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ABSTRACT

The role of nitric oxide (NO) in inflammatory bowel diseases has traditionally
focused on the inducible form of NO synthase (iNOS). However, the constitutive
endothelial (eNOS) and neuronal (nNOS) isoforms may also impact on colitis by
regulating intestinal homeostasis and mucosal integrity. To investigate this, we induced
TNBS colitis in eNOS, nNOS and iNOS-knockout (ko) mice. Both eNOS and iNOS
ko mice developed a more severe     colitis compared to wildtype mice. During colitis
iNOS expression dramatically increased on epithelial and lamina propria mononuclear
cells while eNOS remained unchanged and localized to endothelial cells. Electron
and fluorescence microscopy identified bacteria in the ulcerated colonic mucosa of
eNOS ko mice, but not in wildtype, iNOS or nNOS ko mice. Further, eNOS ko mice
had fewer colonic goblet cells, impaired mucin production and exhibited increased
susceptibility to an inflammatory stimulus that was sub-threshold to other mice.
The NO donor isosorbide dinitrate normalized goblet cell numbers and ameliorated
subsequent colitis in eNOS ko mice. These results identify a protective role for both
iNOS and eNOS during colitis, with the loss of eNOS resulting in impaired intestinal
defense against lumenal bacteria and increased susceptibility to colitis.

INTRODUCTION

Several factors have been implicated in the pathogenesis of human Inflammatory
Bowel Diseases (IBD) including an immunological intolerance to enteric microflora 1-4,
as well as defects in mucosal barrier function 5. Recently, attention has focused on
the overproduction of nitric oxide (NO) in IBD 6-7. Several studies have identified
increased levels of NO in the rectal dialysates 8, and in the inflamed mucosa of
patients with UC 9, and in animal models of colitis 10-12. The increased NO synthase
activity was identified predominantly as the inducible form of NO synthase (iNOS) 13.
While the two constitutive isoforms, neuronal (nNOS) and endothelial derived
(eNOS), modulate several aspects of intestinal physiology 14, their contribution to
the inflammatory response has received little attention.

Despite considerable evidence that iNOS-derived NO contributes to tissue
destruction in colitis and other inflammatory states 15, conflicting results have been
obtained using pharmacological inhibitors of NOS in animal models of IBD. Several
studies have found that the nonspecific NOS inhibitor L-NAME reduced intestinal
inflammation 10,16,17, other studies found little benefit 18, or enhancement of colitis 19.
Similar disparate results have been obtained using more selective iNOS inhibitors 20,21.
While these findings may reflect differences in dosing regimens, they may also reflect
the consequences of inhibiting not only iNOS, but also the constitutive forms of
NOS. These limitations have encouraged the study of colitis in mice genetically
deficient in iNOS. Unfortunately, these studies have utilized different protocols and
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yielded conflicting results 22-24. Moreover, the roles of the other NOS isoforms during
gut inflammation have not yet been addressed.

In this study, we have for the first time examined the role of each of the 3 NOS
isoforms in a single model of colitis, using mice genetically deficient in iNOS 25,
nNOS 26 or eNOS 27. Colitis was induced by intra-rectal administration of tri-
nitrobenzene sulfonic acid (TNBS) dissolved in 50% ethanol as a mucosal barrier
breaker. Our results indicate that both iNOS and eNOS knockout (ko) mice develop
an exaggerated and prolonged colitis. The absence of eNOS reduced the integrity of
the colonic mucosa, as reflected by fewer goblet cells and the production of less
mucin. Moreover, only eNOS ko mice developed colitis using TNBS in 30% ethanol
as a barrier breaker, illustrating their increased susceptibility to mucosal injury. Thus
while confirming the protective role of iNOS, these results generate the novel con-
cept that eNOS is critical for colonic mucosal integrity by maintaining goblet cell
numbers and function and thereby protecting against inflammatory stimuli and
bacterial translocation.

