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Nitric oxide in inflammatory bowel disease: a universal messenger
in an unsolved puzzle
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SUMMARY

In recent years, nitric oxide (NO), a gas previously considered to be a potentially toxic
chemical, has been established as a diffusible universal messenger that mediates cell—cell
communication throughout the body. Constitutive and inducible NO production regulate
numerous essential functions of the gastrointestinal mucosa, such as maintenance of adequate
perfusion, regulation of microvascular and epithelial permeability, and regulation of the immune
response. Up-regulation of the production of NO via expression of inducible nitric oxide syn-
thase (iNOS) represents part of a prompt intestinal antibacterial response; however, NO has
also been associated with the initiation and maintenance of inflammation in human inflamma-
tory bowel disease (IBD). Recent studies on animal models of experimental IBD have shown
that constitutive and inducible NO production seems to be beneficial during acute colitis, but
sustained up-regulation of NO is detrimental. This fact is also supported by studies on mice
genetically deficient in various NOS isoforms. However, the mechanism by which NO proceeds
from being an indispensable homeostatic regulator to a harmful destructor remains unknown.
Furthermore, extrapolation of data from animal colitis models to human IBD is questionable.
The purpose of this review is to update our knowledge about the role of this universal mediator
and the enzymes that generate it in the pathogenesis of IBD.
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NITRIC OXIDE SYNTHESIS AND CHEMISTRY

Nitric oxide (NO) is a free radical with moderate reactivity
compared to other species, which gives rise to a multitude
of organ-specific regulatory functions. NO is synthesized
from the amino acid L-arginine (Fig. 1) by a family of
enzymes generally referred to as the nitric oxide synthases
(NOSs) (Fig. 2). The oxidation of a terminal nitrogen of the
amino acid L-arginine produces NO and L-citrulline. Three
isoforms have been identified: two are constitutively present
in either neuronal (nNOS) or endothelial (eNOS) tissue and
are termed constitutive NOS (cNOS), while a third isoform
is expressed after induction by certain cytokines, microbes
and bacterial products, and is thus called inducible nitric
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oxide synthase (iNOS).! NO production by cNOS is low
(nanomolar quantities) and short-lasting, being controlled
by Ca®"-mobilizing agents in a very transient and highly
controlled manner, and fully inhibited by calmodulin
antagonists.” In marked contrast, iNOS synthesizes NO in
high (micromolar) amounts, it is regulated at the tran-
scriptional level and is sensitive to inhibitors of DNA
transcription and protein synthesis, such as actinomycin D
and cycloheximide.® NO production by iNOS is delayed by
several hours following stimulation, but once induced is
active for periods as long as 5 days. The delay between
stimulation and enzyme generation suggests the require-
ment of de novo synthesis of a cofactor, e.g. tetrahydrobi-
opterin,2 for maximal activity.

The chemistry of NO provides a valuable blueprint that
helps in recognizing the type of effects that this pluripotent
molecule may have in various biological systems. In order
to provide a guide through the maze of possible reactions of
NO, NO effects can be separated into direct and indirect
actions.* Direct effects are those reactions in which NO



428

L-arginine

G. Kolios et al.

citrulline

NADPH —»

NO synthase enzyme

—— NADP*

eme, FAD, FMN, BH,

|

o
GTP 4- T
.

cGMP

v

Vasodilation
Neurotransmission

2

O
I:I —> Lipid peroxidation

DNA breaks

v

Base damage
v
Apoptosis

Membrane damage

Figure 1. Production, metabolism and functional targets of nitric oxide (NO).
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Figure 2. Schematic alignment of the deduced amino acid sequences of nitric oxide synthases (NOSs). Depicted are consensus
binding sites for haem, L-arginine, calmodulin (CaM), flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD) and
NADPH. An NH,-terminal myristoylation site (myr) is present only on the endothelial constitutive NOS (NOS3).

interacts directly with a biological molecule or target,
whereas indirect reactions occur when the final effector
molecule is generated by the interaction of NO with reactive
oxygen species.

Characteristic of the former are the direct interaction of
NO with metal-containing proteins or with organic free
radicals. Direct interaction of NO with metals occurs
in vivo primarily with iron-containing proteins such as the
haem moiety, leading to the formation of stable nitrosyl
adducts.® The most notable of these is the reaction of NO
and guanylate cyclase, which leads to the formation of
¢GMP from GTP.® cGMP has significant regulatory and
anti-inflammatory effects, such as the regulation of vas-
cular tone and the inhibition of platelet aggregation and
leucocyte adhesion. The superoxide (O;) scavenging is
another direct action of NO serving to protect haem-
containing enzymes involved in prostaglandin synthesis
(e.g. cyclooxygenase) from reduction to their inactive
forms.

