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Background & Aims: To elucidate extracellular matrix
(ECM) changes underlying intestinal fibrosis, a frequent
complication of inflammatory bowel disease, we devel-
oped a murine model of chronic colitis associated with
intestinal fibrosis. Methods: Chronic inflammation was
established by weekly intrarectal administration of trini-
trobenzene sulfonic acid (TNBS). In 2 variations of the
model an antisense oligonucleotide for nuclear factor k
B (NF-kB) p65 was given prophylactically or therapeuti-
cally to block chronic inflammation—-associated fibrosis.
Colonic inflammation and fibrosis were determined by
histology. Total collagen level was estimated by hy-
droxyproline quantification. Colonic expression of colla-
gens (Colla2, Col3a2), ECM remodeling genes (matrix
metalloproteinase [MMP]-1, -3, and tissue inhibitor of
matrix metalloproteinase [TIMP]-1), and inflammation-
modulating cytokines (tumor necrosis factor o [TNF-«],
interferon vy [IFN-y], transforming growth factor 31 [TGF-
B1], and insulin-like growth factor 1 [IGF-1]) were as-
sessed by semiquantitative reverse-transcription poly-
merase chain reaction. Control and TNBS-treated
colonic mesenchymal cells were characterized by mor-
phology, phenotype, and functional response to TNF-a
and IFN-y. Results: Colons of TNBS-treated mice con-
tained acute and chronic inflammatory infiltrates, in-
creased collagen, fibrogenic tissue architecture, and in-
creased expression of TNF-a, TGF-1, IGF-1, Colla2,
MMP-1, and TIMP-1. Colonic mesenchymal cells from
TNBS-treated mice were also morphologically distinct
from those of the control mice, with increased TIMP-1
expression in response to IFN-y treatment. Fibrosis per-
sisted for 2-4 weeks after cessation of the TNBS treat-
ment. In mice given NF-kB antisense prophylactically,
67% were fibrosis-free, whereas of those treated after
establishing chronic inflammation, 43% were free of
fibrosis. Conclusions: Extended TNBS treatment of mice
yielded chronic intestinal inflammation-associated fibro-

sis with extensive fibrogenic ECM changes that could be
counteracted by specific blockade of NF-kB.

nflammatory bowel diseases (IBDs), including Crohn’s

disease (CD) and ulcerative colitis (UC), are life-long,
relapsing conditions affecting primarily the gastrointes-
tinal tract of young adults. Unlike UC, intestinal inflam-
mation in CD is transmural, often associated with lumi-
nal narrowing and stricture formation caused by
excessive extracellular matrix (ECM) deposition.! Cur-
rent therapies can relieve inflammation in CD, but do
not alter the natural history of the disease or its progres-
sion to intestinal fibrosis and obstruction that often
results in bowel resection.?> Unfortunately, surgery does
not prevent the recurrence of bowel inflammation or the
ECM changes that cause fibrosis and stenosis.

Animal models have greatly advanced our understanding
of the mechanisms of gut inflammation.>~'> Such models,
however, have focused almost exclusively on the immune-
mediated mucosal inflammation with little attention to
chronic disease and intestinal fibrosis. Models that repro-
duce transmural inflammation and the associated chronic
changes in ECM as seen in CD are therefore required.

The hapten 2, 4, 6-trinitrobenzenesulfonic acid
(TNBS), administered as an enema, originally was used
in rats to induce chronic intestinal inflammation.'® In
the mouse, when mucosal epithelial integrity is dis-
rupted by a concomitant administration of ethanol, the
contact-sensitizing hapten crosses into the colonic mu-
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cosa where it induces a Th1-like delayed hypersensitivity
response.’®17 This model, maintained for 2—3 weeks, is
used widely to investigate immune events underlying the
acute inflammatory responses in the gut, and the result-
ing colitis usually is maximized by the administration of
sublethal doses of TNBS.!7-18

We developed and characterized a modified TNBS-
induced murine model of colitis that leads to long-term,
instead of the short-term, inflammatory changes that
occur in the models described earlier. Our model features
chronic intestinal inflammation combined with abun-
dant collagen deposition and fibrogenic ECM changes
that are stable for 4 weeks after TNBS treatment. The
analysis of selected genes at both the transcript and
protein levels is consistent with enhanced deposition of
ECM and tissue remodeling. We further show that the
antisense oligonucleotide for p65 nuclear factor kB (NF-
kB) subunit used before in the short-term models to
abrogate inflammation only,'” given prophylactically in
this study, prevented extensive fibrotic connective tissue
deposition and blocked moderate to severe inflammation
in our long-term chronic colitis model. Additionally, we
show that the p65 NF-kB antisense oligonucleotide
given therapeutically to animals with established chronic
colitis was able to resolve severe inflammation and fibro-
sis, although a small percentage of the mice still dis-
played moderate fibrosis.

Materials and Methods
Animals

Twelve-week-old female mice of the CD-1 strain, an
outbred genetic background, and BALB/c inbred mice were
used in this study (Charles River Laboratories Inc., Wilming-
ton, MA). The outbred CD-1 strain was chosen because of their
shown susceptibility to ECM changes.?® Mice were housed and
fed standard mouse chow and tap water ad libitum throughout
the study following protocols approved by the Institutional
Animal Care and Use Committee at Case Western Reserve
University School of Medicine and the Johns Hopkins Uni-
versity School of Medicine.

Induction of Colonic Inflammation

BALB/c (model 1, Figure 1) and outbred CD-1 (mod-
els 1-3, Figure 1), anesthetized by an intramuscular injection
of ketamine HCl 50 mg/mL, xilazine HCl 20 mg/mL, and
acepromazine 10 mg/mL in sterile water (0.04 mL) were
randomized into control and treatment groups. The schedule
of TNBS (Sigma Chemical Co., St. Louis, MO) in 30% to 45%
ethanol enemas administered as described earlier is outlined for
the 3 models used here in Figure 1. Control mice were given
0.1 mL water or saline or 30% ethanol alone. All mice were
examined 4 times a week for signs of colitis including weight
loss, diarrhea, rectal bleeding, and prolapse as described
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Figure 1. Overview of (A) model 1 and (B) models 2 and 3. (A) In
model 1, CD-1 and BALB/c mice were given weekly TNBS treatments
as indicated in the time scale. Mice (number of animals as shown)
were harvested at weeks 2, 6, 8, and 12, 3 days after the TNBS
enema for macroscopic examination of the colons (an example shown
in Figure 2) and histology. Mice with moderate to severe inflammation
(I) and fibrosis (F) were scored in histology sections of the colons
(representative colon sections are shown in Figure 3). (B) In models 2
and 3, CD-1 mice were given TNBS as in Figure 1A for weeks 1-6 only.
Mice were harvested 3 days after week 6 and at week 8. In the
prophylactic model 2, an antisense oligonucleotide to the p65 NF-xB
subunit (150 g in 0.1 mL water) was given as an enema 1 day before
the TNBS enema, every week for 6 weeks. A group received a control
oligonucleotide in which the sequence of the antisense oligonucleo-
tide was scrambled, another control group received saline enemas. In
the therapeutic model 3, the same antisense oligonucleotide and the
control oligonucleotide enemas were given on weeks 5 and 6, 1 day
before the TNBS enema. Quantitative estimates of mice with mild,
moderate, and severe inflammation and fibrosis for models 2 and 3
are shown in Figure 8.

earlier,?! as well as signs of systemic inflammation such as
piloerection, lethargy, and periorbital exudates.??