METHODS

MiceMiceMiceMiceMice
Specific pathogen-free, male C57BL/6 mice (6 to 10 weeks old) (Taconic Farms,

Germantown, New York), and 129/J mice (Jackson Laboratories, Bar Harbor, Maine)
were used as wild type mice. iNOS ko mice (on C57BL/6 background) 25 were also
purchased from Jackson Laboratories. The eNOS 27 and nNOS 26 ko mice (mixed
C57BL/6 x 129/J background) were obtained from Massachusetts General Hospital,
Harvard Medical School (H. Mashimo). Experimental protocols followed McMaster
University Animal Care Committee and the Canadian Council on the Use of
Laboratory Animals guidelines.

Colitis Induction and Colitis Induction and Colitis Induction and Colitis Induction and Colitis Induction and AssessmentAssessmentAssessmentAssessmentAssessment
Mice were anaesthetized with Enflurane, (Abbott Laboratories, St. Laurent,

Quebec) and given an intra-rectal enema of 6 mg of trinitrobenzene sulfonic acid
(TNBS) (Eastman Kodak Co. Rochester, NY) in 50% EtOH (v/v) (diluted in dH2O)
using a catheter made of PE50 polyethylene tubing attached to a 1ml syringe as
described previously 28. Colonic damage was assessed as previously described 28-29

and a total cumulative score was expressed as the ulcer index (UI).

MyMyMyMyMyeloperelopereloperelopereloperoooooxidase xidase xidase xidase xidase ActivityActivityActivityActivityActivity
Mucosal myeloperoxidase (MPO) activity was measured by colorimetric assay

as described previously 30. In brief, the colonic mucosa was scraped from the underlying
muscularis and weighed. The tissue was homogenized in phosphate buffer (pH 7.4)
containing hexadecyltrimethyl ammonium bromide (HTAB), (Sigma, St. Louis Mo.).
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Homogenates were centrifuged at 15,000 rpm for 20 min and the supernatant was
mixed with o-dianisidine (Sigma) and hydrogen peroxide reagent (Caledon
Laboratories, Georgetown, Ont). The samples were measured at 560 nm, with MPO
activity expressed as units per gram of protein. Protein levels were estimated by the
BCA protein assay (Pierce, Rockford, Illinois).

MeasurMeasurMeasurMeasurMeasurement of Plasma Nitrement of Plasma Nitrement of Plasma Nitrement of Plasma Nitrement of Plasma Nitrite Leite Leite Leite Leite Levelsvelsvelsvelsvels
Plasma nitrite levels were measured by spectrophotometer based on the Griess

reaction. Briefly, blood samples were centrifuged and the supernatant aspirated off.
Blood samples were mixed in 96 well micro titer plates with Griess reagent (1%
sulfanilamide, 0.1% napthyethylenediamine dihydrochloride, 25% H3PO4, Sigma). After
10 min the optical density was measured at 595 nm.

NO RestorNO RestorNO RestorNO RestorNO Restorationationationationation
The NO donor isosorbide dinitrate (Sigma), was administered intra-rectally to

eNOS ko mice in a dose of 20mg/kg every 8h, 3 times per day. After 3 days, colitis
was induced or mice were sacrificed and colonic tissues fixed for histological or
electron microscopical examination.

HistoloHistoloHistoloHistoloHistologygygygygy
Immediately following euthanization, colonic tissues were opened longitudinally,

cleaned and fixed in 10% formalin overnight. Tissues were paraffin embedded, using
standard protocols, sectioned at 3 µm, and stained with haematoxylin and eosin
(H&E) or with periodic acid schiff & haematoxylin (PAS+H) to stain mucus to visualize
goblet cells. For each tissue section goblet cells were counted in areas that included
10 parallel-aligned crypts. Results are expressed as the number of goblet cells containing
PAS stained mucus, per 100 colonocytes.

