (1h or 7 h)
before the introduction of TNF-a and then Erk1/2 and p38
phosphorylation levels, and I-kBa degradation and NF-«B p65
nuclear translocation were determined by western blot
analysis. TMMC-treated cells induced Erk1/2 and p38 phos-
phorylation levels beyond those induced by TNF-a alone at
both times of pretreatment. We suggest that further increase
in Erk1/2 and p38 phosphorylations by TMMC may be
associated with HO-1 gene expression.
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Fig. 6 - (A) Hemin enhances the inhibitory activity of TMMC
on TNF-a-induced IL-8 production. Cells were treated with
hemin (10 and 20 pM) and TMMC (10 and 20 pM), in the
presence of TNF-a (10 ng/ml). IL-8 protein secretion was
determined by ELISA. Data were obtained from three
independent experiments and are expressed as the
mean =+ SD. *P < 0.01 vs. TNF-a-only treated cells. (B) Tin
protoporphyrin (SnPP) attenuates the inhibitory effects of
TMMC on TNF-a-induced IL-8 production in HT-29 cells.
Cells were treated with TMMGC (10 and 20 pM) and TNF-«
(10 ng/ml) in the presence or absence of SnPP (20 pM) and
the amount of IL-8 was measured. Data were obtained
from three independent experiments and are expressed
as the mean + S.D. *P < 0.01 vs. cells treated with TNF-«
alone.

Although HO-1 protein expression was not observed
(Fig. 4A), pretreatment with TMMC for 1h reduced I-«Ba
degradation and inhibited nuclear localization of the p65
protein by TNF-a stimulation in HT-29 cells. Thus, TMMC
inhibits TNF-a-induced inflammation via a direct inhibition of
NF-kB activation without being associated with HO-1 gene
expression. Moreover, HT-29 cells were pretreated for 7 h with
the indicated concentrations of TMMC and then exposed to
TNF-a. TMMC inhibited the TNF-a-induced nuclear transloca-
tion of NF-«B p65 in a dose-dependent manner. However, under
the same conditions, TMMC did not inhibit TNF-a-induced I-xBa
degradation (Fig. 7A). To confirm this result, phosphorylation
levels of I-kBa at Ser-32 and Ser-36 residues were also analyzed
by western blotting. Pretreatment with TMMC for 7 h did not
inhibit TNF-a-induced I-kBa phosphorylation. As shown in
Fig. 4, the Erk1/2 and p38 pathways are involved in the
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Fig. 7 - (A) Preincubation with TMMC for different durations
alters the levels of I-kBa phosphorylation and degradation
in TNF-a-stimulated HT-29 cells. Cells were incubated
with 20 pM TMMC for different times (1 or 7 h) and then
stimulated with 10 ng/ml TNF-a. After 15 min, cell lysates
were extracted and then analyzed by western blotting
with anti-phospho-Erk1/2 or -p38 antibodies. In addition,
cytoplasmic and nuclear extracts were subjected to
western immunoblotting with anti-phospho-I-«Ba, -I-kBa
or -p65 antibodies. (B) TMMC-induced HO-1 protein
inhibits TNF-a-induced nuclear translocation of NF-«xB p65
without affecting I-xBa degradation. To block TMMC-
induced HO-1 expression, cells were pretreated with
PD98059 or SB203580 for 1 h, incubated for 7 h with TMMC
and then stimulated with 10 ng/ml TNF-«. After 15 min,
cytoplasmic and nuclear extracts were subjected to
western immunoblotting with anti-I-kBa or -p65
antibodies, respectively.

regulation of HO-1 gene expression by TMMC. Therefore, to
test whether TMMC-induced HO-1 inhibits TNF-a-induced
nuclear translocation of NF-kB p65, cells were treated with
TMMC in the presence of PD98059 or SB203580 for 7 h and then
stimulated with TNF-a. Western blotting analyses for NF-«B p65
and I-kBa were carried out using nuclear and cytoplasmic
extracts. Blocking Erk1/2 or p38 phosphorylation inhibited
TMMC-induced HO-1 expression (data not shown) and reversed
the inhibition of TMMC on TNF-a-induced NF-«B p65 transloca-
tion, while these inhibitors did not affect I-xkBa degradation.
These data suggest that TMMC-induced HO-1 protein interferes
with TNF-a-induced NF-«kB activation, especially the nuclear
translocation step of NF-kB p65.