For prophylactic (model 2, Figure 1B) and therapeutic
treatment (model 3, Figure 1B) of chronic inflammation and
fibrosis, the antisense phosphorothioate oligonucleotide to the
murine p65 NF-kB subunit was used as described earlier.'?
The CD-1 mouse strain was given weekly enemas as follows:
(1) saline, (2) TNBS, (3) TNBS plus p65 NF-kB antisense
5'GAAACAGATCGTCCATGGT3', (4) TNBS plus control
scrambled sequence oligonucleotide 5'GTACTACTCTGAG-
CAAGGA3'. In model 2, TNBS enemas were given for 6
weeks, as described for model 1 and the oligonucleotide ene-
mas (150 pg in 0.1 mL water) were administered 1 day before
each TNBS enema. In the therapeutic model 3, all conditions
were as in model 2, except that the oligonucleotide treatments
were given 1 day before the fifth and sixth TNBS enema. The
mice were weighed every third day and killed for histology 2
weeks after the last TNBS and oligonucleotide treatment.
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Tissue Processing

The colons were removed intact from the anus to the
ileocecal junction, the length was measured, opened longitu-
dinally, cleaned, and weighed. At macroscopic examination,
the distal 5 cm of the TNBS-treated colons were indurated,
edematous, thickened, with evidence of mucosal hemorrhage.
Sections were taken from these involved regions for the fol-
lowing experiments: (1) formalin fixation and histologic ex-
amination; (2) fibroblast isolation; (3) hydroxyproline quanti-
fication; and (4) total RNA isolation.

Serial paraffin sections of the colon were stained with H&E
to assess the degree of inflammation and with trichrome to
detect connective tissue. A gastrointestinal pathologist with
special expertise in intestinal inflammation (J.W.) examined
each slide (model 1) in a blinded fashion. Models 2—3 were
scored at the Johns Hopkins University (by S.C. and F.W.) in
a blinded fashion. By using a modification of an established
system for grading experimental colitis, the degree of inflam-
mation was scored as absent, mild, moderate, or severe based
on the density and extent of both the acute and chronic
inflammatory infiltrate, loss of goblet cells, and bowel wall
thickening.?! An inflammatory infiltrate of low cellularity
confined to the mucosa was scored as mild inflammation, and
transmural inflammation with extension into the pericolonic
adipose tissue with high cellularity was scored as severe. In-
termediate changes were scored as moderate inflammation.
Fibrosis was scored as mild, moderate, or severe, depending on
the density and extent of trichrome-positive connective tissue
staining and disruption of tissue architecture, compared with
the water control mice.

Intestinal Mesenchymal Cell Isolation and
Stimulation

Cells were isolated from control and TNBS-treated
colonic tissue according to a previously reported technique.??
Resulting cell monolayers were cultured in Dulbecco’s mini-
mal essential medium with 2% heat-inactivated fetal calf
serum for 24 hours before stimulation, and then exposed to
either recombinant human tumor necrosis factor o (TNF-a; 50
U/mL; R&D Systems, St. Paul, MN) or recombinant murine
interferon y (IFN-v; 50 U/mL; PharMingen, San Diego, CA).
The time of optimal induction, as judged by maximal mes-
senger RNA (mRNA) expression levels, was determined by a
time-response curve, ranging from 0—24 hours after stimula-
tion with TNF-a or IFN-7y for both control and TNBS-treated
mesenchymal cells. Optimal induction of mRNA expression
by TNF-o and IFN-y expression was achieved after 12 and 6
hours’ incubation, respectively.

Immunohistology

Formalin-fixed, paraffin-embedded sections were pre-
treated by deparaffin, antigen unmasking, and blocking with
1% H,0, for 10 minutes and 1.5% goat normal serum for 60
minutes. The specimens were incubated with primary anti-
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body for 60 minutes. The primary antibodies used included
monoclonal mouse anti-human a-smooth muscle actin (o-
SMA) (1:800), anti-human desmin (1:100) (both from DAKO
Co., Carpinteria, CA), and anti-human vimentin (1:4000)
(Zymed Laboratories Inc., South San Francisco, CA), all of
which recognized the murine antigen as well. After washing,
the sections were incubated with biotin-conjugated goat anti-
mouse immunoglobulin G secondary antibody (1:200) for 60
minutes, then with avidin biotin enzyme reagent for 30 min-
utes, and then with DAB for 1-2 minutes and counterstained
with Gill’s (#2) hematoxylin (Sigma Chemical Co.) for 10
seconds. All steps were performed at room temperature. Be-
tween each step the sections were washed in phosphate-buff-
ered saline (pH 7.4) 3 times, 5 minutes per wash.

MRNA Assessment by Semiquantitative
Reverse-Transcription Polymerase Chain
Reaction

Total RNA was isolated from fresh full-thickness co-
lonic tissue as well as colonic mesenchymal cell monolayers by
using the guanidinium thiocyanate method as described ear-
lier.>* One-microgram aliquots of total RNA were reverse
transcribed to assay for Colla2 and Col3a2, matrix metallo-
proteinase 1 (MMP-1), MMP-3, TIMP-1, transforming
growth factor $1 (TGF-31), insulin-like growth factor 1 (IGF-
1), TNF-o, and IFN-y expression by reverse-transcription
polymerase chain reaction in colonic tissue, and MMP-1,
MMP-3, TIMP-1, TGF-31, and IGF-1 expression in cultured
mesenchymal cells. The thermal cycle involved a 5 minute hot
start at 94°C, followed by a sequence of 94°C for 30 seconds,
annealing for 60 seconds, and extension at 72°C for 90 sec-
onds. Primers, specific cycle numbers, and annealing temper-
atures used for each gene are shown in Table 1. The resulting
products were analyzed by agarose gel electrophoresis and
quantified by densitometry on a Bio-Rad Gel Doc 1000 (Bio-
Rad, Hercules, CA). Results were standardized to [-actin.

Collagen Estimation by Hydroxyproline
Quantification

Whole colonic tissue was hydrolyzed in 6 N HCl/0.5%
phenol for 24 hours at 110°C in vacuo. After drying, appro-
priate aliquots were loaded into a Beckman 6300 amino acid
analyzer (GMI, Inc., Albertville, MN) with the ordinary hy-
drolysate method altered by reducing the initial column tem-
perature by 2°C to 48°C to enhance the separation of aspartate
from hydroxyproline.?> Hydroxyproline was expressed as a
ratio to total amino acids measured in the tissue (Protein
Sequencing Facility, University of Pittsburgh, Pittsburgh,
PA).

