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ABSTRACT

BackgrBackgrBackgrBackgrBackground:ound:ound:ound:ound:     Inhibition of     NF-κB activation has been suggested as an anti-
inflammatory treatment strategy in inflammatory bowel disease (IBD). However,
NF-κB regulated genes like inducible nitric oxide synthase (iNOS) are also involved
in cell survival mechanisms.

Methods:Methods:Methods:Methods:Methods: Review of the literature on NF-κB activation and iNOS induction in
IBD.

Results:Results:Results:Results:Results:     In patients with IBD the mucosal immune response is derailed. The
nuclear transcription factor NF-κB is a key regulator of the inducible expression of
many genes involved in immune and inflammatory responses in the gut. Various
stimuli like oxidative stress, cytokines (IL-1, IL-6, TNF-α), bacteria and viruses can
release NF-κB from its inactive cytoplasmatic form to the nucleus. Drugs like
corticosteroids, sulfasalazine, mesalazine and inhibitory cytokines (eg IL-10, IL-11)
can prevent the activation of NF-κB. New, more potent and selective treatment
strategies with anti-sense p65, proteasome inhibitors and viral IκBα expression
vectors aim at the prevention of NF-κB activation in mucosal macrophages and T
lymphocytes. However NF-κB regulated genes are also involved in survival respon-
ses of epithelial cells. For example inhibition of the NF-κB mediated induction of
iNOS in epithelial cells could block important anti-apoptotic and anti-microbial
survival mechanisms. Nitric Oxide (NO) may also serve in a negative feedback loop
to antagonize prolonged activation of NF-κB, thereby limiting chronic inflammation.

Conclusion:Conclusion:Conclusion:Conclusion:Conclusion: Luminal donation of nitric oxide could block NF-κB activation.
Selective inhibition of NF-κB activation in inflammatory cells could be a treatment
option in inflammatory bowel disease.

INTRODUCTION

Despite non-specific barriers like lysozyme, acid and mucus there is a constant
interaction between the content of the gut lumen, epithelial cells and the mucosal
immune system. The mucosal immune system continuously checks the lumenal con-
tent for potential pathogenic microorganisms. The presence of inflammatory cells in
small and large bowel biopsies from healthy subjects reflects this normal mucosal
immune response. Induction of tolerance will prevent activation of the mucosal
immune system against the normal gut content. In case of infection there is a quick
response of the innate immune system followed by an adaptive immune response
that will lead to resistance towards repeated infection. After antigen recognition
and immune activation the adaptive immune response will decline leaving a specific
memory behind. In chronic inflammatory bowel disease (IBD) there is a derailed
mucosal immune response leading to chronic non-specific inflammation of the gut
wall. The activation of mucosal macrophages and T cells plays a central role in the
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pathogenesis of IBD 1. The nuclear transcription factor NF-κB is a key regulator of
the inducible expression of many genes involved in immune and inflammatory res-
ponse in the gut 2;3. Many of the current drugs for treatment of IBD prevent NF-κB
activation but are not very specific. Several new treatment strategies are aimed at
the selective blockade of NF-κB activation in mucosal macrophages and T cells.
However NF-κB also regulates genes that protect cells against apoptotic cell death
from the evoked inflammatory response. Nitric Oxide (NO) derived from inducible
nitric oxide synthase (iNOS) and other inhibitors of apoptosis (e.g. cIAP1 & 2) are
NF-κB regulated genes involved in cell survival. Therefore, in case of selective bloc-
kade of NF-κB activation in T cells, epithelial cells should be protected against the
blockade of NF-κB mediated survival pathways. In this review we address the potential
of NF-κB blockade by NO donation as new treatment options in IBD.

NF-NF-NF-NF-NF-κκκκκB activation in the inflammatorB activation in the inflammatorB activation in the inflammatorB activation in the inflammatorB activation in the inflammatory ry ry ry ry responseesponseesponseesponseesponse
The nuclear factor κB was originally described as a heterodimeric complex of

