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SUMMARY

Cytokines such as IL-1, tumour necrosis factor-alpha (TNF-a ), IL-6 and IL-8 are increased in inflamed

colonic mucosa after administration of mouse DSS. Nuclear factor kB (NF-kB) is a transcription factor

which regulates the expression of these cytokine genes. The effect of intracolonically administered NF-

kB (p65) antisense phosphorothioate oligonucleotide was examined in mouse DSS-induced colitis using

drinking water containing 5% DSS. When antisense oligonucleotide was given on day 0, the disease

activity index (DAI) representing clinical symptoms improved and the histological score decreased;

furthermore, IL-1, IL-6, and TNF-a concentrations in rectal mucosa were lower compared with the

control group. Clinical and histological improvement was also observed when antisense oligonucleotide

was begun on day 2 but not on day 7. In addition, the distribution of antisense oligonucleotides was

investigated by confocal laser microscopy. In colonic mucosa, oligonucleotides were predominantly

localized to cells in the lamina propria, but also in the epithelium. Western blot analysis using

homogenized rectal mucosa showed the decreased expression of NF-kB p65 in the antisense

oligonucleotide-treated group, although it was increased in the colitis group. These results suggest that

intracolonic administration of NF-kB antisense oligonucleotide may be effective in ulcerative colitis.
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INTRODUCTION

Ulcerative colitis (UC) is an idiopathic, non-specific inflammatory

disorder involving primarily the mucosa and submucosa of the

colon. Since some UC patients have autoantibodies which react

with colonic cells or have other autoimmune diseases, it is thought

that an autoimmune mechanism is related to UC pathogenesis

[1,2].

In the colonic mucosa of active UC patients, inflammatory

cytokines such as IL-1, tumour necrosis factor-alpha (TNF-a ), IL-

6 and IL-8 are elevated; these play an important role in the

development of colonic inflammation [3,4]. In addition, adhesion

molecules such as endothelial leucocyte adhesion molecule-1

(ELAM-1) and intercellular adhesion molecule-1 (ICAM-1) are

up-regulated in inflamed colonic mucosa [5]. The expression of

these cytokine and adhesion molecule genes is regulated by the

transcription factor, nuclear factor kB (NF-kB). NF-kB was

originally identified as a heterodimeric complex of two subunits,

p65 and p50 [6]. The NF-kB family includes p65(RelA), RelB, c-

Rel, p105(p50), and p100(p52) [7,8]. NF-kB presents as a hetero-

or homodimer in the cytosol bound to an inhibitory protein,

inhibitor kB (IkB). Phosphorylation of IkB by cytokine-activated

IkB kinases (IKK) leads to degradation of IkB. This is followed

by translocation of the activated NF-kB into the nucleus and

activation of target genes which contain the kB motif (consensus:

5 0-GGGRNNYYCC-3 0) [9].

Rogler et al. showed that activated NF-kB could be

detected in inflamed colonic mucosa by in situ hybridization,

while almost no activation of NF-kB was observed in non-

inflamed mucosa [10]. Schreiber et al. found increased

activation of NF-kB in nuclear extracts of colonic biopsy

samples and lamina propria mononuclear cells (LPMC)

obtained from inflammatory bowel disease (IBD) patients using

Western blot and electrophoretic mobility shift assays [7]. Thus,

NF-kB plays a key role in the colonic inflammation of IBD. In

the present study, DSS-induced colitis, which resembles human

ulcerative colitis (UC), was produced in mice to examine the

effect of intracolonically administered NF-kB (p65) antisense

oligonucleotide.

MATERIALS AND METHODS

Animals

Nine-week-old female BALB/c mice (SLC Co., Shizuoka, Japan)

weighing about 20 g were used in the study. Standard mouse

chow pellets and water were supplied ad libitum.
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Induction of experimental colitis

DSS, molecular weight 5000, was obtained from Meitou Sangyou

(Osaka, Japan). Mice were given drinking water containing 5%

DSS on the indicated days instead of tap water.

Preparation of antisense oligonucleotides

19-mer phosphorothioate antisense oligonucleotide against NF-

kB p65, containing its transcription initiation site, was synthe-

sized; 19-mer sense or nonsense oligonucleotide were used as a

control.

The sequences were as follows: antisense 5 0-GAAACAGA-

TCGTCCATGGT-3 0; sense 5 0-ACCATGGACGATCTGTTTC-

3 0; nonsense 5 0-ATGGAGAATATGAAAGTG-3 0.