ImmImmImmImmImmunohistocunohistocunohistocunohistocunohistochemistrhemistrhemistrhemistrhemistryyyyy
Immunostaining for iNOS, eNOS and nitrotyrosine was performed as previously

described 31. In brief, for iNOS detection, a goat polyclonal IgG antibody targeted
against the carboxyl terminus of mouse iNOS (SC 650, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was used. A rabbit polyclonal antibody against the carboxy
terminus of human eNOS (SC 654, Santa Cruz) was used for eNOS detection while
an affinity purified rabbit polyclonal antibody (Upstate Biotechnology, Lake Placid,
NY, USA) was used against nitrotyrosine. Detection was performed using the
streptavidin-biotin-peroxidase complex method using 3-amino-9-ethyl-carbazole as
the chromagen source. Specificity was confirmed as previously described 31.

FluorFluorFluorFluorFluorescence in situ hescence in situ hescence in situ hescence in situ hescence in situ hybrybrybrybrybridizationidizationidizationidizationidization
Cryosections (4 µm) were fixed in 4% paraformaldehyde for 24 h at 4°C. Sections

were hybridized overnight in 10 µl of hybridization buffer containing a FITC labeled
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Bact338 probe (reacting with most bacteria) 32, at a concentration of 5ng/ml. Sections
were washed for 20 min at 50°C in hybridization buffer without SDS. Slides were
then dipped in distilled water, dried and mounted using Vectashield (Vector
Laboratories, Burlinghame, Calif). Two people evaluated each section using a
fluorescent microscope. Particles were considered bacteria (seen as a bright green
rods and coccoids against a yellow-brown autofluorescent background) if both
observers agreed.

ElectrElectrElectrElectrElectron Micron Micron Micron Micron Microscoposcoposcoposcoposcopyyyyy
Colon segments were removed and fixed with 2% glutaraldehyde for 2 h and

post-fixed with 1% osmium tetroxide for 1 h. Tissues were dehydrated through an
alcohol gradient and embedded in EPON. Ultrathin sections were cut at a thickness
of 90 nm and observed with a transmission electron microscope (JEM-1200 EX).

MeasurMeasurMeasurMeasurMeasurement of colonic mement of colonic mement of colonic mement of colonic mement of colonic mucin glycoprucin glycoprucin glycoprucin glycoprucin glycoprotein rotein rotein rotein rotein releaseeleaseeleaseeleaseelease
Colonic mucosal explants (2 x 2mm size) were cultured in 35mm tissue culture

dishes (Becton Dickinson Labware) in 1.5 ml Trowell’s medium containing 10 µCi/ml
of [3H] glucosamine (Du Pont-New England Nuclear) in the presence of antibiotic-
antimycotics (Life Technologies). [3H] glucosamine incorporation into glycoproteins
was determined as previously described 38 and quantified as dpm of 3H glucosamine/g
protein. To confirm [3H] glucosamine was incorporated into mucin, the TCA/PTA
precipitate was examined by density gradient ultra centrifugation as described
previously 33.

Data PrData PrData PrData PrData Presentation and Statistical esentation and Statistical esentation and Statistical esentation and Statistical esentation and Statistical AnalysisAnalysisAnalysisAnalysisAnalysis
For most experiments, 8-10 mice per group were tested. Results are expressed

as the means ± SEM. Statistical significance was calculated using the Student’s t test
for comparison of two means or a one way analysis of variance (ANOVA) for the
comparison of three or more means. Multiple comparisons were performed using
the Neuman Keuls multiple comparison test. P < 0.05 was considered significant.