two subunits (p65 and p50) able to bind a specific DNA sequence in the enhancer of
the immunoglobulin κ light gene 4. It is now known that NF-κB includes a family of
proteins (RelA=p65, RelB, C-Rel, p50, p52) which in the cytoplasm are bound to
inhibitors of κB (IκB-α, IκB-β, p105, p100, IκB-γ, IκB-ε, Bcl-3) 5. Upon stimulation,
IκB proteins are phosphorylated by IκB kinases (IKKs), polyubiquitinated and degraded
by the 26 S proteasome. Various stimuli like viruses, microbial products,
proinflammatory cytokines (TNF-α, IL-1, IL-6), T-and B-cell mitogens, physical and
chemical stress can release NF-κB proteins from the inactive cytoplasmatic com-
plex 2. Once released, dimers of the NF-κB family translocate to the nucleus and
bind to dimer specific consensus DNA sequences leading to activation of transcription
of cytokines, growth factors, adhesion molecules, cell surface receptors, acute phase
proteins and other transcription factors. Many NF-κB regulated genes are upregulated
in the inflamed mucosa of patients with IBD 6. An increased amount of NF-κB p65
was found in nuclear extracts from colonic biopsy samples in Crohn’s disease patients 7.
Electrophoretic mobility shift assays (EMSA) of nuclear extracts from lamina prop-
ria mononuclear cells showed increased NF-κB binding in both Crohn’s disease and
ulcerative colitis patients 7. Rogler et al 8 used a monoclonal antibody that detects
only the released subunit p65 of NF-κB. With this antibody activated NF-κB was
detected in macrophages and epithelial cells of the inflamed mucosa. It is known
that the anti-inflammatory properties of aspirin and salicylate are mediated in part
by their specific inhibition of IKK-β, thereby preventing NF-κB activation 9. Important
drugs in IBD therapy like mesalazine and glucocorticosteroids can also block the
NF-κB signalling pathway. Mesalazine prevents the IL-1 induced phosphorylation of
p65 10 and sulfsalazine can inhibit both IκB kinases α and β 11. Glucocorticoids keep
NF-κB in its inactive cytoplasmatic form by increasing the IκB mRNA and protein
expression 12;13. The anti-inflammatory cytokines IL-10 14 and IL-11 15 also inhibit NF-
κB activation. More selective inhibition of NF-κB activation has been proposed as a
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treatment option in IBD 3;6. Indeed systemic and local administration of anti-sense
p65 improved TNBS colitis in mice, colitis in IL-10 knockout mice and decreased the
production of IL-1, IL-6 and TNF-α in lamina propria macrophages from patients
with Crohn’s disease 16. Other approaches using proteasome inhibitors 17;18 and
adenoviral delivery of dominant negative IκB proteins 19;20 caused blockade of NF-
κB activation in vitro. Further development of selective NF-κB inhibitors may lead
to novel anti-inflammatory drugs as effective as glucocorticoids but without the
steroid side-effects .

NF-NF-NF-NF-NF-κκκκκB activation in the surB activation in the surB activation in the surB activation in the surB activation in the survival rvival rvival rvival rvival responseesponseesponseesponseesponse
In addition to the NF-κB mediated regulation of the host immune and inflamma-

tory response, NF-κB family members are also involved in cell growth and differentiation,
cell survival, and adaptive responses to changes in cellular redox balance 21. For
example, mice lacking the p65 subunit (RelA) die during embryonic development,
because of extensive apoptosis of liver cells 22. Aberrant regulation and chronic
stimulation of NF-κB activation has been associated with the pathogenesis of several
diseases including cancer 23. The intestinal barrier in the gut is composed of a rapidly
replaced monolayer of intestinal epithelial cells (IEC). As a defense against the potential
pathogenic gut content, IEC’s develop unique protective responses. In order to prevent
activation by the normal gut flora a relative resistance to NF-κB activation has been
suggested 24. Pathogenic organisms like Salmonella, Shigella, Listeria and Helicobacter
species can activate NF-κB in IEC 25. Other bacteria like Yerisina Enterocolitica contain
virulence factors capable to induce IEC apoptosis and inhibit NF-κB mediated TNF-α
secretion in macrophages 26. Apart from protection against bacterial invasion, IEC’s
can also protect themselves against oxidative stress generated by inflammatory cells
present in inflammatory bowel disease. Reactive oxygen intermediates like superoxide
radicals (O2

•-), hydrogen peroxide (H2O2) and hydroxyl radicals (OH•) can activate
NF-κB 21.This will lead to the induction of superoxide dismutase (SOD) a potent
anti-oxidative enzym 27. Since NF-κB is affected by oxidative stress, proteins like
thiodredoxin (TRX) keep NF-κB in the reduced state 28. Thus, NF-κB can act as a
redox sensor of the cell. In case of severe oxidative stress NF-κB is oxidized and
cannot activate anti-apoptotic survival pathways anymore 29. NF-κB activation leads
to resistance towards TNF-α induced apoptosis 30. On the one hand resistance to
apoptosis could lead to uncontrolled cell growth 31 on the other hand it is necessary
for the restoration of the epithelial cells barrier function 32.

NitrNitrNitrNitrNitric Oxide:ic Oxide:ic Oxide:ic Oxide:ic Oxide: a component of the NF- a component of the NF- a component of the NF- a component of the NF- a component of the NF-κκκκκB mediated surB mediated surB mediated surB mediated surB mediated survival rvival rvival rvival rvival response?esponse?esponse?esponse?esponse?
Inducible nitric oxide synthase is a NF-κB mediated enzyme capable of producing

large amounts (micromolar) of NO for a longer period of time. Although iNOS ex-
pression has been documented in inflammatory 33;34 and endothelial cells 35, epithelial
cells 33;34;36;37 seem to be the main cell type expressing iNOS in the inflamed gut of
patients with IBD. Because a combination of cytokines (IL-1, IFN-γ, TNF-α) and