Statistical Analysis

Results comparing control and TNBS-treated groups
were analyzed using the analysis of variance Bonferroni-Dunn
test for data not normally distributed, or the Student # test
when results were consistent with normally distributed values.
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Table 1. RT-PCR Primers for Selected Genes
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Gene Primers Annealing Product Cycle no.

Colla2 5'-TCT CCA CTC TTC TAG TTC CT 55°C 250 bp 29
3'-TTG GGT CAT TTC CAC ATG C

Coll3a2 5’-CCC AGA ACA TTA CAT ACC A 51°C 376 bp 27
3'-ATT AAA ACA AGA TGA ACAC

MMP-1 5'-TGA ACA TCC ATC CCG TGA CC 55°C 484 bp 27
3’-ATC TCC ACC CCA CCC CCA CC

MMP-3 5'-CGA TGC TGC CAT TTC TAATAA A 55°C 241 bp 27
3'-TAT GTG GGT CAC TTT TTT GGC A

TIMP-1 5'-TCG GGG CTC CTA GAG ACA CA 56°C 555 bp 28
3’-ACC TGA TCC GTC CAC AAA CA

IGF-1 5'-CTG CAA TAA AGA TAC ACA TCA TGTCG 42°C 397 bp 38
3'-TCA AAT GTA CTT CCT TTC CTT CTC CT

TGF-B1 5’-GCC CTG GAC ACC AAC TAT TGC 55°C 337 bp 36
3’-AGC TGC GAC TTG CAG GAG CGC

TNF-a 5’-GTT CTA TGG CCC AGA CCC TCA CA 55°C 366 bp 29
3'-TAC CAG GGT TTG AGC TCA GC

IFN-y 5'-CAT TGA AAG CCT AGA AAG TCT G 55°C 267 bp 29
3'-CTC ATG AAT GCA TCC TTT TTC G

B-Actin 5'-GTG AAA AGA TGA CCC AGATCA T 57°C 295 bp 22

3'-GCT TCT CTT TGA TGT CAC GCA CGA T

Possible correlations among inflammatory cytokines (IFN-y
and TNF-a), profibrogenic growth factors (TGF-1 and IGF-
1), MMPs, and TIMP expression were determined by the
Pearson correlation. For all analyses, P < 0.05 was considered
to be statistically significant.

Results
An Overview of the Models

The 3 models of TNBS treatment developed in
this study are outlined in Figure 1. The rationale for
testing 3 variations of TNBS treatment and intervention
with NF-kB antisense is as follows. In the first model,
model 1, we gave TNBS challenges for 6 weeks to
establish chronic inflammation and then again at weeks
8 and 12 to ensure sustained inflammation, harvesting
animals for evaluating inflammation and fibrosis 3 days
after the TNBS challenges. Approximately 70% of the
CD-1 mice showed severe inflammation 3 days after the
second TNBS enema, indicating that this strain is ame-
nable to TNBS-induced intestinal inflammation (Figure
1A). This model also was tested in a limited way in the
BALB/c strain in which 60% of the mice showed severe
inflammation and fibrosis by 6 weeks. As we gained more
experience with this model, we felt that TNBS enemas at
weeks 8 and 12 were unnecessary. Rather, it was more
important to determine if fibrosis persisted after 6 weeks
of TNBS treatment without further TNBS. Therefore,
with the BALB/c strain in model 1 and the CD-1 mice
in models 2 and 3, TNBS enemas were stopped after the
first 6 weeks. At week 8, the BALB/c mice in model 1
showed persistence of severe inflammation in 60% of the

mice and although fibrosis had resolved in a subset, 40%
still showed severe fibrosis. In models 2 and 3 the 6
TNBS treatments were similar to model 1. In model 2,
the NF-kB antisense oligonucleotide was given as a
prophylactic with every TNBS challenge, whereas in
model 3 the antisense treatment was given after estab-
lishing chronic inflammation with 4 weekly TNBS treat-
ments. The results of models 2 and 3 and representative
histology from each model are discussed further later.

Macroscopic Changes

The mice lost weight 2—4 days after the initial
TNBS enema, which they regained or exceeded before
the next enema. Systemic manifestations included pilo-
erection in 43%, lethargy in 50%, and diarrhea in 20%
of mice after the second TNBS enema, which usually
occurred on days 1-3 after an enema. At no stage were
frank rectal bleeding, rectal prolapse, or periorbital exu-
dates observed. Both strains showed 25% mortality be-
tween 3 and 6 weeks of TNBS treatment. Figure 2 shows
representative examples of colons removed from water-
and TNBS-treated (CD-1 strain) animals at week 8
(model 1). The TNBS-treated colons were thickened and
edematous over the distal 4—6 c¢m. No inflammatory
changes were observed in the water/saline controls,
whereas a minority (17%) of ethanol-alone control colons
displayed mild to moderate colonic thickening and
edema (data not shown).

Increased colonic to total body weight is used as an
indication of colonic inflammation.'® In model 1 in the
TNBS-treated group, from weeks 2—-12, showed in-
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Figure 2. Macroscopic appearance of colons from water- and TNBS-
treated mice killed at 8 weeks (model 1). TNBS-treated colons display
thickened edematous walls and mucosal ulcerations, these changes
being most remarkable over the distal 4—6 cm. Bars represent 1 cm.

creased colonic:body weight compared with the control
groups, suggesting persistent colonic inflammation (data
not shown).

Changes in Colonic Tissue Architecture and
Total Collagen

Figure 3 shows cross-sections of the colon at
distances 1-7 cm from the anus in CD-1 mice treated
with TNBS at week 8 (model 1). Maximal, full-thickness
inflammation was evident between the 4- to 6-cm seg-
ment: the mucosa and muscularis propria were focally
destroyed and hyperplastic lymphoid follicles were
prominent. The lumen was noticeably dilated beyond 7
cm, indicating a functional obstruction of the colon in
the distal areas of inflammation and fibrosis. There were
trichrome-positive diffused collagen deposits in the mu-
cosa and submucosa in the 1- to 6-cm segment. Most
importantly, in mice given weekly TNBS treatments for
6 weeks, additional TNBS treatment,
trichrome-stained collagen deposits were still evident 4
weeks after the sixth TNBS enema (Figure 4A and B).
Total hydroxyproline was increased significantly in the
week 8 TNBS-treated colons compared with the water
controls (mean = SEM, 0.0069 £ 0.00048 vs. 0.0055 *
0.00034; P = 0.021; n = 8), supporting the histologic
observations that the level of collagen was increased in
the TNBS-treated colons.

