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Abstract

AIM: To develop a novel model of colitis in rats, using
a combination of iodoacetamide and enteropathogenic
E. coli (EPEC), and to elucidate the pathophysiologic
processes implicated in the development of ulcerative
colitis (UC).

METHODS: Male Sprague-Dawley rats (7 = 158)
were inoculated intrarectally on a weekly basis with 4
different combinations: (a) 1% methylcellulose (MC),
(b) 100 pL of 6% iodoacetamide (IA) in 1% MC, (c)
200 pL containing 4 x 10° colony factor units (CFU) of
EPEC, and (d) combined treatment of (IA) followed by
bacteria (B) after 2 d. Thirty days post treatment, each
of the four groups was divided into two subgroups;
the inoculation was stopped for one subgroup and the
other subgroup continued with biweekly inoculation
until the end of the experiment. Colitis was evaluated
by the clinical course of the disease, the macroscopic
and microscopic alterations, activity of myeloperoxidase
(MPO), and by TNF-a. gene expression.

RESULTS: Findings indicative of UC were seen in the
combined treatment (IA + B) as well as the IA conti-
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nued treatment groups: the animals showed slow rate
of increase in body weight, diarrhea, bloody stools,
high colonic ulcer score, as well as histological altera-
tions characteristic of UC, with an extensive inflamma-
tory reaction. During the course of the experiment, the
MPO activity was consistently elevated and the TNF-a
gene expression was upregulated compared to the
control animals.

CONCLUSION: The experimental ulcerative colitis
model used in the present study resembles, to a great
extent, the human disease. It is reproducible with
characteristics indicative of chronicity.

© 2008 The WJG Press. All rights reserved.
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INTRODUCTION

It is well established that ulcerative colitis (UC) is
an inflammatory condition of the gastrointestinal
tract (GIT), resulting from interrelated genetic and
environmental factors, especially bacteria which cause
disruption of the mucosal barrier thus exposing the
mucosal immune system to luminal bacteria and bacterial
products'’.

For several years, researchers have been addressing
the question as to whether a specific pathogen could
cause inflammatory bowel disease (IBD)?. Attempts
made, so far, to find a causative bacterial strain for
IBD, and particularly for UC, have been unsuccessful.
Over the years, evidence has accumulated implicating
endogenous luminal bacteria in the pathogenesis of
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UC, especially since the highest bacterial concentration
and diversity are found in the colon. Much attention
has been given to the role of E. ¢o/i in the onset of
UC, since this organism is the predominant facultative
anaerobic gram negative species of the normal intestinal
flora. E. co/i play an important role in promoting
the stability of the intestinal microbial flora and in
maintaining the normal intestinal physiologym. Besides
commensal strains, certain clones of E. co/i, possess
virulent properties that cause disease in humans. More
recently, it has been suggested that a particular subtype
of E. coli may play a pathogenic role in UC™, Studies on
mucosal adhesion of pathogenic bacteria in UC revealed
an enhanced adhesion of E. ¢/ isolates (obtained from
stool specimens and rectal biopsies of UC patients) to
buccal epithelial cells causing mucosal damage similar
to that seen with enteropathogenic E. co/i (EPEC)".
Adherence of EPEC strains on the intestinal mucosa is
a complicated process and produces dramatic effects on
the ultrastructure of the cells resulting in reduced tight
junction density and leaky epithelial barrier”.

More than 60 different experimental models of IBD
have been developed in the past two decades"™""!. These
studies confirmed the need for the presence of normal
enteric flora for the development of experimental
colitis"*"!. However, none of the models mimic
precisely the human disease. Therefore, more studies are
required to further develop this area of research. The
iodoacetamide-induced acute UC model in rat developed
by Satoh ez a/'” has been extensively studied" """, In
this model, an array of morphological and functional
alterations have been described, however, the model
lacked features of chronicity" .

The present study reports the successful development
of a chronic UC model, using the combined effects
of iodoacetamide, a sulfhydryl group blocker, and
enteropathogenic E. /i (EPEC), a strain with adhesion
properties, instilled repetitively into the descending colon
of rats.

MATERIALS AND METHODS

Animals

A total of 158 adult male Sprague-Dawley rats, weight
range 200 * 25 g, were used in this experiment in accor-
dance with the criteria of the Institutional Animal Care
and Use Committee for the care and use of animals.
The study was conducted at the American University
of Beirut. Animals were housed in rack mounted cages,
with a maximum of 10 rats per cage, and kept on a 12 h
light/datk cycle in a controlled temperature and humid-
ity room. Standard laboratory pelleted formula and tap
water were provided ad libitum.

Induction of experimental colitis

The rats were randomized into 4 groups: (1) the methyl-
cellulose treated control group (# = 37), the animals were
inoculated intrarectally on a weekly basis with 100 pL of
1% methylcellulose (MC), the vehicle (Sigma, M-0512,
USA); (2) the iodoacetamide-treated group (7 = 42), in

this group the rats were inoculated with 100 pL of 6%
1odoacetamide (IA) (Sigma, I-6125, USA) dissolved in
methylcellulose according to the previously described
study by Satoh e# a/'”; (3) The bacteria-treated (B) group (1
= 37), this group was inoculated with 200 uL. suspension
containing 4 X 10° colony factor units of EPEC; (4) The
combined treatment group (# = 42), received a combina-
tion of iodoacetamide and bacteria (IA + B); this group
was inoculated intrarectally on a weekly basis with the
same doses of IA followed by bacteria after 48 h. Experi-
mental colitis was induced by regular weekly intracolonic
inoculation, 7 cm proximal to the anal verge using a 2mm
diameter polyethylene tube. On day 30, each group was
split into 2 subgroups. In one subgroup, the inoculation
of different treatments continued bi-weekly while in the
second subgroup the treatment was discontinued. Three
rats from each group and later subgroup (after 30 d),
were anesthetized by intraperitoneal injection of sodium
pentobatbital (75 mg/kg body weight) and sactificed on
day 3, 7, 14, 21, 42, 56, and 70. A portion of the colon
was fixed in 10% formalin while the remaining part was
stored at -80°C.

