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Summary

Immunoproteasome up-regulation enhances the processing of nuclear
factor-kB (NF-kB) and degradation of IkBa, which correlates with increased
amounts of NF-kB in the various cells. Aberrant activation of NF-kB is
involved in the pathogenesis of inflammatory bowel disease (IBD). The aim of
this study was to elucidate the effect of proteasome inhibitor MG132 on
experimental IBD. We investigated the effects of MG132 on intestinal inflam-
mation and epithelial regeneration in both interleukin-10-deficient (IL-10-/-)
mice and mice with dextran sulphate sodium (DSS)-induced colitis. Body
weight, histological findings and tumour necrosis factor (TNF)-a mRNA
expression, epithelial cell proliferation and NF-kB p65 activity in colonic
tissues were examined. The effects of MG132 on cell proliferation, migration
and multiple drug resistance 1 (MDR1) gene expression were determined in
vitro. MG132 ameliorated intestinal inflammation of IL-10-/- mice by decreas-
ing TNF-a mRNA expression in the colonic tissues, which was associated with
suppression of NF-kB activation, and reduced significantly the number of
Ki-67-positive intestinal epithelial cells. On the other hand, MG132 did not
reduce intestinal inflammation in mice with DSS-induced colitis, and delayed
significantly the recovery of body weight and epithelial regeneration. MG132
also suppressed significantly epithelial cell proliferation, cell migration and
MDR1 gene expression in vitro. Proteasome inhibition reduces T cell-
mediated intestinal inflammation, but may interrupt both epithelial regen-
eration and barrier function of colonic mucosa. Optimal use of proteasome
inhibitor should be kept in mind when we consider its clinical application for
patients with IBD.
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Introduction

Inflammatory bowel disease (IBD) is characterized by a dys-
regulated immune response of unknown aetiology. Enteric
flora or bacterial products appear to contribute to the
recruitment and activation of lamina propria macrophages
and T cells [1,2]. Proinflammatory cytokines produced by
these cells, such as interleukin (IL)-1b and tumour necrosis
factor (TNF)-a, have important roles in the initiation and
perpetuation of the intestinal inflammation of IBD [3–6].
Moreover, such inflammatory responses within the intestinal
mucosa cause epithelial damage, which might result in
impaired epithelial barrier function.

Nuclear factor-kB (NF-kB) is a transcription factor that
consists of a homodimer or a heterodimer of two subunits of
the NF-kB family; p65 (RelA), RelB, c-Rel, NF-kB1 (p50 and
its precursor p105) or NF-kB2 (p52 and its precursor p100)
[7]. NF-kB-dependent gene expression is regulated pre-
dominantly by a shuttling system that controls the cyto-
plasmic versus nuclear localization of this transcription
factor.

The most abundant form of NF-kB is the p50/p65 het-
erodimer which remains in an inactive state in the cyto-
plasm, forming a ternary complex with the inhibitory
protein inhibitor of NF-kB, IkBa. Upon stimulation, IkBa
is phosphorylated rapidly, ubiquitinated, and subsequently
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degradated by proteasomes, allowing translocation of p50/
p65 heterodimers into the nucleus [8–13]. During gut
inflammation, the excessive immune stimulation by inflam-
matory cytokines induces NF-kB activation in the intestinal
mucosa. For example, the p65 subunit of NF-kB is upregu-
lated in the mucosa of patients with active IBD [14]. Inhibi-
tion of NF-kB with specific p65 anti-sense oligonucleotides
not only down-regulates cytokine production by intestinal
macrophages from patients with Crohn’s disease; it is also
effective for preventing or treating an experimental model of
IBD [15]. Therefore, the control of NF-kB activation has
been focused upon as one of the promising therapies for
patients with IBD.

The 26S proteasome is a multi-catalytic adenosine triph-
osphate (ATP)-dependent protease complex that is respon-
sible for the post-translational control of all short-lived and
many long-lived proteins [16]. Treatment with proteasome
inhibitor results in protein stability and increases markedly a
large number of cellular proteins, such as cell regulators,
transcription factors and apoptotic regulators [17]. More-
over, proteasomes are involved in two essential steps of
NF-kB p50/p65 activation: generation of p50 from its pre-
cursor p105 and degradation of IkBa [18–20]. On the basis
of these findings, proteasome inhibition is considered to be
an emerging strategy to attenuate the inflammatory response
associated with NF-kB activation [21]. Recently, Visekruna
et al. reported high expression of the immunoproteasome
subunits b1i and b2i in the inflamed mucosa of patients with
Crohn’s disease. Moreover, they showed that processing of
NF-kB precursor p105 and degradation of IkBa is enhanced
by these immunoproteasomes which they isolated from
intestinal tissues of patients with IBD [22]. Taken together,
proteasome inhibitor could be useful for reducing intestinal
inflammation of patients with IBD. However, little is known
about the effect of proteasome inhibition on intestinal
inflammation.