without
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To determine if this model of chronic colitis and
fibrosis could be developed in other mouse strains as
well, we administered TNBS weekly to BALB/c mice
(n = 20) for 6 weeks, and examined these macroscopi-
cally and by histology after 2 additional weeks without
further TNBS treatment (model 1, Figure 1). As seen in
the CD-1 outbred strain, 2 weeks after the last TNBS
enema, the BALB/c continued to show extensive
trichrome-stained collagen deposits in the submucosa

7 cm

6cm

qem

Distance proximal to anus

2cm

1em

Figure 3. Microscopic appearance of colon at 8 weeks in a TNBS-
treated mouse (model 1). Serial (1-7 cm from the anus) paraffin-
embedded sections were stained with H&E (/eft panels) to assess the
degree of inflammation, or trichrome (right panels) to determine the
level of connective tissue deposition. At 7 cm, the colon is markedly
dilated but free of inflammation and without increase in collagen
deposition. At 6 cm, moderate, predominately chronic, full-thickness
inflammatory infiltrates are noted, which are associated with in-
creased collagen deposits located predominantly in the superficial
layers. At 4 cm, moderate to severe acute and chronic inflammation
involving all layers of the bowel wall results in disruption of the
muscularis propria and is associated with hyperplastic lymphoid fol-
licles. At 2 cm, findings are similar to those observed at 6 cm. At 1
cm, less marked, chronic inflammatory infiltrates predominate in the
superficial layers in association with moderately increased collagen
deposits. All sections are shown at 20X magnification.
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Control

Figure 4. Trichrome-stained colonic sections showing connective tis-
sue. The (A and B) CD-1 outbred and the (C and D) inbred BALB/c
strains of mice were given (A and C) 6 weekly 30% ethanol enemas or
(B and D) TNBS in ethanol as described in the Materials and Methods
section. The CD-1 and the BALB/c mice were euthanized 4 and 2
weeks after the last enema. Note considerable thickening of the
submucosa with disorganized tissue architecture and trichrome-
stained collagen in the TNBS-treated mice in B and D (asterisk).
Notably, fibrosis persisted for 4 and 2 weeks in the CD-1 and BALB/c
strains, respectively, after cessation of TNBS enemas.

(Figure 4D, asterisk) compared with minimal trichrome
staining of the ethanol control (Figure 4C).

Expression of TNF-«, IFN-y, TGF-31, IGF-1,
Colla2, Col3a2, MMP-1, MMP-3, and TIMP-
1 mRNA in Colonic Tissue

To define mechanisms underlying the fibrogenic
process, we elucidated by RT-PCR, changes in gene
expression for collagens (Colla2 and Col3a2), inflam-
mation-mediating cytokines/growth factors (TNF-a,
IFN-vy, TGF-B1, and IGF-1), and enzymes responsible
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Figure 5. Immunolocalization of vimentin, «-SMA, and desmin in
control and week 8 TNBS-treated CD-1 mice (model 1). Weak staining
for vimentin was noted in the submucosa of the TNBS colon (aster-
isks). Anti-a-SMA stained myofibroblasts in the submucosa of the
week 8 TNBS colon (arrows) and the muscle layers and the muscu-
laris mucosa in both control and TNBS colons. Antidesmin stained the
muscle layers in the control and TNBS colons and isolated cells in the
submucosa of the TNBS colon only (arrowhead).

for tissue destruction and remodeling (MMP-1, MMP-3,
and TIMP-1). Compared with water control colons,
TNF-a mRNA, TGF-1, and IGF-1 mRNA were in-
creased significantly in the TNBS-treated colons (Table
2). Although IFN-y mRNA was increased by 1.6-fold in
the TNBS-treated colons, this change did not reach
statistical significance (Table 2). Of the ECM-related

Table 2. Gene Expression in Mouse Colon Tissues Detected by RT-PCR

No. of
Gene experiment Control TNBS P < 0.05

Col 1a2 16 0.4237(0.035-0.81)° 0.9992 (0.122-1.875)° ¢
Col 3a2 21 4.56 (1.11-8.01) 5.76 (1.54-9.98)

MMP-1 18 0.04 (0-0.08) 0.62 (0-1.24) c
MMP-3 16 0.405 (0.11-0.7) 1.735 (0.08-3.39)

TIMP-1 16 0.084 (0.012-0.473) 0.207 (0.0074-0.407) c
TNF-a 16 0.017 (0.004-0.034) 0.059 (0.003-0.115) c
IFN-y 16 0.0028 (0-0.0055) 0.007 (0-0.014)

TGF-B1 10 0.5 (0.16-0.84) 1.205 (0.57-1.84) c
IGF-1 10 0.105 (0.02-0.19) 0.29 (0.09-0.49) c

4Median expression normalized to the expression of B-actin.
bRange in minimum to maximum.
Statistically significant difference between TNBS and control determined by Bonferroni-Dunn analysis of variance.
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genes, Colla2, MMP-1, and TIMP-1 mRNA levels were
increased significantly in the TNBS-treated mice (Table
2).

We investigated possible correlations between the dif-
ferentially expressed genes in the control vs. TNBS co-
lon. No significant correlation was found between the
levels of TNF-a with TGF-f3 or IGF-1 mRNA, or IFN-y
with IGF-1 mRNA in control or colitic animals. Instead,
there was a statistically significant positive correlation
between IFN-y and TGF-B mRNA (» = 0.755; P =
0.019) in control animals, which was lost in the TINBS
mice. Significant correlations between Colla2 and
MMP-3 mRNA (r = 0.779; P = 0.039), and Col3a2 and
TIMP-1 mRNA (» = 0.782; P = 0.038) observed in
control animals also were lost in colitic TNBS mice,
which showed a statistically significant correlation be-
tween MMP-3 and TIMP-1 expression (» = 0.586; P =
0.017).

Phenotype of Colonic Mesenchymal Cells In
Situ in TNBS-Treated Mice

Intestinal mesenchymal cells express multiple cy-
toskeletal proteins whose type and amount vary depend-
ing on the cell type, state of differentiation, and exposure
to inflammatory mediators.?%27 Therefore, we investi-
gated the expression of a-SMA, desmin, and vimentin to
determine the cellular origin of the connective tissue.
Compared with controls (Figure 5A), the submucosa in
colonic cross-sections of the week 8 TNBS-treated mice
from model 1 were weakly vimentin positive (Figure 5B,
asterisks). Immunostaining for a-SMA and desmin
showed strong staining of the muscle layers in both the
control and TNBS sections, as expected (Figure 5C-F).
However, only sections from TNBS-treated colons
showed a-SMA and desmin-positive cells within the
submucosa (Figure 5D, arrows; SF, arrowheads). These
results indicated the presence of myofibroblasts within
areas of collagen deposits in the submucosa of the week
8 TNBS samples.