Several studies suggest that NO may also modulate iron-
catalysed oxidation reactions by acting as an iron chelator.
In vitro, NO can dramatically inhibit the O; -driven Fenton
reaction [an most important iron-catalysed oxidation reac-
tion that produces powerful oxidants such as the hydroxy
radical (OH')], suggesting that it may have remarkable
antioxidant capabilities.” Taken together, the above obser-
vations suggest that the direct effects of NO would be
involved primarily, but not exclusively, in regulatory, pro-
tective and/or anti-inflammatory processes in vivo.

In contrast, the indirect effects of NO are mediated by
intermediate reactive nitrogen oxide species derived from
the interactions of NO with O, or O; , which give rise to
two types of chemical stress: the nitrosative and the oxi-
dative (Fig. 3). Both types of chemical stress are generally
thought to be associated with certain pathophysiological
situations, such as inflammation, where de novo expression
of INOS occurs.® The interaction of NO with O, leads to
the autoxidation of NO and the formation of dinitrogen
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Figure 3. The role of nitric oxide chemistry in gut immunology.

trioxide (N,O3), which is a potent nitrosating agent. N,O;
has been shown to N-nitrosate a variety of biological targets,
such as amino compounds, to yield potentially carcino-
genic nitrosamines. This might contribute to the known
association between chronic inflammation and malignant
transformation.*® On the other hand, S-nitrosation of
certain thiols by N,Oj gives rise to nitrosothiol adducts.*>
These adducts have been suggested to play a key role in
various physiological and inflammatory processes, such as
the regulation of blood flow, inhibition of neutophil adhe-
sion and modulation of cytokine production (Fig. 3).'%!
S-nitrothiols may also provide a slow-releasing storage
depot for NO, hence considerably extending its biological
half-life. Lacking particular toxicity or oxidative potential
when alone, O, and NO have been suggested to interact
rapidly with each other to produce the potent cytotoxic
oxidant, peroxynitrite (ONOO")."?

ROLE OF NO IN INTESTINAL HOMEOSTASIS

Initial studies conducted to examine the direct effects of NO
on epithelial cell integrity have shown that NO per se is not
cytotoxic for intestinal tissue.!> On the contrary, eNOS-
derived NO appears to be a homeostatic regulator of
numerous essential functions of the gastrointestinal
mucosa, such as maintenance of adequate pelrfusion,'4 and
regulation of microvascular and epithelial permeability.!>!6
The latter strongly reflects the functional integrity of the
gastrointestinal mucosa barrier, and its disturbance is
considered to be a quantitive index of injury or dysfunction.

Inhibition of NO production has been found to increase
the epithelial permeability to substances of low molecular
weight, as measured by the transepithelial movement of
SICr-EDTA, and this effect was reversed using NO donors. 16
This function of NO has been attributed to both an increase
of cGMP content of intestinal epithelia and to the NO
suppressive effects on platelet-activation factor (PAF) and
histamine secretion by mucosal mast cells.'” Specifically,
following the suppression of NO by treatment with
NG-nitro-L-arginine methyl ester (L-NAME), the reduced
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availability of cGMP has been suggested to cause epithelial
cell contraction and to increase the size of the interepithelial
junctions, resulting in a leakier mucosal barrier.'> Further-
more, NO regulates major epithelial functions involved in
host defence, such as mucus production and epithelial fluid
secretion. NO induces gastric mucus secretion via the acti-
vation of soluble guanylate cyclase,'® and this NO produc-
tion appears to be caused by the activation of cholinergic
receptors. NO-donating compounds have been found to
stimulate electrolyte secretion in colonic mucosa, and this
effect may be mediated via enhancement of the local pro-
duction of prostaglandin E, (PGE,)."”

The effects of NO on immune cells highlights its pro-
tective role in immune-mediated tissue injury. Constitutive
production of NO inhibits neutrophil 2 integrin function,
decreases endothelial P-selectin expression and reduces
chemotactic responses to various chemokines, such as
interleukin (IL)-8 and monocyte chemotactic protein-1
(MCP-1). Therefore, it reduces leucocyte chemotaxis,
adhesion and recruitment in tissues.’*>* Additionally, the
constitutive production of NO exerts its anti-inflammatory
effects via modulation of platelet homotypic aggregation
and platelet adhesion to vessel walls.>* NO has also been
found to alter the cytokine profile released by macrophages,
so that following a T helper 1 (Thl) response, Thl-associ-
ated cytokines are down-regulated and T helper 2 (Th2)
cytokines are favoured.?’