RESULTS

Colitis in NOS IsofColitis in NOS IsofColitis in NOS IsofColitis in NOS IsofColitis in NOS Isoform Korm Korm Korm Korm Ko Miceo Miceo Miceo Miceo Mice
We first examined plasma nitrite levels in NOS isoform ko and wildtype mice

prior to colitis. Circulating nitrite levels were similar in the iNOS ko, nNOS ko and
wildtype mice (4.5 to 4.9 µM) (Table 1), but nitrite levels were significantly lower (P
< 0.01) in eNOS ko mice, at 0.9 ± 0.1 µM, identifying eNOS as the major source of
circulating NO under basal conditions. We next examined the susceptibility of NOS
ko mice to experimental colitis. While colitis did not significantly increase nitrite
levels in iNOS ko mice (5.1 ± 0.7 µM) by day 3, nitrite levels rose significantly in all
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Figure 2. Immunohistochemical detection of iNOS within the colon of normal wildtype C57BL/6 mice
(A), and in C57BL/6 and eNOS and iNOS ko mice during colitis (B to D). Expression of eNOS in uninflamed
C57BL/6 mice (E) and during colitis (F) was also examined. Dark red staining for iNOS was rare in the
colon of normal wildtype mice (A), however expression was evident on epithelial cells (see arrowhead)
and lamina propria mononuclear cells (see arrow) within the same mouse strain during colitis (B). The
number of cells expressing iNOS was greatly increased in tissues taken from eNOS ko mice (C). No iNOS
protein was detectable in tissues taken from iNOS ko mice (D). eNOS expression in the colon of normal
C57BL/6 mice was localized to endothelial cells lining blood vessels (E). During colitis eNOS expression
exhibited a similar localization (by endothelial cells), however the size and number of blood vessels was
greater following colitis (F). (Mag. for A-D 100x, for E-F 40x).

mice (17.0 ± 3.5 U/g). However MPO activity was significantly higher in both the
eNOS (37.5 ± 2.2 U/g) (P < 0.01) and the iNOS ko mice (30.0 ± 6.6 U/g) (p < 0.05).

To examine the influence of NO on healing, we examined NOS ko mice at day
14 post-colitis. While most damage had healed in the nNOS ko (UI 2.7 ± 0.6, MPO
12.0 ±1.1U/g), C57BL/6 (UI 1.8 ± 0.3, MPO 10.0 ± 0.9 U/g), and 129/J mice (UI 1.6 ±
0.4, MPO 9.6 ± 2.2 U/g), tissue injury and inflammation were still evident in the
eNOS (UI 3.4 ± 0.7, MPO 18.0 ± 2.0 U/g) and iNOS ko mice (UI 3.5 ± 0.5, MPO 20.0
± 2.1 U/g) with all inflammatory markers significantly higher than in wildtype mice
(P < 0.05). Thus eNOS and iNOS isoforms not only protect against an initial colitis
injury but also contribute to mucosal healing.
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ImmImmImmImmImmunostaining funostaining funostaining funostaining funostaining for iNOS and eNOSor iNOS and eNOSor iNOS and eNOSor iNOS and eNOSor iNOS and eNOS
Little iNOS expression was seen in the colons of wild type mice without colitis

(Figure 2A) but strong iNOS expression was seen on colonocytes and lamina prop-
ria mononuclear cells during colitis (Figure 2B). iNOS staining in the nNOS ko mice
was seen only during colitis and was similar to that seen in wildtype mice (not
shown). In contrast, moderate staining for iNOS protein was seen in epithelial and
mononuclear cells in eNOS kos, even in the absence of colitis, but staining was
limited to sites adjacent to lymphoid follicles (not shown). As shown in Figure 2C,
iNOS staining increased in the eNOS ko mice during colitis. As expected, iNOS ko
mice did not express immunoreactive iNOS protein under any condition (Figure
2D).

In wildtype mice, eNOS expression was limited to endothelial cells lining colonic
blood vessels (Figure 2E), and did not change following induction of colitis. However
the size and number of blood vessels, particularly within the lamina propria, increased
during colitis (Figure 2F). eNOS expression was localized to the endothelial cells of
colonic blood vessels in all strains tested. The size and number of eNOS staining
blood vessels increased during colitis.