Monolayers of colonic cells in culture displayed a
different morphology depending on whether they were
derived from water control or TNBS-treated mice (data
not shown). Monolayers from control colons became con-
fluent readily and showed typical morphology of slender
juxtaposed nonoverlapping spindle cells. In contrast,
monolayers from chronically inflamed colons failed to
achieve confluency despite active replication, and indi-
vidual cells showed remarkably thin and interlacing long
bodies with prominent nuclei. Mesenchymal cells from
both control and TNBS-treated colons expressed high
levels of a-SMA and minimal levels of vimentin (data
not shown).
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Effect of TNF-a and IFN-y on MMP-1, MMP-
3, IGF-1, TGF-1, and TIMP-1 mRNA
Expression by Colonic Mesenchymal Cells

Mesenchymal cells produce much of the ECM
proteins and enzymes that remodel them and play a
pivotal role in fibrogenic tissue damage. Therefore, we
examined selected functional characteristics of murine
colonic fibroblasts cells derived from control and in-
flamed tissues. Cells isolated from the colon of control
and TNBS-treated mice were exposed to TNF-o and
IFN-vy as representative cytokines known to be involved
in experimental colitis. Both TNF-a and IFN-y in-
creased MMP-1 and MMP-3 mRNA expression in these
TNBS-treated and control colonic mesenchymal cells
(Figure 6). IGF-1 and TGF-31 expression, however, was
not significantly altered by IFN-y or TNF-a in either
mesenchymal cell cultures. Interestingly, in TNBS mes-
enchymal cells only, TIMP-1 mRNA expression was
increased significantly, in response to [IFN-y and TNF-a
(both at P = 0.039).

NF-kB p65 Subunit Antisense
Oligonucleotide Therapy

Previous studies have shown that the TNBS co-
litis model has a prominent CD4+ T-cell component
that favors Th1-type cytokine production.?! Recent stud-
ies further showed that local administration of antisense
oligonucleotide to NF-kB p65 down-regulated the ex-
pression of the p65 subunit of NF-kB and abrogated
colonic inflammation.' To determine whether this
would be effective for minimizing fibrosis associated
with chronic long-term inflammation, we tested the
effects of p65 antisense oligonucleotide administered
locally in 2 models. In the prophylactic model 2, the
oligonucleotide treatment was given intrarectally 1 day
before each TNBS treatment. The change in body weight
was followed-up weekly for each experimental group
(n = 7-12 per group) and representative data are pre-
sented as change in body weight on day 3 after treatment
compared with initial body weight on day O of each
week. These results are shown for weeks 1, 3, and 5
(Figure 7). The saline controls (Figure 7, solid bar)
showed a consistent increase in body weight during
weeks 1, 3, and 5. The TNBS-treated animals showed a
consistent decrease in body weight each week. The
TNBS-treated group that was given the NF-kB antisense
prophylaxis was the only one, other than the control
saline group, that gained weight, at weeks 1 and 5, with
no change at week 3 (Figure 7A). As in the TNBS group,
the TNBS plus control oligonucleotide—treated mice lost
body weight at each time point. In the therapeutic model
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Figure 6. Effects of inflammatory cytokines on MMP-1, MMP-3, IGF-1, TGF-1, and TIMP-1 mRNA on mesenchymal cells from inflamed and control
colons. All experiments were performed using cells isolated from colons of 8th week water control and TNBS-treated CD-1 mice (model 1). Bands
of individual polymerase chain reaction products were measured by densitometry normalized to B-actin. Lines link values derived from the same
culture under nonstimulated and stimulated conditions. IFN-y and TNF-a stimulation greatly increased MMP-1 and MMP-3 mRNA in cells from both
TNBS-treated and control colons. IFN-y and TNF-a increased TIMP-1 mRNA in mesenchymal cells from TNBS-treated colons, but inhibited TIMP-1
mRNA in cells from control colons. TIMP-1 mRNA expression was significantly different between cells from TNBS-treated and control colons on
stimulation by IFN-y or TNF-a (P = 0.039 and P = 0.039). No statistically significant differences were observed in the expression of IGF-1 and

TGF-B1 when exposed to either IFN-y or TNF-a.

3, the antisense therapeutically treated group did not
gain weight as the prophylactically treated group in
model 2 (Figure 7B). The p65 antisense given prophy-
lactically alleviated piloerection and lethargy (data not
shown).

Extent of inflammation and fibrosis was assessed in
these 2 models in animals harvested on week 8, 2 weeks
after the last TNBS treatment. Percent of animals har-
boring mild, moderate, and severe inflammation and
fibrosis are shown as bar graphs below representative
histology sections of each group (Figure 8). In model 2
(Figure 8C and D), the antisense given prophylactically
was highly effective in preventing moderate and severe
inflammation, compared with the TNBS-treated group
(which showed moderate and severe inflammation in
33% and 22% of the mice, respectively) only 17% of the
antisense-treated group still showed mild inflammation.
Moderate and severe fibrosis seen in 45% and 22% of the
TNBS group (Figure 8B) was absent in the antisense
prophylaxis—treated group (Figure 8C), with only 33%
of this group showing mild fibrosis. In model 3 (Figure
8E and F), the therapeutically treated group receiving
the antisense treatment at weeks 5 and 6 of the TNBS
regimen had mild inflammation in 43% of the animals,
with 14% still showing signs of moderate fibrosis. Thus,
in our long-term TNBS model, the abundant trichrome-
positive connective tissue build-up seen in the submu-

cosa of TNBS-treated mice (Figure 8B) and those receiv-
ing TNBS plus control oligonucleotide (Figure 8D) was
minimal in mice treated concomitantly with the NF-kB
antisense oligonucleotide (model 2, Figure 8C). The
therapeutic model 3 was effective in resolving moderate
and severe inflammation, but less effective in clearing
moderate fibrosis (Figure 8E).

Discussion

There is a strong yet poorly understood connec-
tion between chronic inflammation and fibrogenic
changes in the intestine. Existing models of TNBS colitis
based on 2 or 3 enemas only result in severe, but tran-
sient, inflammation that resolves over a short period of
time.!8:2128:29 To induce long-term colonic inflammation
and associated fibrosis, we modified the TNBS adminis-
tration regimen to allow the development of chronic
colitis and associated colonic fibrosis.