In the present study, we examined the effect of proteasome
inhibitor MG132 on colitis using two different experimental
murine colitis models: IL-10-deficient (IL-10-/-) mice and
dextran sulphate sodium (DSS)-induced colitis, and investi-
gated the mechanisms of actions of MG132 on intestinal
inflammation.

Materials and methods

Mice

Female C57BL/6 mice (12–15 weeks old, weighing 20–24 g;
Japan SLC, Inc., Shizuoka, Japan) and female IL-10-/-

mice on a C57BL/6 background (4 weeks old; Jackson
Laboratory, Bar Harbor, ME, USA) were used. All mice
were housed in specific pathogen-free conditions in the
animal facility of Kyoto University. The studies were
approved by the Animal Protection Committee of our
institution.

The IL-10-/- mice

Treatments. To investigate the effects of proteasome inhibi-
tor on experimental murine colitis, we used MG132, a pro-
teasome inhibitor (Biomol International LP Inc., Plymouth
Meeting, PA, USA), which inhibits inhibitor kB degradation
[23–25]. MG132 was dissolved in dimethyl sulphoxide
(DMSO) and then diluted in 500 ml sterile phosphate-
buffered saline (PBS) for injection. Female IL-10-/- mice at 4
weeks of age were divided into four groups and treated with
intraperitoneal injection three times a week as follows: group
A, 0·01% DMSO as the control; group B, 0·6 mmol/kg
MG132; group C, 3·0 mmol/kg MG132; and group D,
15·0 mmol/kg MG132. All mice were killed after 4 weeks of
treatment by cervical dislocation under ether anaesthesia.
The colonic tissue was removed from each mouse and exam-
ined as described below.

Histological analysis. The entire colon was removed and
washed with PBS. The caecum, proximal colon, transverse
colon and rectum were dissected transversely and fixed in
10% formalin. The fixed tissue was embedded in paraffin,
stained with haematoxylin and eosin (H&E) and analysed
histologically in a blind manner. Histological damage was
quantified by the histological scoring system described by
Sellon et al. [1]. In brief, the sections were graded on a scale
of 0–4 based on the degree of lamina propria and sub-
mucosal mononuclear cellular infiltration, crypt abscess,
crypt hyperplasia, goblet cell depletion and architectural
distortion. The mean histological score for each mouse was
determined by adding the scores for each sections of the
colon examined, and dividing the total by the number of
sections examined.

The DSS-induced colitis model

Induction of colitis and treatments. Female C57BL/6 mice
were given 3% DSS (molecular weight 36–50 kDa; MP Bio-
medicals, Inc., Solon, OH, USA) in their drinking water for 5
days, and then switched to regular drinking water. Mice were
injected intraperitoneally with 15·0 mmol/kg MG132
(prepared in the same way as for IL-10-/- mice) or 0·01%
DMSO as the control three times a week from day 0 to the
end of the experiment. On day 10, the mice were killed.

Body weight was measured daily throughout the experi-
ment. After the mice were killed, the colonic tissue was
removed from each mouse and examined as described below.

Histological analysis. The rectum was evaluated histologi-
cally because this segment is affected most severely in DSS-
induced colitis [26]. The rectum (1·5 cm from the anal
verge) was removed and dissected transversely every 3 mm,
and the pieces were fixed in 10% formalin. The fixed tissues
were embedded in paraffin, stained with H&E and analysed
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histologically in a blind manner. Histological damage was
quantified by the histological scoring system described by
Williams et al. [27]. In brief, the sections were graded for
inflammation severity, inflammation extent and crypt
damage. The inflammation severity grading index was as
follows: 0, none; 1, mild; 2, moderate; 3, severe. The inflam-
mation extent grading index was as follows: 0, none; 1,
mucosa; 2, mucosa and submucosa; 3, transmural. The crypt
damage grading index was as follows: 0, none; 1, basal one-
third damaged; 2, basal two-thirds damaged; 3, crypts lost,
but surface epithelium present; 4, crypts and surface epithe-
lium lost. Each of these grades was also scored as to the
percentage of involvement as follows: 0, 0%; 1, 1–25%; 2,
26–50%; 3, 51–75%; 4, 76–100%. Each subscore (inflamma-
tion severity, inflammation extent and crypt damage score)
was the product of the grade multiplied by the score of the
percentage of involvement. The total colitis score was the
sum of the three subscores.