Production of large quantities of NO via the up-regu-
lation of iNOS can have a variety of effects, which may be
detrimental or beneficial depending on the amount, dur-
ation and anatomical site of synthesis. Production of large
quantities of NO can inhibit key enzymes in the mito-
chondrial electron transport chain and citric acid cycle by
nitrosylation of reactive groups, which are essential for
enzyme catalytic function.”*?” NO can also have anti-
proliferative properties by inhibiting DNA synthesis via
inactivation of the ribonucleotide reductase enzyme. These
mechanisms may account for the cytotoxic and cytostatic
effects of macrophage-derived NO on tumour cells and
micro-organisms.”®% Indeed, iNOS-induced NO has been
found to exert a direct antimicrobial effect,®® and entero-
invasive bacteria, such as Escherichia coli, Salmonella and
Shigella can directly induce iNOS expression, suggesting
an important role of iNOS in the intestinal antibacterial
response.>!"3? Apart from being an important component of
the host defence system, iNOS-mediated NO production
may occasionally become part of a dysregulated immune
response, resulting in chronic inflammatory disorders. One
of the settings where this hypothesis has been most vigor-
ously tested is in inflammatory bowel disease (IBD), where
NO produced following the up-regulation of iNOS in epi-
thelial cells has been closely associated with the initiation
and maintenance of intestinal inflammation.

NO PRODUCTION IN IBD: THE ROLE OF
COLONIC EPITHELIAL CELLS

Early in the 1990s, various studies based on animal models
as well as in humans, indicated that NO may be involved in
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gastrointestinal inflammation and that it may have a
pathogenetic role in IBD.** The concentrations of citrulline,
the co-product of NO synthase, were found to be higher in
rectal biopsy specimens from patients with active ulcerative
colitis (UC) than in those from patients with quiescent
disease or a normal histology, while incubation with
N®-monomethyl-L-arginine (L-NMMA), an effective
inhibitor of all types of NOS, significantly reduced the
concentration of citrulline in colonic biopsies, suggesting
that the increased biosynthesis of citrulline must be a con-
sequence of NO synthase activity, which simultaneously
produces NO.* Studies in patients with active UC and
Crohn’s disease (CD), compared to controls, revealed a
substantial increase of Ca’’-independent NO synthase
activity in UC, characteristic of the inducible isoform of
NOS. iNOS activity in the colonic mucosa of patients with
UC was about eightfold higher than in control mucosa.*
Luminal gas sampled from the colons of patients with
active UC and controls was analysed by using a chemilu-
minescence technique, and NO concentrations were found
to be more than 100 times higher in the patients than in the
controls.*® It was suggested that increased values of luminal
NO reflect NO production only in the superficial mucosal
layers, and that as NO production in deeper mucosal layers
is bound (e.g. by haemoglobulin in blood vessels) it there-
fore will not reach levels as high as those found in the
lumen.*® Despite the evidence suggesting NO overproduc-
tion in gut inflammation, the cellular source of NO and
iNOS in models of IBD has received little attention.

In 1995, we first demonstrated that human HT-29
colonic epithelial cells, in response to the combinations of
IL-1a and interferon-y (IFN-y) express iNOS mRNA and
produce large quantities of nitrite, while the addition of
tumour necrosis factor-o (TNF-«) caused a significant
up-regulation of this production (Fig. 4).” Our results
from the in vitro studies support the suggestions, mentioned
above, that superficial mucosal layers might be responsible
for increased luminal NO in IBD. In support of our in vitro
findings, iNOS protein expression was demonstrated by
immunohistochemistry in the epithelial cells of the colonic
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Figure 4. Nitric oxide synthesis and regulation in colonic epithelial
cells.

mucosa of patients with active UC and infectious colitis,
but not in the mucosa of biopsies derived from patients in
remission or from healthy individuals.*® Similarly, other
studies, using in situ hybridization and immunohistochem-
istry, have demonstrated high expression of iNOS, which
was localized to the surface epithelium and crypts in the
mucosa from patients with UC.*** These results strongly
suggest that colonic epithelial cells are the major source of
NO production and NOS activity which has been reported
to be increased in the mucosa of patients with UC.3*3¢ In
addition, Singer et al. observed iNOS expression in the
inflamed mucosa of patients with diverticulitis,*® which,
compared with our results from infectious colitis,>* suggests
that iNOS expression from colonic epithelial cells is more a
feature of intestinal inflammation than of the IBD.