3.7. Bilirubin and CO downregulate the inflammatory
response

As HO-1 participated in the inhibitory mechanism of TNF-a-
induced IL-8 production (Fig. 6) and NF-«B activation (Fig. 7), we
next investigated whether its metabolites, CO and bilirubin,
could also inhibit inflammation, in terms of the inhibition of
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Fig. 8 - (A) Effects of the tricarbonyldichlororuthenium (II)
dimer ([Ru(CO)sCl,],) and bilirubin on IL-8, ICAM-1, COX-2
and extracellular MMP-7 levels in TNF-a-stimulated HT-29
cells. Cells were preincubated for 1 h with [Ru(CO);Cl,],
and/or bilirubin and stimulated with TNF-« (10 ng/ml). IL-
8 mRNA expression was measured by RT-PCR. ICAM-1,
COX-2 and MMP-7 gene expression levels were measured
by western immunoblotting. (B) CO mediates the
suppression of TNF-a-induced ICAM-1 and COX-2
expression in HT-29 cells treated with TMMC. Cells were
incubated without or with 20 puM TMMC for 1 h, followed
by treatment without or with hemoglobin (Hb) for an
additional 1 h before TNF-« (10 ng/ml) stimulation for 24 h.

| —

IL-8, ICAM-1, COX-2 and MMP-7 expression. The CO donor
tricarbonyldichlororuthenium (II) dimer (RuCO, up to 20 uM)
and bilirubin (up to 20 pM) used in this study had no significant
cytotoxic activity (data not shown). As shown in Fig. 8A, RuCO
and bilirubin suppressed the TNF-a-induced expression levels
of the above four genes dose-dependently. This suggests that
CO and bilirubin generated by HO-1 may be the main anti-
inflammatory molecules in HT-29 cells. The combination of
both treatments reduced the four gene expression levels nearly
to control (Fig. 8A, lanes 5 and 6). Next, to confirm the synergetic
effect of CO and bilirubin, we examined the effects of TMMC, an
HO-1 inducer, on ICAM-1 and COX-2 levels in the presence of
hemoglobin - a scavenger for CO - in TNF-a-stimulated HT-29
cells. Hemoglobin effectively reversed the inhibition of TNF-a-
induced ICAM-1and COX-2 gene expression levels by treatment
with 20 puM TMMC in dose-dependent manners. However, in the
presence of this CO scavenger, inhibition of TMMC on these two
expressions was also observed, compared with cells treated
with TNF-« alone (Fig. 8B). These results suggest that TMMC-
induced HO-1mediates the inhibition of TNF-a-induced ICAM-1
and COX-2 expressions and that CO or bilirubin - or both —
mediate the effect of HO-1.

4, Discussion

The synthetic chalcone, TMMC, is an anti-inflammatory
compound that reduces nitric oxide production by inhibiting

inducible nitric oxide synthase (INOS) gene expression through
inhibition of NF-«B activation in LPS-activated RAW 264.7 cells
[16]. In addition, TMMC inhibits platelet derived growth factor-
induced rat hepatic stellate cells proliferation, by inhibiting the
phosphatidylinositol 3-kinase-Akt-p705¢% pathways [17]. Here,
we have shown that TMMC has a highly beneficial effect in
ameliorating TNBS-induced colitis, a murine experimental
model of IBD. The protective effect of TMMC was manifested
by reductions in weight loss, colonic damage and mucosal
ulceration. TMMC also suppressed the expression of ICAM-1, IL-
18 and TNF-a in colonic mucosal tissue. Although the method
used in this study was more likely to be associated with a
preventive mode (pretreatment of TMMC for one day before
TNBS administration), our preliminary study demonstrated
that the therapeutic application of TMMC was also effective in
TNBS colitis (data not shown). Acetic acid- and dextran sodium
sulfate-induced colitis are the most widely used chemically
induced models of intestinal inflammation [25]. Therefore, it
will be interesting to determine next whether TMMC also has
protective effect in other intestinal inflammatory conditions.