mRNA assessment by semiquantitative reverse
transcription–polymerase chain reaction

Total RNA was extracted from colonic tissues of IL-10-/-

mice and C57BL/6 mice with DSS-induced colitis treated
with MG132 or 0·01% DMSO with TRIzol (Invitrogen,
Carlsbad, CA, USA). RNA (3 mg) was reverse-transcribed
with SuperScript II Reverse Transcriptase (Invitrogen),
and the resulting complementary DNAs were analysed for
TNF-a mRNA expression by semiquantitative polymerase
chain reaction (PCR). PCR was performed in a total volume
of 20 ml containing 1 ml of complementary DNA, 10 mmol/l
of each primer and a solution of 1 U of AmpliTaq Gold DNA
polymerase using the GeneAmp PCR system (Applied Bio-
systems, Foster City, CA, USA). The PCR primer sequences
used are shown in Table 1. PCR products were separated on
1% agarose gels containing ethidium bromide. After gel
electrophoresis, band intensities were measured using an
autoanalysing system (Printgraph; ATTO Corporation,
Tokyo, Japan). The signal of each product was standardized
against the b-actin signal for each sample.

Immunohistochemistry

Colonic tissue sections of IL-10-/- mice, C57BL/6 mice with
DSS-induced colitis and C57BL/6 mice treated with
15·0 mmol/kg MG132 or 0·01% DMSO were stained for
phospho-NF-kB p65 and Ki-67 antigen. Paraffin-embedded
sections (4 mm thick) were deparaffinized and reacted with
0·3% H2O2 in methanol for 30 min to inhibit endogenous
peroxidase activity. The sections were placed in 0·01 mol/l
citrate buffer (pH 6·0) and pretreated with microwave heating
for antigen retrieval. After blocking with 3% bovine serum
albumin (BSA) in PBS, the sections were incubated with each
diluted primary antibody overnight at 4°C. The dilutions in
PBS with 1% BSA were prepared with anti-mouse phospho-
NF-kB p65 polyclonal antibody (1:50; Cell Signaling Tech-
nology, Inc., Danvers, MA, USA) and anti-mouse Ki-67
monoclonal antibody (1:50; Dako, Copenhagen, Denmark).
After washing with PBS, the sections were incubated for
30 min with biotinylated anti-rabbit immunoglobulin G
(IgG) antibody diluted 1:200 in PBS with 1% BSA for anti-
mouse phospho-NF-kB p65 antibody, and biotinylated anti-
rat IgG antibody diluted 1:200 in PBS with 1% BSA for
anti-mouse Ki-67 antibody. The sections were reacted with a
peroxidase-linked avidin–biotin complex (Vector Laborato-
ries, Burlingame, CA, USA) for 30 min. Localization of the
phospho-NF-kB p65 antigen or the Ki-67 antigen was visu-
alized by incubation with 3,3′-diaminobenzidine tetrahydro-
chloride in 0·01% H2O2. Haematoxylin was used for nuclear
counterstaining. To assess the proliferation activity, the
number of Ki-67-positive cells per total crypt epithelial cells
was counted. The Ki-67 labelling index was defined as the
percentage of Ki-67-positive cells per crypt [28].

Bromodeoxyuridine cell proliferation assay

We examined cell proliferation activity using the bromode-
oxyuridine (BrdU) Cell Proliferation Assay kit (Calbiochem,
Darmstadt, Germany) [29,30]. The human colon cancer
cell line Caco-2 cells were maintained with Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10%

Table 1. Primer pairs for semiquantitative polymerase chain reaction.