Figure 3. Immunohistochemistry for nitrotyrosine within the colon of normal wildtype mice (A), and in
wildtype and eNOS and iNOS ko mice during colitis (B to D). Dark staining for nitrotyrosine was rare in
the colon of control C57BL/6 wildtype mice (A), however expression was evident on lamina propria
mononuclear cells of wildtype mice during colitis (B). Note that epithelial cells did not express nitrotyrosine.
Nitrotyrosine expression in both eNOS ko (C) and iNOS ko mice (D) was found in a similar pattern to that
in colitic wildtype mice, but the frequency of positively staining cells was greater. (Mag. for A & B 20x,
for C & D 40x).
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ImmImmImmImmImmunostaining funostaining funostaining funostaining funostaining for Nitror Nitror Nitror Nitror Nitrotyrotyrotyrotyrotyrosineosineosineosineosine
One cytotoxic mechanism of NO is through its interaction with superoxide to

produce peroxynitrite that causes the nitration of amino acid residues such as tyrosine.
Thus while NO has a short half-life, nitrotyrosine epitopes are stable and tend to
accumulate in inflammatory cells. Nitrotyrosine positive cells were rare in the uninflamed
colon from all mouse strains (see Figure 3A). During colitis, nitrotyrosine staining
was found predominantly in lamina propria mononuclear cells and more of these
cells stained positively for nitrotyrosine than for iNOS. Interestingly, no nitrotyrosine
staining was seen on epithelial cells during colitis (Figure 3B), however studies in
culture show NO is released apically from epithelial cells and is unlikely to form
peroxynitrite. Endothelial cells were also negative for nitrotyrosine. While all mouse
strains showed increased levels of nitrotyrosine staining during colitis, the iNOS ko
(Figure 3C) and the eNOS ko (Figure 3D) mice showed the greatest staining. The
former finding implies that both iNOS dependent and independent pathways are
active during TNBS colitis, leading to the formation of nitrotyrosine 34,35.

BacterBacterBacterBacterBacterial ial ial ial ial TTTTTrrrrranslocationanslocationanslocationanslocationanslocation
In view of the role colonic microflora play in the TNBS colitis model 36, we

examined colonic tissues for bacteria using electron microscopy and fluorescence in
situ hybridization (FISH), using commercial probes that recognize the 16S RNA of
most commensal enteric bacteria 32. While bacteria were occasionally identified
within the adherent mucus layer overlying the colonic epithelium, no bacteria were
seen within the mucosa of control mice (Figure 4A).

Figure 4. Fluorescence in situ hybridization for bacteria within colonic tissues from uninflamed (A) or
colitic mice (B & C). No bacteria were identified within the lamina propria of C57BL/6 mice either prior
to (A) or during colitis (not shown), nor in colitic iNOS ko mice (B). However numerous bacteria (yellow-
green – see arrow) were found within the mucosa of colitic eNOS ko mice (C) and electron microscopy
confirmed the presence of numerous bacteria within the mucosa of colitic eNOS ko mice (D). (Mag. for
A-C 100x, for D 5000x).
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Despite the mucosal ulceration induced by TNBS, no bacterial penetration of
the mucosal barrier was seen in wildtype, nNOS or iNOS ko mice (Figure 4B). In
contrast, large numbers of bacteria were identified just beneath ulcerated areas in
the eNOS ko mice. As seen in Figure 4C, fluorescing bacteria appeared to be
translocating across the colonic mucosa. The presence of bacteria within the colonic
mucosa of colitic eNOS ko mice was confirmed by electron microscopy (see Figure
4D). No bacteria were seen in the tissues of wildtype, nNOS or iNOS ko mice (not
shown).