Clinical course assessment

The animals were observed on a daily basis and checked
for diarrhea, loose stools, gross rectal bloody stools, or
any other gross abnormalities. The weight of each ani-
mal was obtained on a weekly basis to check for weight
loss after induction of colitis. These observations were
reported as a numerical score (Table 1).

Macroscopic assessment

The evaluation of inflammation was performed according
to the modified criteria for colonic changes (Table 1)
Parameters like diarrhea, hyperemia, adhesions, ulceration
and megacolon were assessed to describe the inflamma-
tory status. Hach colon was assigned, in a double blind
way, a score on a scale ranging from 0 (normal) to 15
(maximal activity of colitis) indicating ulcerations and se-
vere inflammation of the colon.

Microscopic assessment

The descending colon was removed and immersed
in cold phosphate buffer (PBS) at pH 7.4. A 1.0 cm
piece of the colon was removed proximal to the site
of inoculation. It was immediately immersed in 10%
buffered formalin and was processed for routine light
microscopy according to standard procedures. Serial
5 um sections were cut and stained with hematoxylin
and cosin (HE) and Periodic Acid Schiff (PAS) using
standard methods. The microscopic alterations were
assessed according to the criteria shown in Table 2!
and a numerical score of the colonic abnormalities
was obtained. The histologic grades ranged from 0
(normal) to 18 (intense inflammatory reaction). The
scoring was based on the findings of 2 independent
observers obtained by examining six sections from
each colon. Thus, the scores represented the average of
36 readings (2 observers, 6 sections per animal and 3
animals per time point). The histological abnormalities
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Macroscopic grading
Feature 0 1 2 3
Stool Normal Loose stool Diarrhea Diarrhea with blood
Hyperemia  None Focal Focal and thickening of bowel wall ~ Extensive thickening of bowel wall
Adhesions ~ None Mild Moderate Extensive
Megacolon ~ None Mild Moderate Toxic megacolon
Ulcerations ~ None Mild ulceration on one side <1cm  Moderate ulceration >1 cm Severe damage extending > 2 cm
Histologic grading
Feature 0 1 2 3
Abnormalities of mucosal None Mild or focal, not exceeding Moderate, not exceeding Severe & diffuse, exceeding the
architecture (Normal) lamina propria the submucosa submucosa
Crypt abnormalities None Mild atrophy Moderate atrophy, Severe atrophy, branched crypts, cryptitis,
Branched crypts crypt abscess

Inflammatory cell infiltration Normal Scattered cells Moderate or confluent cells Massive infiltration of cells
Vascular dilatation Normal blood  Mild dilatation (localized) =~ Moderate dilatation Severe generalized dilatation of

vessels of several blood vessels blood vessels
Edema None Low level limited to villi In the submucosa All over the section
Mast cells Normal Three cells clustered Clusters of > 3 cells in Clusters in submucosa and serosa

scattered cells  in submucosa

the submucosa

were photographed and the findings were reported as
numerical scores.

Colonic inflammation assessment by myeloperoxidase
activity (MPO)

The assessment of MPO activity in the mucosal
scrapings was carried out as a quantitative marker for
granulocytic infiltration in the colonic tissue. Protein
concentration and quantification were determined in the
mucosal scrapings of the descending colon using the
protein assay reagent kit (Bio-Rad). One unit of MPO
activity was defined as the quantity of enzyme able to
convert 1 pmol/min of hydrogen peroxide at 25C as
described by Krawisz ez a/*”. The results were expressed
as MPO units per gram of wet tissue.

Analysis of TNF-o. mRNA by reverse-transcriptase PCR
(RT-PCR)

Total RNA was extracted from colonic tissues by
TRIR (Invitrogen) reagent. RNA was resuspended
in RNase free water, quantified and subjected to RT-
PCR reaction using RT-PCR kit; Ready Mix Version
(Abgene, Promega). RT-PCR was performed on the
final volume of 25 pL containing 12.5 ul. ready mix
(optimize reaction buffer, ANTP mix, MgCl, and
DNA polymerase), 0.5 pul. of 25 pmol specific primers
as described for TNF-q, B-actin, 0.5 pl. of reverse
transcriptase and 1 pg of RNA. Reverse transcription
was performed at 48°C for 30 minutes, followed by
heating for 2 min at 94°C. Then 45 cycles of PCR for
TNF-a and 25 cycles for B-actin was performed using
the following conditions: denaturation at 94°C for
30 s, annealing temp of 55°C for 60 s and extension
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temperature of 68°C for 2 min, followed by a final
extension step at 68°C for 7 min. The primers were
TNF-q, sense, 5>~ AGAACT CCAGGCGGTGTCC-3.
TNF-q antisense, 3’-GATTCCTGTGGGGACTCCC
T-5" (484 bp). B-actin sense, 5- AAC CCT AAG GCC
AACCGTGAAAAG-3’; B-actin antisense, 3’-ATA
CAACGGGATCTGAAGCTCG-5’ (540 bp). The
PCR products were separated in 1.5 % agarose gel
electrophoresis and visualized by ethiduim bromide
staining (1 pg/mL). The DNA product sizes wete
estimated relative to 100 bp DNA ladder. A control
reaction were run to rule out contamination of RNA
with genomic DNA, in which reverse transcriptase was
omitted from the reaction mixtures. Transcripts were
normalized to the corresponding B-actin band and
expressed as arbitrary density units.