Early in the regimen, clinical signs of severe inflam-
mation such as rectal bleeding and prolapse were rare and
diarrhea was only transitory. In model 1, with weekly
low doses of TNBS, the mice developed inflammation
reflected by the increase in colon to body weight ratio.
Acute and chronic inflammation, as well as increased
connective tissue deposition, was evident by histologic
examination. Increased trichrome staining, indicative of
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Figure 7. Change in body weight in response to the NF-kB p65
subunit antisense oligonucleotide given (A) prophylactically (model 2)
or (B) therapeutically (model 3). (A) Model 2: mice pretreated with
NF-kB antisense or control oligonucleotide at day O were given TNBS
enemas or saline control at day 1 of each week as described in the
Materials and Methods section. (B) Model 3: mice were given TNBS
weekly for 4 weeks to establish chronic inflammation. At weeks 5 and
6, mice were pretreated with NF-kB antisense or control oligonucleo-
tide 1 day before TNBS. Each model contains 4 groups of mice
(numbers as indicated). Saline: those receiving saline instead of
TNBS enemas; TNBS: mice receiving TNBS enemas; TNBS + anti-
sense: mice receiving TNBS and the antisense treatment; TNBS +
control oligo: TNBS-treated mice receiving the control oligonucleotide.
The mice were weighed each week on days O and 3 and the change
in weight was calculated ([day 3 — day O]/day O) X 100 for each
animal. Mean for each treatment group * standard error of the mean
are shown here for weeks 1, 3, and 5. Note that compared with the
TNBS and control oligo group, which lost weight, the antisense-treated
group is the only one, other than the saline group, that gained weight
in model 2. In the therapeutic model 3, the saline group is the only
one that gained weight each week.

increased connective tissue, clearly was evident at week
6, but not at week 2. Most importantly, in mice that
were not given any additional TNBS after 6 weeks,
increased connective tissue staining persisted for 4 addi-
tional weeks. Model 1 applied to the BALB/c strain of
mice also maintained colonic fibrosis for 2 additional
weeks (based on our observation period) after the sixth
TNBS treatment. This confirmed that the low-dose,
long-term TNBS treatment that we have developed is
capable of causing fibrosis that is maintained for 2—4
weeks without further TNBS induction. Also, our new
model is not limited to the outbred strain of mice only,
but is effective in the BALB/c inbred strain of mice as
well. In fact, compared with the CD-1 strain, the

GASTROENTEROLOGY Vol. 125, No. 6

BALB/c displayed higher levels of inflammation and
fibrosis at the week 6 time point (mice harvested 3 days
after the sixth TNBS treatment). At week 8, the per-
centage of mice with moderate/severe fibrosis was com-
parable in the 2 strains. The sequence of clinical and
histologic events noted in this model better resembles
active remodeling and fibrosis typically observed in hu-
man CD,?%3! and differs from the short-term inflamma-
tory response seen in traditional TNBS-induced colitis
used to study associated immune abnormalities.!8-2!

An increase in Colla2 mRNA levels and an increase in
hydroxyproline, a collagen-specific amino acid, indicate
that total collagen had increased significantly in the
TNBS-treated colons. Increased expression of the profi-
brogenic growth factors TGF-B1 and IGF-1 in the
TNBS-treated colons may be stimulating proliferation of
mesenchymal cells that contribute to increased ECM
synthesis as suggested by studies on IBD and on fibrosis
in other systems.26:32-34

By immunohistology we showed that the submu-
cosa, a primary site of increased collagen deposition in
the TNBS-treated colon, contained o-SMA-positive,
desmin-positive, and weakly vimentin-positive cells. Al-
though the definition of myofibroblast is controversial,>>
this staining pattern strongly suggests the presence of
mesenchymal myofibroblasts in the submucosa that are
likely the source of the fibrotic tissue. Intestinal myofi-
broblasts also were implicated in fibrosis, in an earlier
Lewis rat model, injected with bacterial cell wall lipo-
polysaccharides.?® Mouse intestinal mesenchymal cells
established from control and the TNBS groups were also
a-SMA positive, but unlike the colonic sections were
weakly positive for vimentin and desmin. Culture con-
ditions often do not reflect tissue conditions in their
entirety and may contribute to these apparent differences
with the vimentin and desmin staining. However, high
levels of a-SMA and low vimentin levels are consistent
with a typical myofibroblast phenotype.

It is widely accepted that immune cell activation leads
to nonimmune cell activation and profibrogenic ECM
changes.?’-38 Although mRNA levels may not reflect
secretion or activity of cytokines, growth factors, and
ECM proteins, we explored the cytokine/growth factor—
ECM relationship by investigating their gene expression
in colon tissues and colonic fibroblast cultures by RT-
PCR. T-cell activation, a key event in intestinal inflam-
mation, leads to increased IFN-y and TNF-a.39-4! These
are particularly prominent in the early stages of inflam-
mation in IBD and in the TNBS models. These cytokines
possibly are required for initiation of inflammation, but
are not necessarily crucial for its maintenance.'®4? Thus,
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in our long-term model 1, at the week 8 stage, there was
only a modest increase in TNF-a message and no sig-
nificant change in IFN-y.

In a prior study, by microarray gene expression pro-
filing, we found increased expression of genes associated
with ECM deposition without a balanced increase in
MMP production in CD but not UC, an observation that
may explain why fibrosis and stenosis are seen commonly
in CD.# In our TNBS models here we also noted in-

creased mRNA levels for Colla2 and only one of the
MMPs, namely MMP-1. Additionally, TIMP-1, an in-
hibitor of proteolytic activities of MMPs, also was
up-regulated, suggesting conditions that discourage re-
modeling and favor ECM deposition. Intestinal myofi-
broblasts from CD patients also were reported to express
higher levels of TIMP-1.44

We investigated the effectiveness of antisense NF-kB
oligonucleotide given intrarectally to not only alleviate
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inflammation, which has been shown in the past,'® but
also to reduce fibrogenic connective tissue changes asso-
ciated with chronic inflammation in a prophylactic
(model 2) and a therapeutic model (model 3). In model
2, TNBS-treated mice that were given the antisense
oligonucleotide, macroscopic signs of the disease, namely
piloerection, diarrhea, and significant weight loss, were
minimal. More importantly, trichrome staining of co-
lonic cross-sections showed lack of fibrogenic tissue ar-
chitecture and abnormal collagen build-up. The thera-
peutic model 3, in which the antisense NF-kB treatment
was given twice (at weeks 5 and 6) after establishing
inflammation and fibrosis with 4 prior TNBS treatments,
was somewhat less effective than model 2 in resolving
inflammation and fibrosis. Overall, the therapeutic
model 3 was more effective in resolving inflammation
than fibrosis. After the NF-kB antisense treatment no
animals showed moderate or severe inflammation,
whereas 14% of the animals still showed moderate fibro-
sis. Thus, NF-kB antisense treatment given prophylac-
tically during development of chronic inflammation may
provide an early block in the signaling cascade that leads
to both inflammatory and downstream fibrogenic
changes. Additionally, the promoters of several ECM
genes have NF-kB-responsive elements that may be
regulated by NF-kB in developing fibrosis. Blocking
NF-kB thus may down-regulate these ECM components
and contribute toward lowering fibrogenic response. The
antisense treatment given after inflammation and fibrosis
was established is able to down-regulate inflammation
well, and reduce severe fibrosis. Thus, our study shows
that NF-kB blockade by antisense oligonucleotides de-
creases intestinal inflammation and reduces fibrosis. On
the other hand, the idea that defective NF-kB signaling
may lead to intestinal inflammation, as in CD associated
with NOD2 variants, =47 may appear paradoxic.’® At
present, the mechanism by which NOD2 mutations
increase susceptibility to CD is unknown. A possibility is
that sensing of enteric bacterial components in the ab-
sence of physiologic NF-kB activation may trigger gut
inflammation through a NOD2-independent, inappro-
priate T-cell response.®®

In conclusion, we developed a novel murine model of
chronic immune-mediated inflammation and associated
fibrosis of the colon displaying certain features of CD.
Histologically, CD and our long-term TNBS models
show a full-thickness chronic inflammation associated
with increased ECM deposition and distortion of colonic
tissue architecture. The antisense NF-kB treatment
given prophylactically prevented weight loss and dra-
matically reduced TNBS-induced inflammation and fi-

GASTROENTEROLOGY Vol. 125, No. 6

brosis. Given twice therapeutically after establishment of
inflammation and fibrosis, the antisense treatment re-
solved inflammation well and reduced the number of
animals with moderate/severe fibrosis, but was ineffective
at preventing weight loss.