Susceptibility to ColitisSusceptibility to ColitisSusceptibility to ColitisSusceptibility to ColitisSusceptibility to Colitis
To determine whether eNOS and iNOS ko mice suffered from an inability to

down-regulate the inflammatory response, or from an increased susceptibility to
the initial insult, we administered TNBS in only 30% ethanol. (rather than the nor-
mal 50%). As shown in Table 2, little damage was seen in wildtype, nNOS or iNOS ko
mice. In contrast, eNOS ko mice developed significant ulceration (P < 0.05) and
MPO activity (P < 0.05). Thus the exaggerated colitis seen in eNOS ko mice reflects
an increased susceptibility to the initial insult.

Table 2. Colitis in response to 30% ethanol

C57BL/6 129/J nNOS k.o. iNOS k.o. eNOS k.o.

Ulcer Index 1.4±0.1 1.2±0.2 0.8±0.4 1.1±0.3  4.0±0.3*

Myeloperoxidase 10.2±1.2 9.7±1.5 8.1±1.1 7.6±1.5 20.0±2.0*

Values are in arbitrary units for ulcer index and in units of activity per gram of protein for myeloperoxidase
± 1 SEM for groups of 8-10 mice.
* Significant difference from both C57BL/6 and 129J values (P <0.05).

Goblet Cell NumberGoblet Cell NumberGoblet Cell NumberGoblet Cell NumberGoblet Cell Numbers and Functions and Functions and Functions and Functions and Function
In pursuit of this increased susceptibility to colitis, histological analysis identified

a significant reduction in the number of superficial PAS-positive goblet cells per 100
colonocytes in eNOS ko mice (5.4 ± 1.0) compared to control C57BL/6 mice (14.2
± 1.7, P < 0.001) (Figure 5). In contrast, nNOS ko and iNOS ko mice had numbers of
goblet cells (12.8 ± 1.7 and 15.2 ± 1.8 respectively) similar to wildtype numbers.
Electron microscopy revealed that goblet cells in eNOS ko mice were smaller and
contained less mucus than in wildtype mice (see Figure 5). Moreover, mucin release
from eNOS ko colonic explants was significantly decreased compared to control
C57BL/6 mice (4.1 ± 0.8 dpm of 3H glucosamine/g protein vs 11.5 ± 1.4 dpm, P<
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other mouse strains tested (14.6 to 16.0 µM) (see Table 1). Impressive macroscopic
damage was seen by day 3 in the nNOS (UI 7.8 ± 1.1) and the iNOS ko mice (UI 9.1
± 1.0) with ulcer index values similar to wildtype C57BL/6 (UI 8.6 ± 0.8), and 129/J
mice (UI 8.3 ± 1.6) with colitis. However eNOS ko mice exhibited more extensive
and severe colitis, with a significantly higher UI (12.3 ± 1.3) (P < 0.05), compared to
wildtype strains (see Figure 1). Granulocytic infiltration, as assessed by MPO activity,
was also similar in the nNOS ko (17.0 ± 2.9 U/g), C57BL/6 (17.5 ± 2.2 U/g) and 129/J

Table 1. Plasma Nitrite Levels

C57BL/6 129/J nNOS k.o. iNOS k.o. eNOS k.o.

Plasma Nitrite (Basal) 4.7±0.5 4.9±0.7 4.9±0.6 4.5±0.7 0.9±0.1**

Plasma Nitrite (Day 3) 16.0±1.8 15.2±1.6 15.0±5.2 5.1±0.7** 14.6±4.1

Values are concentrations of plasma nitrites in mM, ± 1 SEM for groups of 8-10 mice.
** Significant difference from both C57BL/6 and 129J values under the same conditions (basal or day 3
colitis) (P <0.01).