Administration of p65 antisense oligonucleotide in the

pre-inflammatory stage

Mice were randomized into four groups. The first group,

designated as N (n � 5), received tap water for 7 days. The

second group, designated C (n � 5), received 5% DSS for

7 days and 0´3 ml of distilled water given intracolonically on

day 0. The third group, designated AS (n � 5), received 5%

DSS for 7 days and 20 nmol of antisense phosphorothioate

oligonucleotide in 0´3 ml of distilled water intracolonically on

day 0. The fourth group, designated S (n � 5), received

20 nmol of sense or nonsense phosphorothioate oligonucleotide

instead. Intracolonic administration was done by slow infusion

through a polyethylene catheter (Clea Co., Tokyo, Japan)

inserted 3 cm into the anus. Mice were killed under anaesthesia

on day 7.

Administration of p65 antisense oligonucleotide in the early phase

of colonic inflammation

Antisense oligonucleotide (20 nmol) was administered intra-

colonically on day 2 in the same fashion as described above.

Mice were killed on day 7.

Administration of p65 antisense oligonucleotide for established

colonic inflammation

Mice were given 5% DSS for 10 days, and 20 nmol of

antisense oligonucleotide were administered intracolonically on

day 7.

Evaluation of colitis

A disease activity index (DAI) was determined by an investigator

blinded to the protocol by scoring the extent of body weight loss,

stool haemoccult positivity or gross bleeding, and stool consist-

ency in accordance with the method described by Murthy et al.

[11,12] at sacrifice (Table 1).

Blood samples were collected from the heart immediately

before sacrifice for haemoglobin concentration. The rectum was

removed and opened longitudinally; half of the sample was

subjected to histological study and the rest was used to measure

mucosal cytokine concentrations. For histology, the rectum was

fixed in 10% neutral buffered formalin; 4-mm specimens were

subjected to haematoxylin and eosin (H±E) staining. Randomly

selected fields (n � 15) magnified 100 times in each section were

inspected and graded by a pathologist blinded to the treatment

protocol (Table 2) [13]. The mean score in each section was

calculated.

IL-1b , IL-6 and TNF-a concentrations in homogenized rectal

tissue were measured by ELISA according to the manufacturer's

protocol (R&D Systems, Abingdon, UK). Briefly, after biotinylated

antibody reagent was added in 96-well plates, supernatants of

homogenized rectal tissue were incubated at 378C in 5% CO2 for

2 h. After washing with PBS, streptavidin-peroxidase (HRP)

solution was added and the plate was incubated for 30 min at

room temperature. The absorbance was measured at 590 nm using

a microplate reader.

The total protein concentration was determined by the Lowry

method, and the absorbance per milligram of protein was

calculated.

Macrophage staining

Mice were killed on days 0, 3 or 7, and rectal specimens were

stained with anti-mouse macrophage MoAb, F4/80 (Cedarlane,

Hornby, Ontario, Canada). F4/80 antibody reacts with the mouse

macrophage F4/80 antigen, which is a 160-kD plasma membrane

component on mouse mononuclear phagocytes [14]. Briefly, the

specimen was fixed in periodate±lysine±paraformaldehyde (PLP)

at 48C overnight and embedded in OCT compound (Tissue Tek).

Embedded samples were quickly frozen in liquid nitrogen, and 4-

mm serial sections were prepared. Air-dried samples were fixed

with acetone for 15 min, and endogenous peroxidase was blocked

with 0´3% H2O2 in 50% methanol for 15 min at room

temperature. Non-specific binding was blocked with 2% bovine

serum albumin and the tissue was incubated with 20 mg/ml of

biotinylated anti-mouse macrophage MoAb overnight at 48C,

followed by incubation with avidin±biotin peroxidase complex at

Table 1. Disease activity index

Score

Weight

loss (%)

Stool*

consistency

Occult/gross

bleeding

0 (±) Normal Normal

1 1±5

2 5±10 Loose Guiac (1)

3 11±15

4 .15 Diarrhoea Gross bleeding

The disease activity index � (combined score of weight loss, stool

consistency and bleeding) / 3.

*Normal stools � well formed pellets; loose � pasty stools which do

not stick to the anus; diarrhoea � liquid stools that stick to the anus.

Table 2. Histological disease score

Grade 0 � Normal colonic mucosa

Grade 1 � Loss of one-third of the crypts

Grade 2 � Loss of two-thirds of the crypts

Grade 3 � The lamina propria is covered with a single layer of

epithelium and mild inflammatory cell infiltration is present

Grade 4 � Erosions and marked inflammatory cell infiltration are

present

Randomly selected 15 fields (magnified 100 times) in each section were

inspected and graded as below by a pathologist in our hospital who was

blinded to the treatment protocol. By scoring the grades in 15 fields, the

mean in each section was calculated.
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room temperature for 20 min. After washing with PBS, the tissue

was incubated with 0´03% 3-3-diaminobenzidine tetrahydrochlor-

ide (DAB; Sigma, St Louis, MO) containing 0´003% hydrogen

peroxide. All sections were counterstained with Mayer's

haematoxylin [15].