IL-4 and IL-13, but not IL-10, were found to produce a
marked inhibition of nitrite generation, iNOS protein
expression and iNOS mRNA in a human colonic cell
line induced by the optimal cytokine cocktail of IL-1a/
IFN-y/TNF-u.>? Further investigation of the inhibitory
effect of IL-13 on the expression and activation of iNOS in
HT-29 cells revealed that this molecule exerts its effect via the
activation of PtdIns3-kinases (Fig. 4).*° Although these
results were obtained using a colonic epithelial cell line,
the findings provide strong evidence that T cells and T-cell-
derived cytokines, detected in the mucosa of patients with
IBD,*'**> modulate the pro-inflammatory cytokine-derived
iNOS expression and activity in colonic epithelium and might
play a homeostatic role in gut inflammation. The observation
that the anti-inflammatory cytokine, IL-13, potently inhibits
the cytokine-induced nitrite generation by colonic mucosa in
a similar manner to nitrite generation by the colonic epithe-
lial cell line, HT-29, supports this hypothesis.*

The observation that proinflammatory cytokines induce
NO production and iNOS activity in colonic epithelial cells,
while Th2 and other immune cell-derived mediators regu-
late this process, suggests an involvement of colonic epi-
thelial cells in NO overproduction and cell communication
during the intestinal inflammation. However, the following
question, ‘Is NO overproduction detrimental to the intes-
tinal tissue?’, still remains unanswered. Although guilty by
association, the exact role of NO overproduction in intes-
tinal inflammation remains obscure.

NITRIC OXIDE AND INTESTINAL
INFLAMMATION

Several investigators have shown that the inhibition of NO
causes many of the hallmark features of intestinal inflam-
mation, whereas the delivery of exogenous NO reduces the
sequelae of acute inflammation. Inhibition of NO synthesis
has been found to increase acute damage of the intestinal
mucosal from immune-mediated stress, such as ischemia—
reperfusion and septic injury.***> Administration of exo-
genous NO protects the mucosa against the aforementioned
models, and this protective effect may be exerted at different
levels, including maintenance of blood flow, inhibition of
platelet and leucocyte adhesion and/or aggregation within
the vasculature, down-regulation of mast cell reactivity, and

© 2004 Blackwell Publishing Ltd, Immunology, 113, 427437
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modulation of oxidative stress and stabilization of IxB,
resulting in the inhibition of nuclear factor-«B (NF-xB)
translocation.!>** In addition, NO can reduce superoxide-
induced damage either by inhibiting NADPH oxidase and
superoxide release from neutrophils, or by scavenging neu-
trophil-derived superoxide.'>* Accordingly, NO donors
have been found to double the plasma antioxidant capacity
of animals subjected to reperfusion-induced mucosal injury.

Considering the above observations, it would seem
logical that the production of large quantities of NO, even
iNOS derived, would improve blood flow, reduce leucocyte
and platelet recruitment and oxidative stress, and hence
reduce inflammation. On the contrary, the up-regulation of
iNOS has been shown to correlate well with prolonged
colonic inflammation, especially within epithelial cells
around inflammatory foci.*> Excess NO produced by the
iNOS may theoretically exacerbate the clinicopathological
features of UC by direct cytotoxicity, activation of neu-
trophils,50 vasodilatation, reduced smooth muscle tone,’!
increased production of nitrosamines (to cause cancer),>
and interaction with superoxide to form the highly toxic
peroxynitrite radical.*®

Peroxinitrite is considered a potent oxidant that reacts
with proteins, lipids and DNA, and it is a potent initiator of
DNA strand leakage. The latter is an obligatory stimulus
for activation of the nuclear enzyme poly-ADP ribosyl
synthetase (PARS), which can lead to increased perme-
ability in epithelial cells.”® The peroxynitrite-PARS path-
way may contribute to cellular injury in a number of
pathophysiological conditions and has been implicated in
the pathogenesis of gut inflammation as a result of causing
apoptosis in the epithelial cell.>* The whole issue of in vivo
peroxynitrite formation following iNOS up-regulation
remains a matter of active debate.’® Furthermore, it is
doubtful whether the nitration of tyrosine by peroxynitrite
(if it occurs), is associated with functional impairment of
the colonic epithelium. However, direct administration of
peroxynitrite to colonic tissue has been reported to result in
colitis,>® whereas mesalamine, currently used for the treat-
ment of IBD, has been found to degrade peroxynitrite and
reduce the peroxynitrite-induced apoptosis in vitro.>’