Figure 1. Histology showing colonic mucosa from a control mouse (A) and on day 3 post TNBS colitis
induction in a C57BL/6 mouse (B), iNOS ko mouse (C) eNOS ko mouse (D). Inflammatory cell recruitment
and tissue pathology were markedly more severe in the eNOS ko mice. (Mag. for all 40x).
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Figure 5. Histology showing PAS staining of goblet cells (purple) (Panels A-C) and electron micrographs
of goblet cells (Panels D-F) from the colonic mucosa of a control C57BL/6 mouse (A & D) an eNOS ko
mouse (B & E) and an eNOS ko mouse treated with the NO donor isosorbide (C & F). Note the reduced
number of PAS positive goblet cells found in the eNOS ko mice (B), compared to those in wildtype mice
(A). eNOS ko goblet cells appear smaller and contain less mucus (E) than those in wildtype mice (D).
Following isosorbide treatment, goblet cell numbers (C) and mucus content (F) normalized in the treated
eNOS ko mice. (Mag. for A-C 400x, for D-F 5000x).

0.001) as well as iNOS and nNOS ko mice (10.4 ± 1.6 dpm/g and 12.0 ± 1.6 dpm/g
respectively). As studies in colitic eNOS ko mice found that goblet cell numbers
significantly increased by day 3 post TNBS (18.1 ± 1.7, P < 0.001), we reasoned that
the eNOS ko goblet cell deficiency reflected a potentially reversible response to
reduced NO production, rather than a developmental deficiency in goblet cell
formation.

NO Donor NormalizNO Donor NormalizNO Donor NormalizNO Donor NormalizNO Donor Normalizes Goblet Cell Number and es Goblet Cell Number and es Goblet Cell Number and es Goblet Cell Number and es Goblet Cell Number and AmeliorAmeliorAmeliorAmeliorAmeliorates Colitisates Colitisates Colitisates Colitisates Colitis
We attempted to reconstitute normal colonic function in eNOS ko mice by

intra-rectal administration of the NO donor isosorbide nitrate. Treatment normalized
goblet cell number (17.4±1.6) and mucus content and structural integrity (Figure 5)
in eNOS ko mice. As shown in Figure 6, the subsequent induction of colitis in these
NO-reconstituted mice was significantly ameliorated (UI 9.0±0.7, MPO 29.9±2.6)
compared to untreated eNOS kos with colitis (UI 12.3±1.3, MPO 37.5±2.2, P<
0.05).
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DISCUSSION

iNOS is believed to represent the major source of NO in IBD 12. Histological
studies have identified intense focal iNOS expression by the inflamed bowel epithelium
and in the mononuclear cell infiltrate from the gut of both CD and UC patients 31,37.
We therefore reasoned that iNOS would play a pivotal role in experimental intestinal
inflammation. Indeed our data suggest that NO produced by iNOS is the major
source of the increased plasma nitrite seen during experimental colitis. iNOS
expression strongly increased during TNBS colitis and as in UC patient tissues 31,
was expressed predominantly by epithelial cells at sites proximal to inflammatory
infiltrates, as well as by lamina propria mononuclear cells. Like McCafferty et al., 22,23

we found that iNOS ko mice exhibited a more severe and protracted colitis. The
absence of iNOS expression under control conditions suggests that iNOS plays its
beneficial role after the induction of colitis. Indeed we found no evidence that iNOS
deficiency altered the susceptibility of the colon to an inflammatory insult or to
microbial translocation. The counter-inflammatory effects of iNOS-derived NO are
poorly understood but may involve the maintenance of mucosal perfusion, the prevention
of mast cell activation, and a reduction in leukocyte adherence to endothelium 38.

The co-localization of nitrotyrosine with iNOS expression was observed in
monocytes in keeping with recent studies in tissues from IBD patients 31 and in rats
with TNBS-induced colitis 39. Like previous studies 31, we did not see nitrotyrosine
staining in epithelial cells. Since iNOS expression by cultured enterocytes is
accompanied by apical NO release 40, this was not unexpected. However, as epithelial
cells are not professional phagocytes, the function of iNOS in epithelial cells is not
clear. An anti-microbial role against lumenal bacteria is suggested by studies in which
enteroinvasive bacteria induce iNOS expression by cultured epithelial cells 41, similar
to the effects of several pro-inflammatory cytokines 40.