Analysis of TNF-c, level by western blot

Protein isolation was carried out by lysing colonic mu-
cosal scrapings in 1.5 mL. homogenization buffer (NaCl
11.7 g/L, MgCL6H,0 1 g/L, EDTA 0.76 g/L KCl 0.37
g/L, Tris 24.2 g/1, pH 7.4) using polytron homogenizer
on ice. The homogenates were subjected to 30 s sonica-
tion and centrifugation at 12000 r/min for 10 min at
4°C. The protein content of the supernatant was quanti-
fied by Bio-Rad Reagents. The protein samples diluted
in sample buffer 2X (10% glycerol, 5% betamercapto-
ethanol, 4% SDS, 125 mmol/L Tris-HCL 1 mol/L pH
6.8 and traces of bromophenol blue) were loaded as
40 pg/lane in 12% SDS-acrylamide gels, separated by
electrophoresis, and electrotransfered to nitrocellulose
membranes (Bio-Rad). To detect the specific protein, the
TNF-a rabbit polyclonal anti-rat (Chemicon) antibody
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was used at the concentrations recommended by the
manufacturers. Equal loading of the protein samples
was confirmed by parallel western blots for GAPDH.
The intensities of the protein bands were quantitated by
image scanning X-ray films and each band was measured
by Image ] software (NIH imaging software). Correction
was performed by subtracting for level background and
normalizing against GAPDH protein level.

Statistical analysis

Statistical significance of differences between treatment
and control groups was determined by the Student’s
¢ test. Where applicable, P values were reported for the 3
independent comparisons. Differences were considered
statistically significant for P < 0.05. Values are presented
as the mean * SD.

RESULTS

The present study shows that the synergistic effect of
repetitive intracolonic instillation of iodoacetamide and
EPEC, resulted in chronic colitis, and the inflammatory
process was sustained for the duration of the
experiment: 100 d.

Induction and clinical course

Changes in animals’ weight: As shown in Figure 1,
rats in the control, bacteria or iodoacetamide-treated
groups had a trend towards increase in weight, which
was significantly higher compared to rats treated with
the combined treatment (iodoacetamide and bactetia), in
both the continued and discontinued injection subgroups.
Rats in the combined treatment group (IA + B) showed
the lowest rate of increase in weight gain (P < 0.005), 0.15
g/d compared to 1.83 g/d for control, 1.14 g/d for iodo-
acetamide, and 1.48 g/d for the bacteria treated groups.
Similar results were obtained in the discontinued injection
subgroups: 0.13 g/d in the combined treatment (IA + B)
compared to 1.5 g/d in the normal, 1.37 g/d in the TA
and 1.45 g/d in the bacteria treated groups. The decrease
in weight gain supports the diagnosis of chronic UC, a
phenomenon not seen in the iodoacetomide-treated ani-
mals once the inoculations were discontinued after 30 d.
Furthermore, two way ANOVA analysis for two expeti-
mental parameters (i.e. treatments and duration in days)
detected the presence of significant differences among
the different experimental groups (P < 0.005) as well as
among the various treatment intervals (P < 0.005), with
respect to the effect on body weight.

Inspection of stools: Throughout the duration of
the study, the control animals passed normal beaded
compact stools. Similarly, none of the animals injected
with the bacterial suspension of EPEC alone demon-
strated abnormal stools except in a few instances of
loose stools, 1 to 2 d post inoculation. By contrast, the
iodoacetamide-treated group developed diarrhea consis-
tently for 2 to 3 d post instillation that changed later to
loose stools. However, after 30 d when the animals were
divided into the continued and discontinued subgroups:

A 500 - —@ Control (- = 0.95)
—O— lodoacetamide (IA - r = 0.89)
450 |- —w— Bacteria (B - = 0.84)
—— IA+ B (r=0.56)
S 400 |
=
f=
g 350 -
300 -
250 ¢
A
0 10 20 30 40 50 60 70 80 90 100
t/d
B 450 [ —@- Control (- = 0.92)
—O— lodoacetamide (IA - r = 0.92)
—w— Bacteria (B -7 = 0.91)
400 - & IA+B(r=0.57)
C)
2 350
o
(9]
=
300 r
250 +
0/( L L L L L |
0 20 40 60 80 100
t/d

Figure 1 Changes in the average rats' weight in various experimental groups,
and in the continued and discontinued treatment subgroups. A: Continued
injection subgroups; B: Discontinued injection subgroups. r: represents the
correlation coefficient of weight change vs time. All readings were statistically
significant (P < 0.005). Note the slow oscillating rate of increase in the two (IA +
B) subgroups and in the continued injection IA subgroup.

the iodoacetamide-treated discontinued injection sub-
group exhibited a pattern similar to the control group,
starting 1 wk after the last IA injection and continuing
for the duration of the experiment. The iodoacetamide-
treated continued injection subgroup developed diar-
rhea for the first 2 to 3 d after the injection in nearly
all animals, followed by loose stools and occasionally
beaded compact stools for the remainder of the week
until the next injection.