Target gene Primer sequences

Major product size

(base pairs)

Mouse TNF-a Forward: 5′-TTCTGTCTACTGAACTTCGGGGTGATCGGTCC-3′ 354

Reverse: 5′-GTATGAGATAGCAAATCGGCTGACGGTGTGGG-3′

Human MDR1 Forward: 5′-AGATCAACTCGTAGGAGTGTC-3′ 795

Reverse: 5′-GTTTCTGTATGGTACCTGCAA-3′

Mouse b-actin Forward: 5′-GTGGGCCGCTCTAGGCACCAA-3′ 540

Reverse: 5′-CTCTTTGATGTCACGCACGATTTC-3′

Human b-actin Forward: 5′-GAGACCTTCAACACCCCAGCC-3′ 311

Reverse: 5′-GGCCATCTCTTGCTCGAAGTC-3′

MDR, multiple drug resistance; TNF, tumour necrosis factor.
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heat-inactivated fetal bovine serum (FBS) and antibiotics
(100 U/ml penicillin and 100 mg/ml streptomycin). The cells
were seeded into 96-well plates (1 ¥ 104 cells/well) and
grown for 48 h. After confirming adhesion, the cells were
incubated in 100 ml DMEM with 0·1% heat-inactivated FBS
for 24 h, and then pretreated for 1 h with 0·12 mmol/l,
0·60 mmol/l and 3·0 mmol/l MG132 or 0·006% DMSO as a
control (n = 12). After washing with PBS, the cells were
stimulated with 100 ng/ml recombinant human epidermal
growth factor (EGF) (R&D Systems, Inc., Minneapolis, MN,
USA). After an additional incubation for 1 h, 20 ml of BrdU
solution was added to each well. After another 12 h incuba-
tion, 100 ml of anti-BrdU antibody dilution was added and
incubated for 1 h. After washing with wash buffer, 100 ml of
peroxidase goat anti-mouse IgG was added and incubated
for 30 min. After washing with wash buffer, 100 ml of tetram-
ethylbenzidine solution was added, incubated for 15 min,
and 100 ml of 2·5 N sulphuric acid was added. The absor-
bance was measured at 450 nm and 540 nm as a control
using the Ultra Microplate Reader (Bio-Tek Instruments,
Inc., Winooski, VT, USA).

Assessment of intestinal epithelial cell migration

To investigate the effects of MG132 on cell migration, we
used an in vitro model of a scrape-wounded intestinal epi-
thelial monolayer with the rat intestinal epithelial cell line
IEC-6 cells, which are optimal for this assay [31,32]. The cells
were maintained with DMEM supplemented with 10% heat-
inactivated FBS and antibiotics (as mentioned above). IEC-6
cells were seeded into six-well plates (5 ¥ 105 cells/well) and
grown to confluence in basal medium. Cells were incubated
in DMEM with 0·1% heat-inactivated FBS for 24 h, and then
pretreated for 1 h with 0·024 mmol/l, 0·12 mmol/l and
0·60 mmol/l MG132 or 0·001% DMSO as a control. Cell
monolayers were wounded by scraping off with a razor
blade, and after 24 h the number of cells crossing 1 mm of
the wound was counted at two points in each well. This
experiment was performed in triplicate.

Effects of MG132 on multiple drug resistance 1 gene
expression

Caco-2 cells were seeded into six-well plates (1 ¥ 105 cells/
well) and grown to confluence in DMEM supplemented with
10% heat-inactivated FBS and antibiotics (as mentioned
above). Cells were incubated in DMEM with 0·1% heat-
inactivated FBS for 24 h, and then pretreated for 1 h with
0·6 mmol/l, 3·0 mmol/l and 15·0 mmol/l MG132 or 0·03%
DMSO as a control. Cells were stimulated with 10 ng/ml
human recombinant IL-1b (R&D Systems, Inc.), and after
another 6 h incubation, total RNA was extracted from the
cells using TRIzol. RNA (1·5mg) was reverse-transcribed, and
multiple drug resistance 1 (MDR1) gene expression was
evaluated by semiquantitative PCR as described above.

Statistical analysis

All numerical data are expressed as the mean � standard
error. A P-value of less than 0·05 was considered statistically
significant. The differences in the data between groups were
analysed by Student’s t-test or the Mann–Whitney U-test.

Results

Effects of MG132 on IL-10-/- mice

Histological findings and TNF-a gene expression in colonic
tissues. In our animal facility, IL-10-/- mice develop intesti-
nal inflammation spontaneously at approximately 5 weeks of
age. In 8-week-old IL-10-/- mice (after 4 weeks’ treatment
with vehicle), the histological findings of the colon revealed
epithelial hyperplasia, inflammatory cell infiltration, goblet
cell depletion and crypt abscesses. In contrast, in IL-10-/-

mice treated with 15·0 mmol/kg MG132 for 4 weeks, goblet
cells remained and inflammatory cell infiltration was milder
than that in the vehicle-treated IL-10-/- mice (Fig. 1a).
MG132 administration reduced the histological score, and
the histological score in IL-10-/- mice treated with
15·0 mmol/kg MG132 was significantly lower than that of
vehicle-treated IL-10-/- mice (P < 0·05; Fig. 1b).