Western blotting of NF-kB p65 in the homogenized rectal tissue

Expression of NF-kB p65 in the rectal mucosa was compared

among three groups (groups N, C, and AS). Tissue lysates were

prepared as described earlier [16]. Ten microlitres of the lysate

(40±45 mg total protein) were separated on a 10% denaturing

polyacrylamide gel at 40 ml for 1 h. Separated proteins were

blotted to a 0´45-mm pore polyvinylidene difluoride membrane

(PVDF; NEM Life Science, Boston, MA) using the Trans-Blot

SD cell (BioRad, Tokyo, Japan) (140 mA; 45 min; transfer

buffer 25 mm Tris, 192 mm glycine, 20% methanol, 0´5%

SDS). Non-specific binding was blocked by incubating the

membrane in blocking buffer (Block Ace; Dainippon Pharma-

ceutical Co., Osaka, Japan) overnight at 48C. Subsequently the

membrane was incubated with 0´5 mg/ml of a rabbit anti-human

NF-kB (p65) antibody (Santa Cruz Biotechnology, Santa Cruz,

CA) for 1 h at room temperature. After washing with 20 mm

Tris±HCl containing pH 7´5 500 mm NaCl and 0´1% Tween 20,

the membrane was incubated with 1 mg/ml of an HRP-

conjugated goat anti-rabbit antibody (Santa Cruz Biotechnol-

ogy), for 1 h at room temperature. The bands were visualized

by placing the membrane in 20 mm Tris±HCl pH 7´5 contain-

ing 500 mm NaCl, 17% methyl alcohol, 0´015% H2O2, and

0´5 mg/ml of 4-chloro-1-naphthol (Nacalai Tesque, Inc., Kyoto,

Japan).

Distribution of antisense oligonucleotides in the colonic mucosa

Twenty nmoles of 5 0-end FITC-labelled antisense oligonucleo-

tides in 0´3 ml of sterilized distilled water were administered

intracolonically; 24 h later, mice were killed by perfusion with 4%

paraformaldehyde plus 0´2% glutaraldehyde in PBS. The rectum

was removed and fixed for 3 h in ice-cold perfusion buffer. After

washing with PBS, samples were serially incubated in 12%, 15%,

and 18% sucrose in PBS for 4 h at 48C. The samples were

embedded in OCT compound and frozen in liquid nitrogen. Serial

sections (4 mm) were prepared and inspected using scanning

confocal microscopy.

Statistical analysis

All numerical values are expressed as mean ^ s.e.m. Data sets

were analysed by Fischer's protected least significant difference

(PLSD) comparison tests for post hoc t-test. Differences of

P , 0´01 were considered statistically significant.

RESULTS

The effect of p65 antisense oligonucleotide on clinical indices and

histological disease score

In the control and p65 sense oligonucleotide-treated groups, pasty

to liquid gross bloody stool, weight loss, and severe anaemia were

observed in all mice. Their colons were shortened, but gross

ulcerations were not evident. When p65 antisense oligonucleotide

was administered on day 0 or 2, bloody stools were not evident,

stools were better formed, and weight loss was lessened.

Furthermore, DAIs were significantly lower in the mice treated

with p65 antisense oligonucleotide on day 0 or 2 than in the

control group (P , 0´01). Histologically, specimens obtained

from the control and the p65 sense oligonucleotide-treated groups

showed sporadic erosions with marked inflammatory cell infiltra-

tion in the lamina propria. In contrast, treatment with antisense

oligonucleotide resulted in less erosions, and inflammatory cell

infiltration was nearly absent in the rectum. Histological scores of

the p65 antisense oligonucleotide-treated mice were significantly

lower than in the control group (P , 0´01). However, no

improvements in DAI or histological score were observed when

antisense oligonucleotides were administered on day 7 (Table 3).

The administration of nonsense oligonucleotides had no effects on

the improvement of clinical parameters and histological scores

(data not shown).

The effect of p65 antisense oligonucleotide on local cytokine

concentrations

As shown in Table 4, concentrations of mucosal IL-1b , IL-6, and

TNF-a in the DSS group were significantly higher than in the

normal group. Treatment with antisense oligonucleotide on day 0

reduced cytokine concentrations significantly (P , 0´01).