On the other hand, all animals in the combined
treatment group (IA + B) both continued and
discontinued subgroups, appeared sick and had severe
diarrhea and bloody stools at some stage of the
experiment, a feature rarely seen in the iodoacetamide-
treated discontinued subgroup. These findings correlated
with the lowest rate of weight increase observed in the
combined treatment group (IA + B).

Macroscopic findings

MC-treated group (Control group): The findings
were considered as normal baseline. An average of three
observations were made at each time point. Rats in the
control group did not show any inflammation in the de-
scending colon, however, a whitish discoloration at the
site of the injection, < 0.5 cm? in diameter, was easily
identified. The average score was 2 + 0.9 out of 15 indi-
cating the absence of ulcer formation (Figure 2). These
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Figure 2 Macroscopic assessment. The overall average colonic score at
different time intervals of the various experimental groups both in the continued
and discontinued injection subgroups (Readings represent the average of the
scores on days 3, 7, 14, 28, 42, 56, and 70 in each group).

findings were observed although the experimental dura-
tion in the continued and discontinued subgroups was

different (Figure 3A).

B-treated group: The findings in this group were similar
to the control group except for the occasional findings of
vasodilatation, and the presence of a white granulomatous
area at the site of inoculation, with an overall size < 0.5
cm? (Figure 3B). The overall average score for the group
was 2.0 £ 0.96 out of 15, as illustrated in Figure 2.

IA-treated group: Perianal redness was sometimes no-
ticed prior to sacrifice. The ascending and transverse co-
lon were invariably normal. At most time points, inflam-
mation was restricted to the descending colon including
the occasional presence of an area of redness of the
jejunum around the site of injection. There was dilatation
of blood vessels and hyperemia around the site of the
inoculation, along with the presence of adhesions (Figure
3C). The size of the inoculation site was 1 to 1.5 cm?
The overall average score for the mucosal damage at the
various time points in the continuous injection subgroup
was 7 + 0.9 out of 15, while the average score in the
discontinued injection subgroup was 5.2 = 1.6 out of 15.
These findings correlated with the findings of less severe
symptoms in treatment-discontinued subgroup compared
to the treatment-continued subgroup (Figure 2).

IA + B-treated group: Perianal redness was consis-
tently observed, accompanied by staining with stools and
blood. Protrusion of structures through the abdominal
wall of the rat prior to surgery was cleatly noticeable.
The dilated descending colon was severely inflamed. The
animals exhibited multiple abdominal adhesions over
the descending colon with extensive generalized dilata-
tions of the abdominal vessels (Figure 3D). Occasion-
ally, megacolon was observed in this group and at times
toxic megacolon was seen particularly in the continuous
injection subgroup. It is important to note that the de-
scending colon was hyperemic with vasodilatation start-
ing from day 3 and persisting throughout the duration
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Figure 3 Representative photographs of macroscopic (upper row) and
microscopic (lower row, HE stain x 200 ) findings on day 70 in treatment groups
MC, B, IAand IA + B. A and B: Normal colon, note the whitish area at the site
of multiple inoculation of the EPEC in colons of B-treated animals (|); C: Note
the vasodilatation and enlargement of the colon (forceps) in the IA treated
rats; D: Note adhesions (*), hyperemia and vasodilatation of an enlarged
colon and a darkened site reflecting blackish mucosa (1) in the IA + B treated
animals; E and F: Normal microscopic appearance of the colon in the MC and
B-treated groups. Well aligned parallel crypts (|) continuous epithelial lining
(A ) normal muscularis mucosa and normal lamina propria infiltration by cells;
G: Shows cryptitis (), infiltration of inflammatory cells (+) and edema (*) in the
submucosal with thinning of the muscularis mucosa and vasodilatation ( A ); H:
Crypt deformities and bifurcation (A ), cryptitis (1), extensive inflammatory cells
infiltrate (+) and edema (*).

of the experiment (Figure 3D). The mucosa was always
thickened, with a larger ulcer (2-3 cm?). The overall aver-
age score was 13.5 = 1.4 for the continued and 12 £ 1.8
for the discontinued injection subgroups (Figure 2).

In brief, the ulcer score in the control group was sig-
nificantly lower than that in the iodoacetamide-treated
group (P < 0.005) and the combined treatment group
(P < 0.005) but not significantly different from the
bacteria-treated group. Moreover, there was a significant
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Figure 4 Microscopic assessment. The overall average histological score
in the different experimental groups both in the continued and discontinued
injection subgroups (Readings represent average of day 3, 7, 14, 28, 42, 56,
and 70 in each group).

difference in the ulcer score between the iodoacetamide
and the bacteria-treated groups (P < 0.005) as well as
between the combined treatment and the iodoacetamide
groups (P < 0.05). Furthermore, the score of the com-
bined treatment group was significantly higher than that
in the bacteria-treated animals (P < 0.005).

Microscopic findings

The microscopic alterations focused mainly on the de-
scending colon proximal to the site of the inoculation
and its surroundings. The findings were compared with
commonly reported colonic alterations seen in chronic
ulcerative colitis. All layers of the colon were thoroughly
studied and reference was made to the normal intestinal
mucosa obtained from control animals.

MC and B-treated groups: The mucosal architecture
of the MC group was considered as normal. There was
no ulceration of the epithelial lining. The crypts, and
the lamina propria inflammatory infiltrate were normal
(Figure 3E). The overall average histologic score was 2 £
1.2 (Figure 4), with no significant difference between the
continued and discontinued injection subgroups. Similar
findings were observed in the B-treated group, with an
average score of 1.89 £ 1.1 (Figures 3F and 4).