The occurrence of toxic megacolon, a severe complica-
tion of UC, has also been associated with the appearance of
large amounts of iNOS in the colonic muscularis propria.>®
In addition, methylprednisolone was found to decrease NO
generation by cultured colonic mucosa and it has been
suggested that NO synthase activity is induced during the
culture, and this steroid effect may relate to its therapeutic
effect.” Although iNOS expression is most certainly a key
element, it remains extremely difficult to reconcile that NO
varies from being helpful to harmful with a relatively minor
change in production.

MODIFICATION OF NO PRODUCTION
IN EXPERIMENTAL MODELS OF IBD:
AN UNSOLVED PUZZLE

The potential role of NO as a mediator of inflammation in
the gut has fuelled many studies in animal models of IBD,

© 2004 Blackwell Publishing Ltd, Immunology, 113, 427437

Table 1. Effect of various nitric oxide synthase (NOS) inhibitors in
experimental colitis models

Effect on

Model NOS inhibitor inflammation Reference
TNBS ileitis L-NAME Attenuation 60
TNBS colitis L-NAME Attenuation 61
TNBS colitis L-NAME Attenuation 62
Acetic colitis L-NAME Attenuation 62
TNBS colitis L-NAME Exacerbation 63

(pretreatment)
TNBS colitis L-NAME Attenuation 63

(late treatment)

TNBS colitis L-NAME No effect 64
DSS colitis L-NAME Exacerbation 65
TNBS colitis L-NMMA Exacerbation 66

(early administration)
TNBS colitis L-NMMA No effect 66

(late administration)
TNBS colitis L-NNA Exacerbation 67
TNBS colitis MEG Attenuation 68
TNBS colitis AG Attenuation 69
DSS colitis  AG Attenuation 70
TNBS colitis AG No effect 64
DSS colitis  AG Exacerbation 65
TNBS colitis AG Attenuation 67
TNBS colitis 1400W Attenuation 71
TNBS colitis 1400W Attenuation 72
DSS colitis  1400W Attenuation 73

AG, aminoguanidine; DSS, dextran sulphate sodium; L-NAME:
NG-nitro-L-arginine methyl ester, L-NMMA, N®-monomethyl-L-arginine;
L-NNA, NG-nitro-L-arginine; MEG, mercaptoethylguanidine; TNBS,
trinitrobenzene sulphonic acid; 1400 W, aminomethyl benzyl acetamidine.

as summarized in Table 1. NO and its toxic derivative,
peroxynitrite, have been implicated in the pathophysiology
of experimental IBD by the demonstration of increased
iNOS expression and citrulline production, together with
iNOS and nitrotyrosine immunohistochemical co-localiza-
tion in specimens of experimental ileocolitis.>*7+7>

Numerous investigations have been conducted by using
NOS inhibitors to address the role of iNOS-derived NO in
these experimental settings. Early studies, which used non-
specific NOS isoform inhibitors such as L-NAME, have
produced equivocal results. Trinitrobenzene sulfonic acid
(TNBS) and dextran sulphate sodium (DSS) colitis was
either aggravated or ameliorated, although NO synthesis
was lowered (Table 1).60°526466 Eollowing these initial
controversial reports, the scientific interest focused on the
selective modification of iNOS activity rather than a gen-
eral NOS inhibition, and in the reduction of relative
amounts of colonic NO rather than elimination of its
production. Relatively selective iNOS inhibitors became
available, but these also gave conflicting results. Amino-
guanidine (AG) and mercaptoethylguanidine (MEG) have
been found to inhibit inflammation activity markers in
TNBS and DSS models of colitis when compared to con-
trols or animals treated with non-specific NOS inhibi-
tors.®” 7% However, these results were not confirmed by
other investigators.®4®>
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NO supplementation represents another experimental
approach to examine the role of NO in experimental
IBD. Controversy also exists in this type of investiga-
tion. So, although initial studies report exacerbation of
DSS-induced colitis following the administration of NO
donors,® subsequent studies showed that NO supple-
mentation ameliorates DSS colitis partly via the down-
regulation of endothelial intercellular adhesion molecule-1
and P-selectin, and of IL-12 and IFN-y mRNA expression
in colonic tissue.”® Furthermore, NO-releasing derivatives
of prednisolone have been found to increase survival rates,
improve macroscopic and histological scores, decrease
the mucosal content of Thl-type cytokines, and diminish
myeloperoxidase activity.”’