IECs play a pivotal role in host defense by sensing very early
microbial infection, resulting in the production of a variety of
proinflammatory cytokines affecting leukocyte activity [26].
Chemokines produced by IECs, such as IL-8, may provide signals
essential for the initiation and maintenance of the mucosal
inflammatory response. In vitro studies indicate an important
role of IL-8 during acute and chronic IBD [27,28]. In addition, IBD
is characterized by a high intestinal tissue turnover during the
sequence of inflammation, tissue destruction and healing.
MMPs appear to play an important role in the process of tissue
remodeling and destruction in patients suffering from IBD
[29,30]. Of the MMPs, epithelial-derived MMP-7 has been
considered important in intestinal inflammation [31,32]. More-
over, MMP inhibitors ameliorate TNBS- and dextran sodium
sulfate-induced colitis [33,34]. Therefore, specific inhibition of
IL-8 and MMP gene expression by pharmacological modulation
could have beneficial effects for treating IBD. In this study, we
have shown that TMMC is an inhibitor of TNF-a-induced IL-8
and MMP-7 production in HT-29 cells.

We have reported previously that TMMC-induced HO-1
expression might be responsible for beneficial effects in
macrophages and hepatic stellate cells [16,17]. Many studies
have suggested that the upregulation of endogenous HO-1
expression may limit the inflammatory reaction and cell
injury in colitis. Furthermore, inducing HO-1 activity may be a
novel therapeutic strategy for patients with IBD [13-15]. Here,
we found that TMMC also induces HO-1 expression in HT-29
cells. In addition, our studies using the HO-1 inducer hemin as
well the HO-1inhibitor SnPP suggest that TMMC-induced HO-1
gene expression might be important for its anti-inflammatory
effect in TNF-a stimulated HT-29 cells. Modulation of gene
transcription is the principal mechanism for the induction of
HO-1 protein expression. Several pathways have been
implicated in transmitting the extracellular signals to the
nuclei for HO-1 gene expression. In general, HO-1 gene
expression can be induced through signaling pathways such
as the MAPKs [18-20]. Here, we demonstrated that HO-1 gene
expression induced by TMMC was dependent on Erk1/2 and
p38 activations. Thus, inhibitors of the Erk1/2 and p38
pathway significantly decreased TMMC-induced HO-1 levels.
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Although the induction of HO-1 expression has been
reported extensively and is known to be regulated primarily
at the level of gene transcription, the molecular mechanism
underlying this response is poorly understood. However, Nrf2
has been implicated in the inducer-dependent activation of
the HO-1 gene [22,23]. This transcription factor is bound to
different proteins in the cytoplasm and several stimuli have
been shown to antagonize repression by proteins such as
Keapl, leading to Nrf2 nuclear translocation and gene
transcription [35]. In addition, Nrf2 nuclear translocation
requires the activation of MAPK [36-38]. In our study, we found
that TMMC induced Nrf2 nuclear translocation, and that Erk1/
2 and p38 inhibitors blocked the TMMC-induced Nrf2 nuclear
translocation. This suggests that the Erk1/2 and p38 pathways
may play a role in regulating TMMC-induced Nrf2 nuclear
translocation. Thus, TMMC may increase both Erk1/2 and p38
activation in HT-29 cells to stimulate Nrf2 nuclear transloca-
tion. Increased Nrf2 in the nucleus may increase its DNA-
binding activity, followed by HO-1 gene transcription, even-
tually leading to HO-1 expression.

NF-«B regulates the transcription of a number of proin-
flammatory molecules involved in acute responses to injury
and in chronic intestinal inflammation, including IL-1B, TNF-
a, IL-6, IL-8, IL-12, iNOS, and ICAM-1. In addition, NF-«xB
activation, as indicated by increased DNA binding activity and
p65 nuclear translocation, has been observed in the intestines
of patients with Crohn’s disease and ulcerative colitis, as well
as in rodents with experimental colitis. In these situations the
amount of activated NF-«kB correlates with the degree of
mucosal inflammation [39-41]. Therefore, regulation of NF-«B
activation in IECs is a promising area of research in intestinal
inflammatory diseases that could potentially give rise to
targets for therapeutic intervention. Therefore, we investi-
gated the relationship between HO-1 and NF-«B activation in
TNF-a-stimulated HT-29 cells. Since time course analysis in
HT-29 cells revealed that the onset of HO-1 expression induced
by 20 uM TMMC was around 6 h, cells were incubated with
TMMC for 7 h and then exposed to TNF-a. These data suggest
that the TMMC-induced HO-1 protein interferes with TNF-a-
induced NF-kB activation, especially the nuclear translocation
step of NF-«B p65, but without affecting I-kBa phosphorylation
and degradation. This is an unusual mechanism for the
control of NF-«B activation. As we had found that TMMC
induced both Erk1/2- and p38-dependent HO-1 gene expres-
sion in HT-29 cells (Fig. 4), we therefore tested whether specific
inhibitors of Erk1/2 or p38 might alter NF-kB p65 nuclear
translocation. Blocking of HO-1 expression by treatment with
inhibitors reversed the suppressive effects of TMMC in terms
of NF-kB p65 translocation in TNF-a-treated HT-29 cells.
However, treatment with inhibitors did not influence I-«Ba
degradation. Thus, the TMMC-induced HO-1 protein presum-
ably has different effects on the NF-«B activation. It has been
reported that synthetic chroman and diamine compounds
also specifically interfere with LPS-induced nuclear transloca-
tion of NF-kB p65 without affecting I-xB degradation, as shown
for the synthetic peptide SN50 [42,43]. Although the molecular
target of HO-1 has yet to be elucidated, this study is the first to
show the signal pathway evoked by HO-1 during intestinal
inflammation. In addition, we have also provided evidence
that HO-1 acts upstream of NF-«B activity, supporting a