IA-treated group: The iodoacetamide-treated contin-
ued injection subgroup showed focal mucosal ulceration
and depletion of the epithelial lining; the inflammation
involved the entire descending colon, sigmoid colon,
rectum and anus (Figures 3G and 4). In addition, there
was massive infiltration of inflammatory cells and an in-
crease in the gut-associated lymphoid tissues. The crypts
were partially destroyed, hypertrophied, and surrounded
by inflammatory cells and edema (Figure 3G). The mu-
cosa and submucosa contained several cell types includ-
ing neutrophils, lymphocytes, macrophages, eosinophils,
and clusters of mast cells. The overall average histologic
score for TA-treated animals was 12 = 1.35. However,
when the treatment with IA was stopped, the tissues re-
gained to a great extent their normal appearance, starting
1 wk after discontinuing the injections. The epithelial lin-

80 I Continued injection subgroups

70 |- [ Discontinued injection subgroups

60
50
40

30

Average MPO activity (U/g)

20

10

MC 1A B
Treatment

IA+B

Figure 5 Average MPO activity in the various experimental groups in the
continued and discontinued injection subgroups (readings represent average
of day 3, 7, 14, 28, 42, 56, and 70 in each group). The increase in the MPO
activity in the IA+B subgroup was significantly greater (P < 0.005) compared
to all the other subgroups. The IA continued injection subgroup also showed a
significant increase (P < 0.005) compared to the control group.

ing was almost normal, with little inflammatory infiltrate,
scattered mast cells and no vasodilatation. The overall
histologic score for IA-treated discontinued injection
subgroup animals was 9 & 1.

Combined (IA + B)-treated group: Severe inflam-
mation was noted proximal to the site of inoculation
with frequent involvement of all four layers of the
colon. Histological examination revealed diffuse
distortion of the mucosal architecture, with marked
crypt atrophy and extensive infiltration by mononuclear
cells (Figure 3H). The mucosal surface was irregular,
villiform, and heavily infiltrated by various types of
inflammatory cells exceeding that in the submucosa.
The crypts showed loss of parallelism, with irregularity
in crypt size, spacing and shape. In addition, cryptitis
and crypt abscesses were present (Figure 3H). Mast cells
were clustered in the submucosa. The sites affected by
inflammation were edematous, ulcerated, and devoid of
any glands. Furthermore, there was thinning or complete
absence of the muscularis mucosa. Mucosal ulcers were
covered with a large cellular debris (necrotized tissue
and products of inflammation). These findings were
observed throughout the duration of the experiment
in both subgroups. The highest overall histologic score
was seen in the continued injection subgroup, with an
average score of 16.2 + 0.9, compared to 15.4 = 1.7 for
the discontinued injection subgroup (Figure 4).

Myeloperoxidase (MPO) activity
Assessment of MPO activity is considered a good
estimate of the intestinal inflammatory status. MPO
activity was consistently the highest in the combined (IA
+ B) treatment group receiving continuous inoculations, at
all time points from day 7 to day 30. This high activity was
maintained until the last day of the experiment (Figure 5).
One week following induction of inflammation, the
MPO activity in the combined (IA + B) treatment group

www.wjgnet.com
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B 50 - Continued injection subgroups 5.0 - Discontinued injection subgroups
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Figure 6 A: Representative photographs from three independent experiments of TNF-a. mRNA expression in the descending colon in the various experimental
groups at selected time points: day 7, day 28, day 56 continued injection subgroup, day 56 discontinued injection subgroup, day 70 continued injection subgroup, and
day 70 discontinued injection subgroup. Band intensity was adjusted for the corresponding (3-actin, and values were expressed as arbitrary density units (ADU); B:
Expression of TNF-o. mRNA in the descending colon in the various experimental groups both in the continued and discontinued injection subgroups, at all time points.
Note the presence of significant difference in expression between the IA + B compared to the other groups (P < 0.005).

reached an average of 41 £ 2.2 U/g tissue which was
significantly higher than the respective control values
(11.7 £ 2.1, P < 0.005) and almost twice the values of
the bacteria-treated group (28.5 = 2.8, P < 0.005) and
almost twice those of 1A group (23.2 £ 7.7, P < 0.005).
The MPO activity in the IA (23.2 + 7.7) and B (28.5 +
2.8) treated animals were significantly higher than in the
MC-treated group (Figure 5). A pattern similar to that
observed on day 7 was also noted on day 14, 21, 28, 42,
56 and 70 (Figure 5).

In general, in the continued injection experiment, the
MPO score in the control group was significantly lower
than that in all the other groups (P < 0.005) but not sig-
nificantly different from the bacteria-treated group. Fur-
thermore, MPO level in the combined treatment group
was significantly higher than that in the bacteria-treated
animals (P < 0.005). Even in the discontinued injection
subgroups, there was a significant difference in MPO ac-
tivity score between the control group and the combined
treatment group (P < 0.005) In brief, the combined
treatment group had a significantly higher MPO activity
score than the iodoacetamide-treated group (P < 0.05).

Inflammatory signaling: TNF-c. expression
TNF-a is a prototypical proinflammatory cytokine and a
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key regulatory factor in various inflammatory processes
involved in the pathogenesis of ulcerative colitis 427
In this study, TNF-oo mRNA expression levels were
assessed as arbitrary density units (ADU) in relation to
the endogenous level of B-actin. Our findings are similar
to previous studies that reported an increase in TNF-o
expression at both mRNA and protein levels in patients

with IBD.