The perplexity of the experimental models used to
evaluate the effects of NOS inhibitors is well demonstrated by
studies on pre-, early or late treatment. Elegant time studies
by Laszlo et al., on the endotoxin-induced vascular damage
in the intestine, have shown that concurrent administration
of NOS inhibitors and endotoxin significantly increased
vascular albumin leakage and intestinal damage. In marked
contrast, the late administration of NOS inhibitors produced
a dose-dependent reduction in the lipopolysaccharide (LPS)-
provoked vascular albumin leakage.”® Similar results have
been reported by many investigators who used different
agents of variable selectivity for NOS isoforms to treat
experimental colitis. In these studies, pretreatment or early
administration of NOS inhibitors was found to exacerbate,
whereas delayed treatment (i.e. at the time of expression of
iNOS) was found to ameliorate, tissue injury.5%¢

These observations led some investigators to suggest
that early treatment with NOS inhibitors results in an
inhibition of the constitutive isoforms of NOS, i.e. eNOS
and nNOS, which play an essential role in mucosal home-
ostasis, and this may have deleterious effects on the host
response to injury and the host mucosal integrity following
challenge. Another possible explanation may be that iNOS
could also play a protective role in the early phase of acute
intestinal inflammation, whereas continuous overproduc-
tion of NO following the sustained up-regulation of iNOS,
in the settings of chronic intestinal inflammation, may be
detrimental. These suggestions may explain part of the
controversy observed in the aforementioned studies con-
cerning the questionable isoform-selectivity of agents used
to date.””%" Indeed, AG is only approximately fivefold
more selective for iNOS than for nNOS.* Both AG and
MEG have also been reported to exhibit other actions, such
as being radical and peroxynitrite scavengers.®!

Furthermore, most of the aforementioned models of
TNBS, AA or DSS colitis represent models of acute
mucosal injury that are very different from human IBD.%
On the contrary, more recently applied models, with
gradually or chronically developed colitis following the
administration of smaller doses and more prolonged, con-
tinuous application of DSS, may be more relevant to the
chronic inflammation observed in human IBD. Using such
a model of chronic DSS colitis, both Obermeier ez al.”® and
Krieglstein ef al.”® have shown that systemic adminis-
tration of AG or N-(3-(Aminomethyl)benzyl) acetamidine

(1400W), a highly selective inhibitor of iNOS,% reduced
colonic NO activity and attenuated colonic injury, whereas
the same treatment aggravated acute DSS colitis induced by
a single dose of DDS.%

In conclusion, studies of NOS inhibition in experimental
animal colitis performed during the last 10 years seem to
reach to a more or less definite assumption, that is that
selective inhibition of iNOS may reduce, to some extent, the
tissue damage observed following chronic up-regulation of
this isoform in the settings of chronic colitis. On the con-
trary, the early inhibition of NO production during acute
colitis produces equivocal results, indicating a protective
role of either constitutive or inducible isoforms in the set-
tings of an acute mucosal insult.

STUDIES ON GENETICALLY MODIFIED
ANIMALS

The substantial progress made in the field of gene-targeting
technology has turned the investigational interest to focus on
NOS knockout models in an attempt to further clarify the
role of the NOS isoforms in IBD (summarized in Table 2).
McCafferty et al. have consistently shown that acute
mucosal damage, which occurs early before iNOS
up-regulation, is aggravated in iNOS-deficient mice in a
TNBS-hapten colitis model, but observed no difference
from wild-type mice in the chronic phase of colitis.®” This
indicates that iNOS, expressed in small amounts in the
mucosa of untreated wild-type mice in that study, may offer
some protection in the early phase of the acute, non-specific
chemically induced colitis. However, epithelial cells did not
show iNOS expression in that study, which is a major dif-
ference from human IBD*? and other experimental colitis
models.® In marked contrast, in the study of Zingarelli

Table 2. Effect of nitric oxide synthase (NOS) gene deletion in
experimental colitis models