previous study demonstrating that HO-1 expression has a
direct effect on the activation of the proinflammatory NF-«B
pathway [14].

Although most of the data presented in this study suggest
that the protective effects of TMMC on TNF-a-induced
inflammation in HT-29 cells are mediated via the induction
of HO-1, the anti-inflammatory effects seen with TMMC are
not related only to the expression of HO-1. This is because
incubation with TMMC for 1 h, at which time HO-1 expression
is not detected, also inhibited the NF-«kB pathway. Therefore,
we suggest that TMMC inhibits NF-«B activation both directly
and indirectly through HO-1-dependent and -independent
pathways in TNF-a-stimulated HT-29 cells. NF-«B activation is
critical in TNF-a inducible various inflammatory molecule
including COX-2 and ICAM-1. Therefore, many drugs used in
the treatment of IBD have focused on the suppression of NF-«B
activity [44-46]. In addition, HO-1 expression has a direct effect
on the NF-kB activation. Therefore, we suggest that HO-1
induction agents may be provides important alternate target
for treatment of IBD. Our data are compatible with the
schematic representation in Fig. 9.

HO-1 and its metabolites, such as CO, bilirubin and iron,
display several anti-inflammatory effects in vivo and in vitro.
It is reported that HO-1-generated bilirubin or CO ameliorate
experimental murine colitis [47-49]. Therefore, we tested
whether any specific enzymatic products of HO-1 could
mediate the potential protective effect in TNF-a-stimulated
HT-29 cells. Both CO and bilirubin, applied independently,
inhibited the expression of proinflammatory molecules,
including IL-8, ICAM-1 and COX-2 as well as the production
of extracellular MMP-7. Interestingly, CO and bilirubin, applied
together, potentiated the inhibitory effects on TNF-a-treated

ERK p38
TNF-o.

ir—

I-xkBo degradation

l} HO-1

NF-xB p65 translocation

!

Epithelial inflammation

Fig. 9 - Hypothetical mechanism of action of TMMC on TNF-
a-induced inflammation in HT-29 cells. TMMC might
inhibit NF-«B p65 translocation directly and indirectly. The
latter is mediated by HO-1, which presumably blocks the
TNF-a-induced nuclear translocation of NF-«kB p65 without
affecting I-kBa degradation. TMMGC might increase Erk1/2
and p38 phosphorylation levels to stimulate Nrf2 nuclear
translocation, followed by HO-1 gene transcription,
eventually leading to HO-1 expression. Sites of
suppression by TMMC are indicated (l)
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HT-29 cells. This suggests that CO and bilirubin may act in an
additive or synergistic manner. Therefore, inducing HO-1
activity or treating with CO and bilirubin may be evaluated as
potential tools for therapy of patients with IBD.

In conclusion, we have shown that TMMC can significantly

attenuate the colonic injury and inflammation induced by
TNBS in mice. TMMC induced HO-1 gene expression; a
pathway involved in TMMC-induced Erk1/2 and p38 MAPK
phosphorylation and this is followed by Nrf2 nuclear
translocation in HT-29 cells. The inhibition of epithelial
inflammation by TMMC appears to be mediated both directly
and indirectly through the inhibition of the NF-«B signaling
system. We also found that CO and bilirubin, enzymatic
products of HO-1, mediated the potential protective effect in
TNF-a-stimulated HT-29 cells.
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