TNF-o. mRNA expression: On day 7, TNF-oo mRNA
expression was increased 7-to-8 fold in the combined
treatment (IA + B) group compared to the other groups
(Figure 6A). On day 28, there was a significant rise in
TNF-o expression in the IA-treated group reaching
7-fold higher than that in the B-group, slightly higher
than that in the combined (IA + B) group which was
slightly down regulated but still significantly higher than
the other groups (Figure 6B). On day 56, there was a
transient overall decline in the expression of the TNF-o
mRNA in the IA-continued injection subgroup followed
by an elevation in the levels on day 70. However, in
the discontinued injection subgroup, there was a time-
dependent decrease in the TNF-qo levels following day
28 to day 70 post-treatment. On day 56, the TNF-a
mRNA levels were reduced in all groups (Figure 6B).
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Figure 7 A: Representative photographs from three independent experiments of TNF-a. protein expression in the descending colon in the various experimental
groups at selected time points: day 7, day 28, day 56 continued injection subgroup, day 56 discontinued injection subgroup, day 70 continued injection subgroup and
day 70 discontinued injection subgroup. Band intensity was adjusted for the corresponding GAPDH, and values were expressed as arbitrary density units (ADU); B:
TNF-a. protein expression in the descending colon in the various experimental groups both in the continued and discontinued injection subgroups, in response to
treatment at all time points. Note the significant difference in expression between the IA + B and the other groups (P < 0.005).

The combined treatment (IA + B) continued injection
subgroup maintained a relatively higher level of the
TNF-0, mRNA compated to IA-treated or the B-treated
and MC-treated control groups (Figure 6B). However,
the discontinued injection subgroup exhibited mRNA
expression below the detection limits (Figure 6B).
During the course of the entire study, the increase
in TNF-o, mRNA reached its peak in the combined
treatment (IA + B) group (both in the continued and
discontinued injection subgroups) except for a transient
rise in the iodoacetamide-treated group at day 28 (Figure
6B). However, it is important to note that after the
inoculations were stopped, TNF-g, mRNA expression
decreased in the discontinued compared to the continued
injection subgroup and this difference was observed at
all time points, with greater expression in the combined
treatment (LA + B) subgroup.

TNF-a protein expression: Western blot analysis
of TNF-qa protein expression showed that at 7 d post
treatment, all groups exhibited close levels of TNF-o
protein. In both MC and B-treated groups the protein
levels were 2-fold lower than the protein levels in the

IA-treated and the combined treatment (IA + B) groups
(Figure 7A). During the entire study, TNF-q protein
levels were the highest in the combined treatment (IA +
B) continued injection subgroup (Figure 7A), whereas in
the discontinued injection subgroup all animals showed
reduced expression following the cessation of the injec-
tions (Figure 7B). It is worth mentioning that the com-
bined treatment (IA + B) discontinued injection sub-
group maintained the highest values of TNF-q protein
levels. In general, there was a good correlation between
TNF-o protein and mRNA expression levels in all the
experimental groups and subgroups, indicating the ef-
fect of treatment on both post-transcriptional and post-
translational processes of TNF-q.

DISCUSSION

Over the past three decades, several models of UC have
been developed, with a variable range of clinical mani-
festations resembling those observed in human IBD,
however, none of these closely mimic the clinical entity
of human UC "% Using animal models, there is
much indirect evidence to suggest an interaction between
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luminal flora and the immune system, based mostly on
the disruption of the immunoregulatory mechanisms®" ",
The present study showed that a UC model, using an SH
blocker and enteropathogenic E. co/, closely resembles
the human situation and is reproducible with findings
indicative of chronicity. The characteristics of the present
model were colonic disease induced for neatly hundred
days, the presence of clinical features such as weight loss
(Figure 1), diarrhea and rectal bleeding, accompanied
with macroscopic (Figure 2) and histological alterations
(Figures 3 and 4) typical of chronic ulcerative colitis in
humans'*""**!, Moreover, an analysis of colonic myelo-
peroxidase activitym] showed a consistent elevation of ac-
tivity in the combined IA + B treatment group, indicative
of severe mucosal inflammation of the descending colon
(Figure 5). Furthermore, upregulation of TNF-o, mRNA
and protein expression in the IA + B group supported the
chronicity of the inflammatory process (Figures 6 and 7).

Analysis of body weight gain across the various
experimental groups and subgroups revealed that rats
treated with a combination of TA + B exhibited the low-
est rate of weight gain in both the continued and the
discontinued injected subgroups compared to MC, IA-
treated discontinued injection subgroup and B-treated
group. In addition, the IA continued injection subgroup
behaved similar to the combined treatment continued
injection subgroup, but with a higher overall growth rate.
Once the injections in the IA-treated subgroup were
discontinued (day 30), the growth rate increased again.
Moreover, the combined treatment group showed an
undulating course of increase and decrease in weight,
which may indicate periods of relapse and remission of
the disease. Such a decrease was observed consistently
in both the continued and discontinued combined treat-
ment subgroups as well as in the iodoacetamide-treated
continued injection subgroup. On the other hand, the
iodoacetamide-treated subgroup with discontinued
treatment behaved like the controls after the injections
were stopped (Figure 1B). The low weight gain (in the
IA + B group) was due probably due to malabsorption
secondary to a defective intestinal bartier. This bartier
may not be restored appropriately because of persistent
activation of mucosal inflammation"”, with malabsorp-
tion in addition to diarrhea, affecting the physiology of
other parts of the gutmw. The changes in weight gain in
the experimental groups (IA + B) were paralleled by the
increased rates of diarrhea, loose and bloody stools, and
sometimes swollen abdomen and megacolon.