MG132 inhibited TNF-a gene expression in the colonic
tissues of IL-10-/- mice (Fig. 1c), reaching significantly dif-
ferent levels from vehicle-treated mice with doses of 3·0 and
15·0 mmol/kg (P < 0·05).

Immunohistochemical staining with anti-phospho-NF-kB
p65 antibody and anti-Ki-67 antibody. In the vehicle-treated
IL-10-/- mice, phospho-NF-kB p65 immunohistochemical
staining was strongly positive in the nucleus of the bottom of
the crypt epithelial cells. In contrast, in IL-10-/- mice treated
with MG132, nuclear translocation of phospho-NF-kB p65
in the epithelial cells of the crypts was not observed (Fig. 2a).

In the vehicle-treated IL-10-/- mice, Ki-67-positive cells
were located up to the lower half of the crypts in which
phospho-NF-kB p65 was detected in the nucleus. On the
other hand, in MG132 (15·0 mmol/kg)-treated IL-10-/- mice,
the presence of Ki-67-positive cells was limited to the bottom
of the crypts (Fig. 2b). The Ki-67 labelling index of IL-10-/-

mice treated with 15·0 mmol/kg MG132 was significantly
lower than that of vehicle-treated IL-10-/- mice (P < 0·01).

Effects of MG132 on mice with DSS-induced colitis

Body weight change. We then investigated the effects of
MG132 on mucosal regeneration in DSS-induced colitis. In
both MG132-treated and vehicle-treated mice with DSS-
induced colitis, body weight decreased from day 5 to day 7.
In the vehicle-treated mice, body weight began to recover
rapidly beginning on day 8, but the recovery was impaired in
MG132-treated mice. There was a significant difference in
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the percentage of change in body weight on day 9 and 10
between MG132-treated and vehicle-treated mice adminis-
tered DSS (day 9, P < 0·05; day 10, P < 0·01; Fig. 3a).

Colon length. The shortening of the colon and oedema of
the rectum in the vehicle-treated mice administered DSS

improved on day 10 (data not shown) and colon length on
day 10 was not different from that of normal mice (Fig. 3b).
In contrast, in the MG132-treated mice administered DSS,
the colon was significantly shorter than that of the vehicle-
treated mice administered DSS (P < 0·01; Fig. 3b), and
oedema of the rectum remained.

Fig. 1. Effects of MG132 on

interleukin-10-deficient (IL-10-/-) mice. (a)

Histological findings in IL-10-/- mice. Sections

of the cecum, proximal colon, transverse colon

and rectum were collected at necropsy (on day

28) and stained with haematoxylin and eosin.

Left panel, vehicle-treated IL-10-/- mice; right

panel, MG132-treated (15·0 mmol/kg) IL-10-/-

mice (original magnification 100¥). (b)

Histological score in IL-10-/- mice treated with

the indicated doses of MG132. Histological

damage was quantified by the scoring system

described by Sellon et al. (n = 8 in each group).

*P < 0·05 compared with vehicle-treated

IL-10-/- mice. (c) Tumour necrosis factor-a
gene expression in the colonic tissues of IL-10-/-

mice treated with MG132. *P < 0·05 compared

with vehicle-treated IL-10-/- mice (n = 8 in each

group).
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Histological findings and TNF-a gene expression in colonic
tissues. The treatment of intraperitoneal injection of
15·0 mmol/kg MG132 in C57BL/6 mice not administered
DSS did not affect the histological findings, such as crypt
height or cell infiltration (Fig. 4a, i,ii).

On day 5, in both the vehicle-treated and MG132-treated
mice administered DSS, the histological findings of the colon
revealed epithelial destruction, severe inflammatory cell
infiltration and submucosal oedema (data not shown).
There was no significant difference in the histological score
and TNF-a gene expression in the colonic tissues between
the two groups (data not shown).