105

N F - Κ B  A N D  N O  I N  I B D

endotoxin (LPS) are needed for the in vitro induction of iNOS in native colon cells
and in intestinal tumour cellines these cells are believed to be relatively resistant to
cytokine induced NF-κB activation 24. A decreased IKK activity and consequently
resistance to IκBα degradation is postulated as a protective response of IEC’s to
remain quiescent in the hostile colon environment 2. However enteroinvasive bacteria
like E. coli, Salmonella dublin or Shigella flexneri can directly induce iNOS expres-
sion 38 suggesting an important role of iNOS in the intestinal anti-bacterial res-
ponse. Early studies focused on the pathogenic role of NO in IBD. NO can react
with superoxide (O2

•-) anions yielding the toxic reactive nitrogen intermediate
peroxynitrite (OONO-) 39. In addition to its role as an oxidizing agent, peroxynitrite
can nitrosylate tyrosine yielding 3-nitrotyrosine residues in proteins. Evidence for
peroxynitrite mediated damage of epithelial cells in IBD was found in one 33 but not
in two other studies 34;36. Studies using inhibitors of NOS in experimental colitis,
showed little improvement 40;41; no improvement 42;43, or even aggravated 44 colitis.
The first report of experimental colitis in iNOS knockout mice showed delayed
healing and persistent inflammation in acetic-acid induced colitis 45. Studies with
trinitrobenzene sulphonic acid (TNBS) induced colitis in iNOS knockout mice showed
resistance to colitis in one 46, and increased inflammation in two other studies 47;48.
Also the dextran sulfate sodium (DSS) model of colitis in iNOS knockout mice
showed resistance to DSS in one 49 and aggravation of colitis in another study 50.
Furthermore, a chronic colitis which develops spontaneously in interleukin 10 (IL-10)
deficient mice, developed at the same rate and intensity in mice which were deficient
in both IL-10 and iNOS genes 47. Considering the absence of macroscopic ulcerations
in the presence of large amounts of NO in patients with microscopic colitis a
protective role of NO is suggested 51. Indeed, NO donating mesalazine had a beneficial
effect on TNBS induced colitis over and above that of mesalazine alone 52. The reduced
gastro-intestinal toxicity of NO donating non steroidal anti-inflammatory drugs
(NSAID) 53 and aspirin 54 are in agreement with a protective role of NO on intestinal
epithelial cells. The suggested mechanisms for the protective role of NO in colitis
include a direct antimicrobial effect 55, the scavenging of superoxide radicals, the
inhibition of leukocyte and platelet adhesion, maintainance of mucosal perfusion
and inhibition of apoptosis and NF-κB activation. The inhibitory effect of NO on
apoptosis and NF-κB activation may occur as a result of nitrosylation of redox sensitive
sites in the apoptotic effector enzyme caspase-3 56 and in the NF-κB signalling
pathways 57;58 respectively (Figure 1). Therefore high amounts of NO may serve in a
negative feedback loop to block prolonged activation of NF-κB thereby limiting
chronic inflammation.
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CONCLUSION

In inflammatory bowel disease NF-κB is activated in mucosal macrophages, T
cells and epithelial cells of the inflamed mucosa. Genes regulated by NF-κB are
involved in both     inflammatory and survival responses. Commonly used drugs in IBD
like mesalazine, sulfasalazine and glucocorticoids inhibit NF-κB activation. New
selective inhibitors like antisense p65, dominant negative IκBα proteins and proteasome
inhibitors are directed at components of the signal induction pathway of NF-κB. The
role of NO produced by iNOS in IBD is not clear, this to a large extent is due to the
lack of a true selective iNOS inhibitor. Nitric oxide produced by iNOS may act in a
negative feedback loop on NF-κB activation (Figure 1). Since NF-κB is also involved
in controlling cell growth and apoptosis one must be cautious with long term
inhibition of its activity. However transient NF-κB inhibition could offer novel
treatment options in IBD.....
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Figure 1. Effects of drugs and Nitric Oxide (NO) on NF-κB activation and apoptosis pathways.
(1) Sulfasalazine can inhibit both IκB kinase α & β. (2) Glucocorticoids increase IκB mRNA and protein
expression. (3) Mesalazine prevents phosphorylation of the NF-κB p65 subunit. (4) Anti-sense p65
inhibit p65 mRNA and protein expression. (5) Proteasome inhibitors prevents IκB degradation. (6) IκB
expression vectors deliver IκB protein. (7) Nitric Oxide can act in a negative feedback loop by oxidation
of NF-κB (NF-κB-SX) thereby preventing NF-κB binding to DNA and by inhibition of IκB phosphorylation.(8)
Nitric oxide also inhibits the apoptosis pathway by inhibiting caspase-3 activity. RIP: receptor interacting
protein, TRAF-2: TNF receptor associated factor, TRADD: TNF receptor 1-associated death domain,
FADD: Fas-associated death domain, NIK: NF-κB inducing kinase, IKK: IκB kinase.
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