Gene
Model deletion  Effect to injury Reference
TNBS iNOS Reduces susceptibility 84
Acetic acid iNOS Exacerbates acute 85
inflammation
TNBS iNOS Increases susceptibility 86
to acute injury
TNBS iNOS No effect on chronic injury 86
IL-10 —/~) iNOS No effect 87
DSS iNOS Reduces susceptibility 88
DSS iNOS Reduces susceptibility 73
DSS iNOS Reduces susceptibility 89
DSS eNOS Increases susceptibility 90
DSS eNOS Reduces susceptibility 89
DSS nNOS Increases susceptibility 89
DSS nNOS & Reduces susceptibility 89
eNOS
TNBS eNOS Increases susceptibility 91
TNBS iNOS Increases susceptibility 91

DSS, dextran sulphate sodium; eNOS, endothelial nitric oxide synthase;
IL-10, interleukin-10; iNOS, inducible nitric oxide synthase; nNOS, neur-
onal nitric oxide synthase; TNBS, trinitrobenzene sulphonic acid.
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et al., genetic ablation of iNOS suppressed nitrosative and
oxidative damage and resulted in a significant resolution of
mice with TNBS colitis in comparison to controls.5*

Much more consistency is observed regarding studies on
models of chronic DSS colitis. Both Krieglstein e al.”* and
Hokari ef al.%® have reported that clinical, macroscopic and
microscopic DSS colitis was significantly attenuated in the
iNOS-deficient animals compared to controls, and that this
result was not affected by the housing conditions of the
mutant mice. Furthermore, Hokari et al. have shown that
infiltration with f7-positive lymphocytes and expression of
mucosal adressin cell adhesion molecule-1 expression were
significantly attenuated in iNOS™" animals compared to
wild-type animals.®®

Expression of iNOS has been suggested to play a
beneficial role in the recovery phase of tissue injury.””
Further supporting evidence comes from a study of iNOS-
deficient mice in the experimental acetic acid colitis setting.
In that study, a twofold increase in macroscopic damage
was observed during the progression of mucosal injury in
iNOS-deficient mice, whereas neutrophil infiltration and
tissue oedema were similar to those in wild-type animals.
The interesting finding was that at the time of resolution of
the acute inflammation in the wild-type mice, damage score
and myeloperoxidase levels were still elevated in iNOS-
deficient animals.®

There are substantial data to suggest that the process of
tissue healing and regeneration following damage is affected
by both eNOS and iNOS. L-Arginine, the substrate of NOS,
was first noted to enhance wound healing in 1978.°° In
gastric ulcers, both iNOS and eNOS are up-regulated on
days 3-6, i.e. at the initiation of ulcer healing.”* Ulcer
healing has been reported to accelerate with the adminis-
tration of NO donors, whereas it is retarded by treatment
with NO inhibitors.”>*® Studies in the eNOS- and iNOS-
deficient mice have shown that healing is impaired in both
models, and the administration of L-arginine does not
improve collagen deposition, whereas adenoviral replace-
ment of the deficient gene does.””*° This may be a result of
the fact that chemoattractant cytokines primarily involved
in tissue healing, such as IL-8 and transforming growth
factor-1 (TGF-f1), and collagen production by fibro-
blasts, are regulated by NO.'% 192 In models of arterial
injury, NO donors promote re-endothelialization, an effect
which may be related to the angiogenetic properties of NO
arising from the regulation of vascular endothelial growth
factor (VEGF) angiogenetic activity.'?*!%4

Initial studies have suggested that constitutive produc-
tion of NO is essential for the regulation of epithelial per-
meability.'%!%195 Vallance et al. has recently confirmed the
above observations in a model of TNBS colitis and has
highlighted the importance of constitutive NO production
for mucosal homeostasis. In his study, eNOS-deficient
animals exhibited increased susceptibility to TNBS-induced
injury, a reduction in the number of goblet cells, impaired
mucin production and increased bacterial translocation,
indicative of mucosal barrier dysfunction.”’ Constitutive
endothelial NOS has also been suggested to play a role
in leucocyte—endothelial interactions.?*>* However, two
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studies in the eNOS-deficient mice have reported contro-
versial results concerning the role of eNOS in DSS colitis
experimental settings. Sasaki ef al. reported increased dis-
ease activity and degree of leucocyte infiltration accom-
panied by higher levels of expression of the mucosal
addressin, MAdCAM-1, in eNOS™" mice compared to
wild-type mice.”® On the other hand, Beck er al. reported
that loss of either eNOS or iNOS was protective.®

In conclusion, it appears that NO production by either
eNOS or iNOS plays a beneficial role in the acute non-
specific colitis settings. However, in models of chronic
colitis in the settings of a dysregulated immune response,
where iNOS is persistently up-regulated, NO production
seems to play a detrimental role on mucosal integrity. The
role of constitutive and inducible NO production during
healing is currently under investigation, while the reliability
of existing models for the experimental evaluation of
healing processes is still questionable.