On day 10, however, in the vehicle-treated mice adminis-
tered DSS, the colonic mucosa was covered by a monolayer
of epithelial cells and crypt regeneration was observed
(Fig. 4a, iii). In contrast, in the MG132-treated mice admin-
istered DSS, little crypt regeneration was observed, and
remarkable inflammatory cell infiltration and submucosal
oedema remained (Fig. 4a, iv).

The histological score indicated that DSS administration
induced severe colitis in both vehicle-treated and MG132-
treated mice and there was no significant difference in
the inflammatory severity or inflammatory extent scores
between vehicle-treated and MG132-treated mice. On the
other hand, both the crypt damage and total colitis scores
were significantly higher in MG132-treated mice than in
vehicle-treated mice administered DSS (P < 0·01) (Fig. 4b).
Although MG132 reduced TNF-a gene expression signifi-
cantly in the colonic tissues of normal mice (P < 0·05,
Fig. 4c), it enhanced TNF-a gene expression significantly in
DSS-treated mice (P < 0·01, Fig. 4c) on day 10.

Immunohistochemical staining with anti-phospho-NF-kB
p65 antibody. In the vehicle-treated mice not administered
DSS, phospho-NF-kB p65 immunohistochemical staining
was positive in the nucleus of the epithelial cells of the lower
third of the crypts (Fig. 4d, i). On the other hand, in the
MG132-treated mice not administered DSS, nuclear translo-
cation of phospho-NF-kB p65 in the epithelial cells was
suppressed through the crypts (Fig. 4d, ii).

In the vehicle-treated mice administered DSS, phospho-
NF-kB p65 staining was strongly positive in the nucleus of
the epithelial cells of the almost entire regenerating crypts
(Fig. 4d, iii). In contrast, only a few crypts were observed in
the MG132-treated mice administered DSS, and nuclear
translocation of phospho-NF-kB p65 in the epithelial cells
was not observed at all (Fig. 4d, iv).

Effects of MG132 on intestinal epithelial cells

Immunohistochemical staining with anti-Ki-67 monoclonal
antibody. To investigate the effects of MG132 on intestinal
epithelial cell proliferation activity in vivo, we performed
immunohistochemical staining with the anti-Ki-67
antibody. In C57BL/6 mice, Ki-67-positive cells were located
mainly in the lower third of the crypts (Fig. 5a, i). In con-
trast, in C57BL/6 mice treated with 15·0 mmol/kg MG132,
Ki-67-positive cells were located only at the bottom of
the crypts (Fig. 5a, ii). The Ki-67 labelling index of
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Fig. 4. The effects of MG132 on histological changes, tumour necrosis factor (TNF)-a gene expression and immunohistochemical staining of

phospho-nuclear factor-kappa B (NF-kB) p65 in the colonic tissues of mice with dextran sulphate sodium (DSS)-induced colitis. (a) Histological

findings of the rectum at necropsy (on day 10) stained with haematoxylin and eosin. (i) Vehicle-treated mice not administered DSS, (ii)

MG132-treated (15·0 mmol/kg) mice not administered DSS, (iii) vehicle-treated mice with DSS-induced colitis and (iv) MG132-treated

(15·0 mmol/kg) mice with DSS-induced colitis (original magnification 100¥). (b) Histological scores of MG132-treated (15·0 mmol/kg) mice with

DSS-induced colitis. The total colitis score is the sum of the three subscores (inflammation severity, inflammation extent, crypt damage score),

which was quantified by the scoring system described by Williams et al. (n = 8 in each group). **P < 0·01 between vehicle-treated and

MG132-treated mice with DSS-induced colitis. †P < 0·05 compared with respective normal mice not administered DSS. (c) TNF-a gene expression

in the colonic tissues of MG132-treated (15·0 mmol/kg) mice with DSS-induced colitis (n = 8 in each group). *P < 0·05 between vehicle-treated and

MG132-treated mice not administered DSS. **P < 0·01 between vehicle-treated and MG132-treated mice with DSS-induced colitis. (d)

Immunohistochemical staining with anti-phospho-NF-kB p65 antibody. (i) vehicle-treated mice not administered DSS, (ii) MG132-treated

(15·0 mmol/kg) mice not administered DSS, (iii) vehicle-treated mice with DSS-induced colitis and (iv) MG132-treated (15·0 mmol/kg) mice with

DSS-induced colitis (original magnification 200¥).
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MG132-treated mice was significantly lower than that of
vehicle-treated mice (P < 0·01, Fig. 5a, iii).