Macrophage staining

Before induction of colitis, macrophages with polymorphic

shapes were observed in the lamina propria around the

basement membrane of crypts. However, macrophage infiltra-

tion was not obvious (Fig. 1a). On day 3, in the early phase of

Table 3. The effect of p65 antisense oligonucleotide on clinical indices

and histological disease score

Group

Administration

day

Haemoglobin

(g/dl) DAI

Histological

disease score

N 14´9 ^ 0´46 0 0

C 8´1 ^ 0´44 3´883 ^ 0´117 2´878 ^ 0´279

S 9´9 ^ 0´65 3´777 ^ 0´141 3´350 ^ 0´076

AS 0 13´8 ^ 1´13* 1´665 ^ 0´273* 1´625 ^ 0´238*

2 1´944 ^ 0´389* 1´480 ^ 0´110*

7 2´733 ^ 0´125 2´616 ^ 0´239

Results are expressed as the mean ^ S.E.M. (n � 5).

*Significantly different from colitis group at P , 0´01.

DAI, Disease activity index; N, normal; C, control; S, p65 sense

oligonucleotide; AS, p65 antisense oligonucleotide.

Table 4. The effect of p65 antisense oligonucleotide on local cytokine

concentrations

Group IL-1b

(pg/mg)

IL-6

(pg/mg)

TNF-a

(pg/mg)

N 46´1 ^ 10´8* 35´2 ^ 6´3* 95´9 ^ 26´6*

C 282´6 ^ 43´4 220´3 ^ 53´3 749´6 ^ 183´3

S 145´9 ^ 44´3 150´5 ^ 53´5 484´1 ^ 63´8

AS 92´8 ^ 5´1* 17´3 ^ 3´4* 183´0 ^ 30´7*

Results are expressed as the mean ^ S.E.M. (n � 5).

*Significantly different from colitis group at P , 0´01.

DAI, Disease activity index; N, normal; C, control; S, p65 sense

oligonucleotide; AS, p65 antisense oligonucleotide.
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Fig. 1. Immunohistochemical study of the rectal tissue in mice with DSS-induced colitis. Rectal tissue was stained with mouse MoAb F4/80 on (a) day 0,

(b) day 3, and (c) day 7 and inspected with a microscope (� 400). F4/801 macrophages were observed at the base of crypts on day 3. On day 7,

considerable numbers of macrophages were observed in the entire field of the lamina propria. In each section, some spindle-shaped cells, presumably

fibroblasts, were stained. However, on day 7 the numbers of spindle-shaped cells stained by F4/80 MoAb were not increased compared with those of

macrophages, polymorphic shaped cells stained its MoAb.

Fig. 2. FITC-labelled oligonucleotides were administered intracolonically in DSS colitis, and the time course of distribution of the antisense

oligonucleotides was examined with confocal laser microscopy. (a) Three hours after administration, FITC signals were detected mainly in

the colonic epithelium, although some signals were detected in the lamina propria; (b) 24 h after administration, FITC signals were observed

predominantly in the lamina propria.
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colonic inflammation, macrophages were infiltrated at the base

of crypts (Fig. 1b), and on day 7, in established colonic

inflammation, considerable numbers of macrophages were

observed in the whole field of the lamina propria (Fig. 1c).

In each section, some spindle-shaped cells, presumably

fibroblasts, were stained. However, on day 7 the numbers of

spindle-shaped cells stained by F4/80 MoAb were not increased

compared with those of macrophages, polymorphic-shaped cells

stained by its MoAb.

Distribution of antisense oligonucleotides in colonic mucosa

Twenty-four hours after administration, antisense oligonucleo-

tides were distributed predominantly in cells of the lamina

propria, although some oligonucleotides were detected in colonic

epithelium (Fig. 2a,b).

Western blotting of NF-kB p65 in the homogenized rectal tissue

As shown in Fig. 3, an intense band at 65 kD was observed in the

control group, although a faint band was detected in the normal

group. However, treatment with antisense oligonucleotides

reduced the expression of NF-kB p65 (Fig. 3).

DISCUSSION

Sulfasalazine (SASP) and 5-aminosalicylate (5-ASA) are used to

treat mild to moderate UC; in more severe UC, corticosteroids

are used in addition to SASP or 5-ASA. Corticosteroids inhibit

NF-kB activation by induction of IkBa in target cells [17,18].

Ingested sulfasalazine is cleaved by colonic bacteria to yield

sulfapyridine and 5-ASA. 5-ASA is thought to inhibit leuko-

triene B4 production through blocking the lipoxygenase pathway

and as a free radical scavenger [19,20]. Sulfasalazine also

inhibits the lipoxygenase pathway and recently was shown to

inhibit NF-kB activation by interfering with IkBa phosphoryla-

tion [21].