References

1. Fiocchi C. Inflammatory bowel disease: etiology and pathogene-
sis. Gastroenterology 1998;115:182-205.

2. Harper PH, Fazio VW, Lavery IC, Jagelman DG, Weakley FL,
Farmer RG, Easley KA. The long-term outcome in Crohn’s dis-
ease. Dis Colon Rectum 1987;30:174-179.

3. Farmer RG, Whelan G, Fazio VW. Long-term follow-up of patients
with Crohn’s disease. Relationship between the clinical pattern
and prognosis. Gastroenterology 1985;88:1818-1825.

4. Wettergren A, Christiansen J. Risk of recurrence and reoperation
after resection for ileocolic Crohn’s disease. Scand J Gastroen-
terol 1991;26:1319-1322.

5. Elson C, Sartor R, Tennyson G, Riddell R. Experimental models of
inflammatory bowel disease. Gastroenterology 1995;109:1344 -
1367.

6. Okayasu |, Hatakeyama S, Yamada M, Ohkusa T, Inagaki Y,
Nakaya R. A novel method in the induction of reliable experimen-
tal acute and chronic ulcerative colitis in mice. Gastroenterology
1990;98:694-702.

7. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W. Interleukin-
10-deficient mice develop chronic enterocolitis. Cell 1993;75:
263-274.

8. MacPherson B, Pfeiffer CJ. Experimental colitis. Digestion 1976;
14:424-452,

9. Marcus R, Watt J. Colonic ulceration in young rats fed degraded
carrageenan. Lancet 1971;2:765-766.

10. Yamada T, Deitch E, Specian RD, Perry MA, Sartor RB, Grisham
MB. Mechanisms of acute and chronic intestinal inflammation
induced by indomethacin. Inflammation 1993;17:641-662.

11. Sartor R, Cromartie W, Powell D, Schwab J. Granulomatous en-
terocolitis induced in rats by purified bacterial cell wall fragments.
Gastroenterology 1985;89:587-595.

12. Hegazi RA, Mady HH, Melhem MF, Sepulveda AR, Mohi M, Kandil
HM. Celecoxib and rofecoxib potentiate chronic colitis and pre-
malignant changes in interleukin 10 knockout mice. Inflamm
Bowel Dis 2003;9:230-236.

13. Scheinin T, Butler DM, Salway F, Scallon B, Feldmann M. Valida-
tion of the interleukin-10 knockout mouse model of colitis: anti-
tumour necrosis factor-antibodies suppress the progression of
colitis. Clin Exp Immunol 2003;133:38-43.

14. Pizarro TT, Arseneau KO, Bamias G, Cominelli F. Mouse models
for the study of Crohn’s disease. Trends Mol Med 2003;9:218-
222.

15. Katayama K, Wada K, Nakajima A, Mizuguchi H, Hayakawa T,
Nakagawa S, Kadowaki T, Nagai R, Kamisaki Y, Blumberg RS,
Mayumi T. A novel PPAR gamma gene therapy to control inflam-
mation associated with inflammatory bowel disease in a murine
model. Gastroenterology 2003;124:1315-1324.

16. Morris G, Beck P, Herridge M, Depew W, Szewczuk M, Wallace JL.
Hapten-induced model of chronic inflammation and ulceration in
the rat colon. Gastroenterology 1989;96:795-803.

17. Neurath MF, Fuss |, Kelsall BL, Presky DH, Waegell W, Strober W.
Experimental granulomatous colitis in mice is abrogated by in-
duction of TGF-beta-mediated oral tolerance. J Exp Med 1996;
183:2605-2616.

18. Elson C, Beagley K, Sharmanov A, Fujihashi K, Kiyono H, Tenny-
son G, Cong Y, Black C, Ridwan B, McGhee J. Hapten-induced
model of murine inflammatory bowel disease. Mucosal immune



December 2003

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

response and protection by tolerance. J Immunol 1996;157:
2174-2185.

Neurath M, Pettersson S, zumBushchenfelde K-H, Strober W.
Local administration of antisense phosphorothioate oligonucleo-
tides to the p65 subunit of NF-kB abrogates established experi-
mental colitis in mice. Nat Med 1996;2:998-1004.
Chakravarti S, Magnuson T, Lass J, Jepsen K, LaMantia C, Carroll
H. Lumican regulates collagen fibril assembly: skin fragility and
corneal opacity in the absence of lumican. J Cell Biol 1998;141:
1277-1286.

Neurath M, Fuss |, Kelsall B, Stuber E, Strober W. Antibodies to
interleukin 12 abrogate established experimental colitis in mice.
J Exp Med 1995;182:1281-1290.

Hotchkiss RS, Swanson PE, Cobb JP, Jacobson A, Buchman TG,
Karl IE. Apoptosis in lymphoid and parenchymal cells during
sepsis: findings in normal and T- and B-cell-deficient mice. Crit
Care Med 1997;25:1298-1307.

Strong S, Pizarro T, Klein J, Cominelli F, Fiocchi C. Proinflamma-
tory cytokines differentially modulate their own expression in
human intestinal mucosal mesenchymal cells. Gastroenterology
1998;114:1244-1256.

Chomcznski P, Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal
Biochem 1987;162:156-159.

Wessel H, Anderson S, Fite D, Halvas E, Hempel J, SundarRaj N.
Type XlI collagen contributes to diversities in human corneal and
limbal extracellular matrices. Invest Ophthalmol Vis Sci 1997;
38:2408-2422.

Pucilowska JB, Williams KL, Lund PK. Fibrogenesis. IV. Fibrosis
and inflammatory bowel disease: cellular mediators and animal
models. Am J Physiol 2000;279:G653-G659.

Pender SL, MacDonald TT. Regulation of matrix metalloprotein-
ase production in human fetal intestinal mesenchymal cells by
cytokines and the bacterial superantigen Staphylococcus aureus
enterotoxin B. Ann N Y Acad Sci 1998;859:188-191.

Neurath M, Fuss |, Kelsall B, Presky D, Waegell W, Strober W.
Experimental granulomatous colitis in mice is abrogated by in-
duction of TGF-b-mediated oral tolerance. J Exp Med 1996;183:
1-12.