BrdU cell proliferation assay. We investigated the in vitro
effects of MG132 on cell proliferation activity. In Caco-2
cells, MG132 suppressed significantly cell proliferation
induced by 100 ng/ml recombinant human EGF in a dose-
dependent manner (Fig. 5b).

Migration assay. Migration assay in a scrape-wounded
monolayer model with IEC-6 cells revealed that MG132 sup-
pressed cell migration significantly (0·024 and 0·12 mmol/l,
P < 0·05; 0·60 mmol/l, P < 0·01; Fig. 5c), which is one of the
important factors for epithelial regeneration.

Effect of MG132 on MDR1 gene expression. MG132 sup-
pressed MDR1 gene expression induced by 10 ng/ml human
recombinant IL-1b in Caco-2 cells in a dose-dependent
manner. MDR1 gene expression in the presence of
15·0 mmol/L MG132 was significantly lower than that in
controls (P < 0·05; Fig. 5d).

Discussion

In the pathophysiology of IBD, much attention has been paid
to immunological dysregulation of the intestinal mucosa.
Indeed, many drugs that suppress immunological responses
have been developed for treating IBD [33,34]. NF-kB regu-
lates many genes involved in the pathogenesis of IBD [7] and
it is up-regulated markedly in the intestinal mucosa of
patients with IBD. Notably, this up-regulation occurs in not
only the intestinal epithelial cells but also in lamina propria
mononuclear cells in the inflammatory mucosa [14,15,35].

Therefore, the control of NF-kB activation is considered to
be one of the promising molecules for treatment of patients
with IBD.

Recently, it has been reported that the proteasome-
mediated degradation of IkBa and processing of p105,
which resulted in NF-kB activation, is involved in the patho-
physiology of IBD [22]. In this point, we focused upon treat-
ment with proteasome inhibitor for patients with IBD, which
could be one of the promising therapies by controlling
NF-kB activation.

Previous reports revealed that NF-kB activation is sus-
tained in inflamed colonic mucosa of IL-10-/- mice [15,36],
suggesting that NF-kB activation participates in intestinal
inflammation. Interestingly, we observed in the present
study that administration of a proteasome inhibitor MG132
clearly ameliorated colonic inflammation of IL-10-/- mice in
association with inhibition of TNF-a expression in the
colonic mucosa. In addition to its inhibitory effects on
colonic inflammation, we also observed that MG132 inhib-
ited the translocation of phospho-NF-kB p65 to the nucleus,
and decreased significantly the number of Ki-67 positive
cells in the colonic epithelium. We also evaluated the effect of
MG 132 on another signalling pathway such as extracellular-
signal regulated kinase (ERK), p38 mitogen-activated
protein kinase (MAPK) and c-Jun N-terminal kinase (JNK)
in colonic epithelial cells. Immunohistochemistry study
showed that translocation of phospho-ERK, phospho-p38
MAPK and phospho-JNK into nucleus was not inhibited in
colonic epithelial cells of MG132-treated IL-10-/- mice com-
pared with vehicle-treated mice. Taken together, we consid-
ered that MG132 treatment is involved in perturbation of
NF-kB but is not due to the MAPK and JNK pathways (data
not shown). These data suggested that the proteasome-

(d) Vehicle-treated MG132-treated

Without DSS

DSS day 10

(i) (ii)

(iii) (iv)

Fig. 4. Continued

Dual effects of proteasome inhibitor on intestinal inflammation
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mediated NF-kB activation plays a critical role in intestinal
inflammation of IL-10-/- mice.

Next, we investigated the effect of proteasome inhibitor
on intestinal inflammation of the DSS-induced colitis
model. In mice with DSS-induced colitis there was no sig-
nificant difference in body weight loss, colon length, histo-
logical scores or TNF-a expression in the colonic tissues
between MG132-treated mice and control mice during the
first few days following DSS administration. The recovery
of body weight, however, was delayed significantly in
MG132-treated mice and moreover, 10 days after starting
DSS administration, colon length was significantly shorter
and the histological scores were significantly higher in
MG132-treated mice than in control mice in association
with up-regulated expression of TNF-a. Further, our in
vitro study showed that MG132 inhibited epithelial cell
migration in a dose-dependent manner, and the results of
both in vivo and in vitro studies indicated that MG132 sup-
pressed intestinal epithelial cell proliferation. In general,
because the development of DSS-induced colitis is consid-

ered to be due primarily to the injurious effects of DSS on
intestinal epithelial cells [37,38], our findings that MG132
disrupted the recovery of DSS-induced colitis appear to be
due mainly to the suppression of NF-kB activation in epi-
thelial cells. Taken together, these findings suggest strongly
that proteasome-mediated NF-kB activation has an impor-
tant role in epithelial regeneration after mucosal injury in
the DSS-induced colitis model.