NF-kB p65 protein is increased in nuclear extracts of

mucosal biopsy samples of IBD patients [7]. Since NF-kB

regulates the expression of various cytokines, chemokines, and

adhesion molecules, sulfasalazine and corticosteroids appear to

be effective in the treatment of IBD through inhibition of NF-

kB activation. However, corticosteroids have many undesirable

side effects, such as impaired glucose tolerance, adrenal

suppression, and increased risk of infection; furthermore,

patients do not tolerate sulfasalazine. To overcome these

problems, new therapeutic approaches directed at inhibition of

NF-kB itself have been tested in experimental colitis. Recently,

antisense oligonucleotide against NF-kB has been shown to be

effective in trinitrobenzene sulphonic acid (TNBS) colitis,

which resembles Crohn's disease [22]. In the present study

we examined the effect of p65 antisense oligonucleotide on

mouse DSS-induced colitis, which is an experimental model

analogous to human UC.

DSS-induced colitis is produced in hamsters [23], mice [24],

and rats [25,26] and is characterized by ulceration, epithelial

damage, mucosal or transmural inflammatory infiltrates, and

lymphoid hyperplasia [24]. DSS-induced colitis is thought to be

caused by (i) direct cytotoxicity, (ii) interference with the normal

interaction between intestinal lymphocytes, epithelial cells, and

extracellular matrix, (iii) aberrant modulation of the expression

of integrin b7 receptors, other cell receptors or their functions

[27], and (iv) changes in the intestinal microflora population

[24].

The present study showed the effectiveness of NF-kB (p65)

antisense oligonucleotides on rectal inflammation when adminis-

tered on day 0 or 2. However, no effect was observed when

antisense oligonucleotides were administered on day 7. These

results suggest that NF-kB antisense oligonucleotides have

inhibitory effects on DSS-induced colitis when administered in

the early phase of inflammation. In the development of DSS

colitis, activated macrophages play an important role by producing

inflammatory cytokines such as IL-1b , TNF-a and IL-6.

Administration of NF-kB antisense oligonucleotides effectively

down-regulated the production of these cytokines in the colonic

mucosa. Western blotting analysis showed the decreased expres-

sion of NF-kB p65 by the administration of p65 antisense

oligonucleotides. Although we could not specify the exact target

cells by immunohistochemistry, the uptake of antisense oligonu-

cleotides was observed mainly in the inflammatory cells in the

lamina propria. These data suggest that the p65 antisense

oligonucleotide works on the inflammatory cells, mainly

Fig. 3. Expression of NF-kB p65 in the rectal tissue was examined by

Western blot analysis. Tissue lysates obtained from normal group (lane 1),

control group (lane 2), and antisense oligonucleotide-treated group (lane 3)

were subjected to SDS±PAGE. Subsequently, Western blot analysis was

carried out using rabbit anti-human NF-kB antibody. Intense band at

65 kD was observed in the control group, although only a faint band was

detected in the normal group. The treatment with antisense oligonucleotide

reduced the expression of NF-kB p65.
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macrophages. In this study, we used F4/80 MoAb to examine

the extent of macrophage infiltration. F4/80 antibody is reported

to be a marker for mononuclear phagocytes in the mouse and

not to cross-react significantly with any other cell type [14].

However, some spindle-shaped cells were stained and we

assumed them to be fibroblasts with their typical shapes,

although no previous reports indicate the cross-reactivity with

fibroblasts.

Antisense oligonucleotides are single-stranded molecules

(15±25 bases long) designed to hybridize to the mRNA and

block the expression of the targeted protein. Recent reports

have shown the effectiveness of antisense therapy in a variety

of diseases, including IBD and an experimental animal model

of this condition [5,22,28,29]. Bennett et al. [5] reported that an

ICAM-1 antisense oligonucleotide prevented or reversed DSS-

induced colitis. Recently, Yacyshyn [30] reported that intrave-

nous infusion of ICAM-1 antisense oligonucleotide (ISIS 2302)

was effective in Crohn's disease, and as a result corticosteroid

dosage was reduced. In the present study we demonstrated that

intracolonic administration of NF-kB antisense oligonucleotide

improved the inflammation by reducing the expression of NF-

kB p65 in the rectum, when antisense oligonucleotides were

administrated in the early phase of colonic inflammation in

DSS-induced colitis. Since rectal involvement is commonly

observed in UC, intracolonic administration of p65 antisense

oligonucleotides may be effective in UC, especially if more

absorptive and stable antisense oligonucleotides can be

developed.
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