Figure 6. Histology showing colonic pathology on day 3 post-colitis induction in eNOS ko mice without
(A) or with isosorbide pretreatment (B). Note that the inflammatory cell recruitment, edema and tissue
pathology were reduced in the isosorbide treated eNOS ko colitic mouse. (Mag. 20x for all).
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Our study indicates that nNOS does not play a significant role in the generation
of the inflammatory response induced by TNBS in the mouse, unlike in some asthma
models where its actions are crucial 42. Studies in experimental colitis have shown
that the inflammatory process disrupts NADPH diaphorase staining in gut tissues 18,
while nNOS expression by enteric nerves is altered in UC patient tissues 43. These
observations suggest colitis affects both NO based neurotransmission and
gastrointestinal motility 44.

Our results suggest that eNOS is the major contributor to circulating nitrite
levels under normal conditions Both prior to and during colitis, eNOS expression
was restricted to colonic vascular endothelium, as has been found in IBD 31. In the
absence of eNOS, basal plasma nitrite levels were reduced. However, during colitis,
nitrite levels in eNOS ko mice increased to levels similar to those seen in wildtype
colitic mice, likely reflecting NO of iNOS origin. Indeed, iNOS expression was readily
detected in tissues from colitic eNOS ko mice, indicating that eNOS deficiency did
not interfere with iNOS expression.

Our study indicates that eNOS plays a major role in protection against TNBS-
induced colitis and bacterial translocation. In this model, 50% ethanol acts as a mucosal
barrier breaker, facilitating the entry of the haptenizing agent TNBS into the colonic
mucosa, where it modifies host proteins. Unlike the other mouse strains tested,
eNOS ko mice developed significant colitis in response to TNBS dissolved in 30%
ethanol, demonstrating a weakened mucosal barrier that we attribute to a striking
deficit in goblet cell numbers and mucin production. Several studies have implicated
goblet cells and mucus production as important factors protecting the colon against
injury 45-47, while others have identified abnormalities in mucin production in IBD 48,49.
Unfortunately it is unclear if these changes are causal or are secondary to the disease
process. Our study indicates that the eNOS dependent goblet cell deficiency was a
contributing factor to the exaggerated colitic response seen in the eNOS ko mice.
Following the normalization of goblet cell numbers by locally administering a NO
donor to the colon, subsequent colitis was significantly attenuated. While a direct
effect of NO on goblet cells is possible, eNOS has been traditionally thought to act
as a vasodilator. Therefore, eNOS deficiency may impair blood flow to the mucosa,
resulting in poor growth and function of goblet cells.

The identification of significant numbers of microorganisms near ulcerated areas
of the colon in only eNOS ko mice leads us to also conclude that eNOS-derived
NO plays an important role in defense against bacterial translocation. This may
reflect the actions of eNOS derived NO in mediating the vascular relaxation seen
during inflammation 50 such that the loss of eNOS may prevent the mucosal immune
system from effectively dealing with the translocated bacteria. Given the importance
of enteric microflora and epithelial barrier function in IBD, it is tempting to speculate
that eNOS derived NO may play an important role in the pathogenesis of IBD.
Indirect support for this comes from a recent study showing that early onset of UC
in a Japanese population was associated with polymorphisms of the eNOS gene 51.
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Unlike other genetic deletions that result in spontaneous colitis if the animals are
kept under conventional, but not germfree housing, none of the NOS ko strains
showed any signs of spontaneous intestinal inflammation in this study. We therefore
propose that under homeostatic conditions, the mucosal barrier of the eNOS ko
mice provides adequate protection against lumenal products, with exaggerated
inflammation and bacterial translocation seen only when this mucosal barrier is
challenged. Such a genetically predisposed susceptibility to lumenal challenge may
have implications not only for IBD but also for determining a host’s susceptibility to
enteric pathogens.
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