In IL-10-/- mice having chronic intestinal inflammation,
sustained activation of NF-kB occurred in both epithelial
cells and immune cells. In immune-mediated colitis, chronic
activation of NF-kB in epithelial cells induces epithelial cell
proliferation, which could result histologically in epithelial
hyperplasia. On the other hand, in the acute DSS-induced
colitis model, NF-kB activation in epithelial cells was
involved mainly in epithelial regeneration during the recov-
ery phase. Taken together, NF-kB activation in epithelial cells
in chronic intestinal inflammation is considered to play a
different role from that in acute intestinal inflammation. As
a result, blockade of proteasome-mediated NF-kB activation

Fig. 5. The effects of MG132 on intestinal

epithelial cells. (a) Immunohistochemical

staining with anti-Ki-67 antibody (i, ii) and the

Ki-67 labelling index (iii). (i) Vehicle-treated

C57BL/6 mice, (ii) MG132-treated

(15·0 mmol/kg) C57BL/6 mice (original

magnification 200¥). **P < 0·01 between

vehicle-treated and MG132-treated C57BL/6

mice (n = 3 in each group). (b)

Bromodeoxyuridine (BrdU) cell proliferation

assay in Caco-2 cells. *P < 0·05 and **P < 0·01

compared with vehicle-treated cells stimulated

with 100 ng/ml human recombinant epidermal

growth factor (EGF) (n = 12 in each group). (c)

Migration assay using intestinal epithelial cell

line (IEC-6) cells. The number of cells crossing

1 mm of the wound 24 h after scraping is

shown. *P < 0·05 and **P < 0·01 compared with

vehicle-treated cells (n = 6 in each group). (d)

Effects of MG132 on multiple drug resistance 1

(MDR1) gene expression in Caco-2 cells. Cells

were incubated with MG132 for 1 h and

stimulated with 10 ng/ml human recombinant

interleukin (IL)-1b for 6 h. Expression of the

MDR1 mRNA transcript was determined by

semiquantitative polymerase chain reaction.

The results are expressed as the relative ratio of

MDR1 to b-actin. *P < 0·05 compared with

vehicle-treated cells (n = 3 in each group). This

experiment was performed three times and

similar results were obtained each time.
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in epithelial cells ameliorated chronic immune-mediated
colitis but not DSS-induced colitis.

Another interesting finding of this study is the effect of
MG132 on MDR1 expression. The MDR1 gene encodes
P-glycoprotein, a 170-kDa transmembrane protein that
belongs to a family of ATP-binding cassette transporters
[39]. MDR1 has an important role in cell protection by
transporting xenobiotics that enter into the cells [40]. More-
over, targeted disruption of the mdr1a gene in rodents results
in the spontaneous development of colitis despite an intact
immune system [41]. Accordingly, MDR1 has received great
attention recently as a molecule that contributes to intestinal
barrier function. In vitro study revealed that MG132
decreased MDR1 gene expression of human colon cancer cell
lines in a dose-dependent manner. Supporting our finding,
the MDR1 gene has an NF-kB binding site [42]. Taken
together, these findings suggest that the impaired recovery of
DSS-induced colitis observed in MG132-treated mice might
involve decreased mdr1 expression because of NF-kB inhi-
bition with MG132. Thus, P-glycoprotein appears to have an
important function in the protection of epithelial cells in the
inflamed intestinal mucosa.

In summary, our study revealed that proteasome in-
hibition resulted in amelioration of colonic inflammation
of IL-10-/- mice, but impaired recovery from DSS-induced
colitis. Amelioration of colonic inflammation appears to
involve the inhibition of immune cell activation by NF-kB
inhibition with MG132. On the other hand, delayed recovery
of colitis by MG132 might be due to not only impaired
epithelial cell regeneration, but also to the disruption of epi-
thelial barrier function associated with decreased mdr1 gene
expression. Thus, proteasome-mediated NF-kB activation
has dual actions during colonic inflammation: aggravation
of inflammation and enhancement of recovery of epithelial
injury, depending on the inflammatory conditions.
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