Abdominal examination revealed tenderness over the
descending colon as well as various degrees of mega-
colon in the combined treatment group. These findings
provide further support to the validity of our animal
model in inducing UC. Besides, the IA-treated animals
in the continued injection subgroup showed similar find-
ings but were not as consistent, particularly with regard
to the development of megacolon. This feature was not
encountered in the B-treated or MC control groups.

The validity of the combined treatment induced-UC
was further supported by the high range of scores for
macroscopic alterations. These included generalized va-
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sodilatation, adhesions, enlargement of the descending
colon and ulcer formation (Figure 2). These observations
suggest that continuous stimulation by iodoacetamide is
necessary for maintaining the inflammatory process. In
this case, the score range in the iodoacetamide-treated
and combined treatment groups showed moderate to
severe inflammation in the descending colon (Figure 3C
and D) and is consistent with the clinical findings seen in
uct*® 1n general, the gross abnormalities observed in
the combined treatment group were more consistent and
more characteristic of chronic UC. There was diffuse
hyperemia, with adhesions, megacolon, ulcerations, vaso-
dilatation, and redness in the nearby segment of the je-
junum. The overall score in the combined IA + B group
with continued treatment ranged between 10-15, while
the score ranged from 9-14 in the discontinued injection
subgroup. Therefore, despite discontinuing the injec-
tions, the inflammatory process maintained its course, a
point of special interest for further investigations.

In addition, the microscopic findings in the descend-
ing colon revealed histological abnormalities, particularly
in the combined IA + B treatment group, followed by
the IA-treated group with continuous injection (Figure 3).
Such changes were seen mostly in the mucosa. These ob-
servations are in line with the findings seen in UC. How-
ever, in a few instances, the inflammation in the com-
bined IA + B treatment group was very severe, involving
all four layers of the colon, the mucosa, submucosa,
muscular layer and serosa. Histological assessment of
the colonic damage showed that during the entire dura-
tion of the experiment, the combined IA + B treatment
group had the highest score, in both continued and dis-
continued subgroups (between 8 to 16). These changes
were less pronounced in the iodoacetamide groups and
were minimal or absent in the B-treated and MC-treated
control groups (Figure 4). Therefore, changes in the
microscopic structure of the combined treatment sub-
groups mimicked the changes commonly encountered

30,35,36 . .
B33 These include extensive

in severe UC in humans
hyperemia and loss of epithelial lining, ulceration of the
mucosa, severe depletion of goblet cells, loss of crypts,
crypt abscesses, cryptitis, with dense inflammatory cell
infiltration, severe dilatation of several blood vessels,
loss or thinning of muscularis mucosa, and invasion by
lymphoid cells?'*,

Assessment of MPO activity provides a reproducible
and qualitative estimate of mucosal inflammation and
may serve as a quantitative index of disease severity. At
the site of the mucosal injury, MPO content is a marker
of the magnitude of neutrophil infiltration. The com-
bined treatment group exhibited the highest MPO activ-
ity in the descending colon (Figure 5). It is therefore,
clear that the degree of inflammation was the highest in
the combined IA + B treatment group; in particular the
subgroup with continued injection. The inflammatory
activity was maintained at a much higher rate than in the
control, B-treated or the IA-treated groups. However, it
is important to note that once the injections were dis-
continued, the combined IA + B treatment subgroup
maintained its highest activity compared to the other
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groups. This observation provides further support to the
notion that the inflammation persisted in the combined
treatment group regardless of continued or discontinued
injections. Once again, these findings are in line with the
findings of chronic UC in humans"*".

Further characterization of our animal model was
carried out at the molecular level in order to evaluate the
expression of inflammatory signaling. We analyzed the
mRNA and protein expressions of TNF-q,, a proinflam-
matory cytokine which can induce COX-2 and COX-2
protein expression. It should be noted that increased
local expression of TNF-q is of prime importance in
driving the chronic inflammatory reaction and the devel-
opment of tissue injury”*’. There is significant correla-
tion between the production of TNF-a and the severity
of UC. High levels of proinflammatory cytokines in the
mucosa lead to excessive production of matrix degrading
enzymes by the gut fibroblasts, loss of mucosal integrity
and ulceration. In UC, high levels of TNF-q, have been
documented in the lamina propria as well as increased
TNF-oo mRNA and protein expression in the mucosa
associated with tissue injur}7[34’37]. TNF-q is the most im-
portant mediator of response to Gram-negative bacteria
and also plays a critical role in the immune response to
other micro-organisms®. There is much evidence to
suggest that either enteric bacteria or immune dysfunc-
tion play a pivotal pathogenic role in TBD"?. Endotox-
ins or lipopolysaccharides (LPS), derived from the outer
membrane of Gram negative enteropathogenic E. coli
interact with CD14 on the surface membrane of mono-
nuclear cells, thus triggering a signal cascade that leads to
the production and release of TNF-q, which is strongly
involved in the pathogenesis of ulcerative colitis™. In
this respect, both TNF-¢, and LPS may represent puta-
tive therapeutic targets for the treatment of UC.

The present study has demonstrated that mucosal
scrapings of the colon contained significantly elevated
levels of TNF-a mRNA and protein in both the com-
bined treatment (IA + B) subgroups and at all time
points compared to control animals (Figures 6 and 7).
However, an occasional increase in TNF-o¢ mRNA ex-
pression was noted in the IA-treated group on day 28
and 70.