LIMITATIONS OF CURRENTLY AVAILABLE
MODELS

There is an obvious contradiction arising through the study
of findings which occurred during the past 10 years, or
extensive and reliable research on the issue of nitric oxide
in IBD. However, when trying to address these discrepan-
cies, it must be taken into account that studies differ in
species, strains, housing conditions, models and execution
(reviewed extensively by Grisham ef al.'% and Kubes
et al>®). Moreover, the end result of pharmacological
interventions in NO production during the course of colitis
depends strongly on the time-points of intervention, the
combination of pharmacological agents used, as well as the
bioavailability of these agents.

Another major concern in the interpretation of the
findings in iNOS- and eNOS-deficient mice is that gene
deletion is not confined to the mucosa of the genetically
modified animal and generally affects all cell units partici-
pating in tissue injury and repair. There is recent evidence
to suggest that cellular source strongly modulates the
beneficial versus the detrimental effect of NOS.'®” There-
fore, when choosing to therapeutically manipulate NO, one
has to consider not only the NOS isoform involved in the
functional response in question, but also the cell unit where
this modification takes place.

Finally, extrapolation of data from animal colitis models
to human IBD is questionable. The role of NO in the
pathophysiology of IBD has been mostly studied using the
traditional animal models based on chemical irritation,
such as the TNBS and DSS colitis models. The TNBS
model represents a Thl-like model of transmural inflam-
mation and has been more closely associated with human
Crohn'’s disease, whereas the DSS colitis model represents a
Th1/Th2-like model of superficial inflammation, resem-
bling UC, which has been more closely associated with
iNOS up-regulation.'®®!'% Although these models recapit-
ulate the events that lead to acute mucosal injury and can
be useful in investigating epithelial response to injury, they
do not adequately address those events that occur during
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the chronic phase of gut inflammation. For example, DSS
colitis can be generated in the absence of lymphocytes.''®
Furthermore, the fact that different initiating factors, such
as TNBS, DDS or acetic acid, give similar results, suggests
that the chemical colitis may be an unspecific, stereotype
response.'!! Therefore, these models may be useful for
studying events that occur at the time of inflammation and
repair, but they have significant limitations in facilitating
the understanding of events that initiate and maintain
inflammation in human IBD.”’ Spontaneous models, such
as the cotton-top tamarin colitis,'"! the C3H/HeJBir coli-
tis''? and the SAMP1/Yit ileitis,'"® seem more attractive
because, similarly to human disease, inflammation occurs
without any apparent exogenous manipulations.''* Future
studies on these model systems may facilitate our under-
standing of the complex pathogenetic role of NO in human
IBD.

CONCLUSIONS AND FUTURE PERSPECTIVES

NO overproduction via iNOS up-regulation by intestinal
epithelium has been consistently associated with IBD
(especially UC and its severe complications such as toxic
megacolon). However, the mechanism by which NO pro-
ceeds from being an indispensable homeostatic regulator to
a harmful destructor remains unknown. Extensive work on
experimental models of chemically induced colitis and NOS
isoform knockout animals has reached some more or less
definite conclusions, namely that some constitutive eNOS-
or nNOS-derived NO production is beneficial in settings of
acute mucosal injury, but chronic overproduction via sus-
tained overexpression of iNOS may be detrimental. How-
ever, the specificity of pharmacological agents used, to date,
to manipulate NO production is questionable and the
extrapolation of data from animal colitis models to human
IBD is problematic. It also has to be taken into consid-
eration that NO production does not only represent the up-
regulation of a single molecule but rather a family of species
that react differently in different environmental conditions.
Therefore, the observed discrepancies in the experimental
evaluation of the importance of NO in IBD may not reflect
the irrelevance of NO in the pathogenesis and evolution of
human IBD, but rather the difficulties that occur while
attempting to investigate the role of multieffector molecules
in complex and multivariable disease models.

Thus, we believe that further studies, especially in
experimental models of spontaneous colitis, which will
examine both reactive oxygen and nitrogen metabolite
pathways, may provide more definite information about the
role of NO in human IBD. Until then we can be sure of the
following — that NO overproduction in the settings of local
or systemic inflammatory responses has been selected to
occur because it provides the host with an overall survival
advantage.
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