Yamada Y, Marshall S, Specian RD, Grisham MB. A comparative
analysis of two models of colitis in rats. Gastroenterology 1992;
102:1524-1534.

Graham MF, Diegelmann RF, Elson CO, Lindblad WJ, Gotschalk
N, Gay S, Gay R. Collagen content and types in the intestinal
strictures of Crohn’s disease. Gastroenterology 1988;94:257—
265.

Kjeldsen J, Schaffalitzky de Muckadell OB, Junker P. Seromark-
ers of collagen | and lll metabolism in active Crohn’s disease.
Relation to disease activity and response to therapy. Gut 1995;
37:805-810.

Pucilowska JB, McNaughton KK, Mohapatra NK, Hoyt EC, Zim-
mermann EM, Sartor RB, Lund PK. IGF-I and procollagen alphal(l)
are coexpressed in a subset of mesenchymal cells in active
Crohn’s disease. Am J Physiol 2000;279:G1307-G1322.
Schuppan D, Ruehl M, Somasundaram R, Hahn EG. Matrix as a
modulator of hepatic fibrogenesis. Semin Liver Dis 2001;21:
351-372.

Lawrance IC, Maxwell L, Doe W. Inflammation location, but not
type, determines the increase in TGF-betal and IGF-1 expression
and collagen deposition in IBD intestine. Inflamm Bowel Dis
2001;7:16-26.

Eyden B. The myofibroblast: an assessment of controversial
issues and a definition useful in diagnosis and research. Ultra-
struct Pathol 2001;25:39-50.

Van Tol EA, Holt L, Li FL, Kong FM, Rippe R, Yamauchi M,

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

MURINE MODEL OF INTESTINAL FIBROSIS 1761

Pucilowska J, Lund PK, Sartor RB. Bacterial cell wall polymers
promote intestinal fibrosis by direct stimulation of myofibro-
blasts. Am J Physiol 1999;277:G245-G255.

Fiocchi C. Intestinal inflammation: a complex interplay of immune
and nonimmune cell interactions. Am J Physiol 1997;273:G769—
G775.

Monteleone G, MacDonald TT, Wathen NC, Pallone F, Pender SL.
Enhancing lamina propria Thl cell responses with interleukin 12
produces severe tissue injury. Gastroenterology 1999;117:
1069-1077.

Lionetti P, Breese E, Braegger CP, Murch SH, Taylor J, Mac-
Donald TT. T-cell activation can induce either mucosal destruc-
tion or adaptation in cultured human fetal small intestine. Gas-
troenterology 1993;105:373-381.

MacDonald T, Spencer J. Evidence that activated mucosal T cells
play a role in the pathogenesis of enteropathy in human small
intestine. J Exp Med 1988;167:1341-1349.

Bouma G, Strober W. The immunological and genetic basis of
inflammatory bowel disease. Nat Rev Immunol 2003;3:521-
533.

Neurath MF, Fuss |, Pasparakis M, Alexopoulou L, Haralambous
S, Meyer zum Buschenfelde KH, Strober W, Kollias G. Predomi-
nant pathogenic role of tumor necrosis factor in experimental
colitis in mice. Eur J Immunol 1997;27:1743-1750.

Lawrance IC, Fiocchi C, Chakravarti S. Ulcerative colitis and
Crohn’s disease: distinctive gene expression profiles and novel
susceptibility candidate genes. Hum Mol Genet 2001;10:445—
456.

McKaig BC, McWilliams D, Watson SA, Mahida YR. Expression
and regulation of tissue inhibitor of metalloproteinase-1 and
matrix metalloproteinases by intestinal myofibroblasts in inflam-
matory bowel disease. Am J Pathol 2003;162:1355-1360.
Hugot JP, Chamaillard M, Zouali H, Lesage S, Cezard JP, Belaiche
J, Almer S, Tysk C, O’Morain CA, Gassull M, Binder V, Finkel Y,
Cortot A, Modigliani R, Laurent-Puig P, Gower-Rousseau C, Macry
J, Colombel JF, Sahbatou M, Thomas G. Association of NOD2
leucine-rich repeat variants with susceptibility to Crohn’s dis-
ease. Nature 2001;411:599-603.

McGovern DP, van Heel DA, Ahmad T, Jewell DP. NOD2
(CARD15), the first susceptibility gene for Crohn’s disease. Gut
2001;49:752-754.

Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R,
Britton H, Moran T, Karaliuskas R, Duerr RH, Achkar JP, Brant SR,
Bayless TM, Kirschner BS, Hanauer SB, Nunez G, Cho JH. A
frameshift mutation in NOD2 associated with susceptibility to
Crohn’s disease. Nature 2001;411:603-606.

Bonen DK, Ogura Y, Nicolae DL, Inohara N, Saab L, Tanabe T,
Chen FF, Foster SJ, Duerr RH, Brant SR, Cho JH, Nunez G.
Crohn’s disease-associated NOD2 variants share a signaling
defect in response to lipopolysaccharide and peptidoglycan. Gas-
troenterology 2003;124:140-146.

Inohara N, Nunez G. NODs: Intracellular proteins involved in
inflammation and apoptosis. Nat Rev Immunol 2002;3:371-
382.

Received November 15, 2001. Accepted August 21, 2003.

Address requests for reprints to: Shukti Chakravarti, Ph.D., Depart-
ment of Medicine (Gastroenterology Division), The Johns Hopkins Uni-
versity School of Medicine, Ross 935, 720 Rutland Avenue, Baltimore,
Maryland 21205. e-mail: schakrav@jhmi.edu; fax: (410) 614-4834.

Supported by grants from the National

Institutes of Health

(EY11654 to S.C., and DK50984 to C.F.), and a grant from the Crohn’s
& Colitis Foundation of America (to S.C.).
I.C.L. and F.W. contributed equally to this article.



	A Murine Model of Chronic Inflammation–Induced Intestinal Fibrosis Down-Regulated by Antisense NF-B
	Materials and Methods
	Animals
	Induction of Colonic Inflammation
	Tissue Processing
	Intestinal Mesenchymal Cell Isolation and Stimulation
	Immunohistology
	mRNA Assessment by Semiquantitative Reverse-Transcription Polymerase Chain Reaction
	Collagen Estimation by Hydroxyproline Quantification
	Statistical Analysis

	Results
	An Overview of the Models
	Macroscopic Changes
	Changes in Colonic Tissue Architecture and Total Collagen
	Expression of TNF-, IFN-, TGF-1, IGF-1, Col1a2, Col3a2, MMP-1, MMP-3, and TIMP-1 mRNA in Colonic Tissue
	Phenotype of Colonic Mesenchymal Cells In Situ in TNBS-Treated Mice
	Effect of TNF- and IFN- on MMP-1, MMP-3, IGF-1, TGF-1, and TIMP-1 mRNA Expression by Colonic Mesenchymal Cells
	NF-B p65 Subunit Antisense Oligonucleotide Therapy

	Discussion
	References