The abnormalities resulting in chronic mucosal in-
flammation can be divided into two types; defects in
immune regulation pathways and defects involved in
the barrier function of the epitheliumﬁ’s’()]. Models of
disrupted barriers function have resulted in mucosal
inflammation®. Chemical agents such as acetic acid, dex-
tran sodium sulfate, and iodoacetamide, can injure the
epithelium. In a normal animal, all means of chemical
injuries result in a transient inflammatory process. Repair
mechanisms step in and a stable mucosal barrier is rees-
tablished. Indeed, a leading concept in the pathogenesis
of chronic intestinal inflammation is the break in muco-
sal tolerance, an active process by which an injurious im-
mune response is prevented, suppressed or shifted to a
non-injuring class of immune reaction™ . The intestine
is in permanent contact with billions of bacteria belong-
ing to the normal gut flora, food protein, and potentially

pathogenic bacteria and has to discriminate and define
selective action towards pathogenic and non-pathogenic
components. Mucosal tolerance exists in order to pre-
vent an immune response against the body’s “own” bac-
teria that would otherwise give rise to chronic intestinal
inflammation. EPEC colonize the intestinal mucosa and,
by subverting intestinal epithelial cell cytoskeleton func-
tion, produce a characteristic histopathological response.
EPEC with invasive properties cause gross destruction
of the epithelial architecture and tight junction proteins.
Thus the presence of a chemical agent in addition to
EPEC can create an optimal environment for the devel-
opment and maintenance of chronic UC.

Experimental studies indicate that defects in intesti-
nal permeability induced by iodoacetamide may facilitate
the passage of LPS, derived from the Gram-negative
enteropathogenic E. ¢/ or other enteric bacterial flora,
into the circulation. It is speculated that enhanced intes-
tinal permeability, probably caused by the inflammation
induced by iodoacetamide, could precede and prepare
the ground for the development of UC in rats.

In conclusion, the development of animal models is
critical in elucidating the molecular pathways by which
human ulcerative colitis develops and progresses to an
advanced stage. Indeed, identifying the molecular path-
ways involved in initiating this disorder may allow us to
gain an insight into the strategy(ies) that can lead to IBD
prevention. Furthermore, the present study may per-
mit the characterization of molecular and morphologic
effects of the disease that may enhance our ability to
develop therapeutic agents with higher efficacy or with
fewer side effects.

Furthermore, such a study may result in the develop-
ment of agents that target molecular pathways known
to play a role in the initiation of IBD, specifically in the
subset of asymptomatic individuals at high-risk for the
development of UC.

COMMENTS

Background

We employed the two-hit hypothesis, both chemical and bacterial, for our chronic
ulcerative colitis (UC) model, based on several lines of indirect evidence impli-
cating gut flora in the pathogenesis of inflammatory bowel disease in general,
and ulcerative colitis in particular. Bacterial flora appears to be always involved
in the development of ulcerative colitis, and a sulfhydryl group blocker such as
iodoacetamide may further increase the metabolic stress on the epithelial cells
especially when it is instilled into the colon followed by enteropathogenic E. coli.
The resident cells of the lamina propria, under such conditions, constitute an
important target for endotoxins. The resulting secretion of cytokines causes the
induction of a chronic colitis. This model requires a regular inoculation schedule
to maintain the inflammatory process.

Research frontiers

A chronic ulcerative colitis model which mimics to a great extent the human
disease was developed. Our model is characterized by clinical, macroscopic,
microscopic and molecular parameters that are similar to human UC.
Innovations and breakthroughs

The present study confirmed one of the possible mechanisms of ulcerative
colitis whereby a chemical reagent introduced into the colon induces colonic
inflammation with morphological and clinical features suggestive of ulcerative
colitis. The inflammatory condition was further provoked by inoculating E. coli
bacteria at the same site allowing for an interaction between the bacteria, the
mucosal barrier and the intestinal tissues, in particular the mucosal layer. Such
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interactions aggravated the inflammatory reaction as evidenced by the upregu-
lation of peroxidase, indicating an increase in the inflammatory cells, and the
upregulation of TNF alpha, a prototypical proinflammatory cytokine secreted by
the inflammatory cells and a key regulatory factor involved in ulcerative colitis.
Such a phenomenon was maintained for the entire duration of the experiment.

Applications

The present study provides a well characterized experimental model for ulcer-
ative colitis essential for elucidating the mechanisms and molecular pathways
involved. It also sheds light on the effect of the colonic microecology and the
potential of manipulating the microbial environment in the intestines through the
use of probiotics. This model may allow insight into strategies that can lead to
the prevention of inflammatory bowel disease (IBD) and for the assessment of
agents that can be used in the management of UC.

Terminology

Inflammatory bowel disease (IBD): IBD is characterized by chronic, recurrent in-
flammation of the Gl tract of unknown etiology. The disease varies in the extent
and severity of the symptoms. IBD is known to develop between the ages of
15 to 35 years. Ulcerative colitis (UC): UC is an IBD characterized by passage
of bloody diarrhea, which usually constitutes the earliest sign of the disease.
Progression of UC may be associated with fever, abdominal pain and weight
loss. UC is often termed left-sided colitis for it affects mainly the mucosa of the
descending colon. The disease may extend to the proximal part of the large
bowel; when the entire colon is affected, the disease is called pancolitis. Crohn’
s disease (CD): CD is an IBD that can involve any part of the digestive tract,
from the oral cavity to the anus. It causes deep chronic ulcerations involving the
mucosa and the deeper layers.

Peer review

This is a solid and valuable piece of work. It is an extension of the authors’
previous work on experimental colitis. It is definitely an original work of great
scientific value. The experimental design is sound, results are well presented,
and conclusions are documented by the findings of the study.
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