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Enteric Neuropathy: NO, SNO in AGEs
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Abstract: Enteric neuropathy is emerging as a central theme in a range of digestive tract pathologies. Aberrant nitric ox-
ide (NO) signaling by cellular components of the enteric nervous system or by inappropriate processing of dietary nitrite
represents potential disease factors in delayed gastric emptying, diabetic gastroparesis, hypertrophic pyloric stenosis, and
in inflammatory barrier dysfunction of the gut. Exploiting the neuronal nitric oxide synthase (nNOS) system to generate
NO as a form of treatment is considered an option in these clinical disorders. Here we review the transcriptional regula-
tion of nNOS activity and its pathophysiological role in the digestive tract. We also highlight potentially novel therapeutic
strategies that exploit nNOS-derived S-nitrosothiols (SNO) and advanced glycation end products (AGEs).
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Nitric oxide (NO) is a unique molecule that serves many
diverse biological functions by acting as an important intra-
cellular second messenger and by providing intercellular
communication [1-3]. NO, and its more stable S-nitrosothiol
(SNO) intermediates [4], are also implicated in a number of
important pathological processes. NO is synthesized by a
family of P-450-like enzymes, known as nitric oxide syn-
thases (NOS). In their active form, NOS homodimers cata-
lyse the formation of NO and L-citrulline from L-arginine,
using O, and NADPH as co-substrates, and FMN, FAD,
heme and tetrahydrobiopterin as cofactors [1-3]. This NOS
activity originates from three different isoforms that are
products of distinct genes: neuronal (nNOS), endothelial
(eNOS), and inducible (iNOS) enzymes. nNOS is the pre-
dominant isoform for the generation of NO and SNO in sev-
eral tissues including the central nervous system (CNS),
skeletal muscle, kidney, testis, and the digestive tract [5, 6].
In these organs, nNOS generated-NO regulates tissue gene
expression, development, differentiation and regeneration.

Enteric nerves throughout the digestive tract express
abundant nNOS activity, where NO acts as a key atypical
neurotransmitter regulator of intestinal motility, vascular
tone, blood supply, mucosal secretion, permeability and in-
flammation [7]. This signaling pathway constitutes an impor-
tant mediator of the non-adrenergic, non-cholinergic inhibi-
tory innervation of intestinal smooth muscle, where it causes
relaxation of smooth muscle cells [8, 9]. One major physiol-
ogic target of NO in the gut is NO-sensitive guanylyl cy-
clase, which catalyses the conversion of GTP into cGMP.
This nucleotide mediates NO signaling through interaction
with c¢cGMP-dependent protein kinases, cGMP-regulated
phosphodiesterases and cGMP-regulated ion channels. NO is
also a neuropathologic agent, mediating excitotoxic cell
death and neuroinflammatory cell damage. Impairment of
nNOS and NO signals is important in the pathogenesis of
digestive tract diseases as is evident in mice with genetic
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deletions of nNOS and NO-sensitive guanylyl cyclase [10].
Significant interest is therefore focused on the possibility of
exploiting the nNOS system as a therapeutic tool to modu-
late NO signals in the digestive tract. However, this emerg-
ing concept of targeting nitrergic signaling is hampered by a
poor understanding of how nNOS is transcriptionally regu-
lated in the gut.

TRANSCRIPTIONAL REGULATION OF nNOS AC-
TIVITY

nNOS is classified as a complex gene in terms of its first
exon usage and alternative splicing [11-13]. It has been
shown that nNOS exons that are abundantly expressed in the
human digestive tract [14-16] are driven by separate promot-
ers, at least in HeLa cells. Use of multiple alternative pro-
moters permits cell-, tissue-, and site-specific transcriptional
regulation of nNOS under different physiological and patho-
physiological conditions. Although nNOS is constitutively
expressed in the gut, several studies have indicated that its
expression is also regulated by transcriptional control proc-
esses. However, not much is known about this specific tran-
scriptional regulation. The genomic organization of human
nNOS is known and contains several putative transcription
factor binding sites such as AP-1, Sp-1, NF«B, and half sites
of glucocorticoid response elements [16-18]. nNOS expres-
sion is often also associated with co-induction of transcrip-
tional factors such as c-Jun, which binds to the AP-1 site. In
addition, nNOS activity is regulated by estrogens via the
estrogen receptor (ER), and AP-1 transcription factors may
be involved in the up regulation of nNOS and ER by estro-
gen [19]. These data indicate the presence of multiple pro-
moters that facilitate differential transcriptional regulation of
nNOS.

The rabbit nNOS promoter has a high GC content, and
canonical TATA and CCAAT boxes are absent in proximal
regions upstream of the transcription start sites. Although the
absence of a TATA box does not necessarily affect transcrip-
tion rates, it can result in promiscuous initiation of transcrip-
tion by RNA polymerase II (Pol II), resulting in multiple
initiation sites. In several eukaryotic genes, it has been ob-
served that promoters lacking a TATA box are recognized by
Sp-1 [18, 20]. Because the minimal promoter of nNOS exon
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Ic is GC-rich, TATA-less, and Sp-1 regulated, it resembles
those for constitutively expressed genes, including eNOS
[21-23] where promoter regulation is not well understood. In
addition, it has been shown that GC-rich promoter regions
lacking a canonical TATA box bind Sp-1 molecules that
interact with multiple components of the transcriptional ma-
chinery [24, 25]. Therefore Sp-1 plays a critical role in the
assembly of the transcription initiation complex.

TRANSCRIPTIONAL REGULATION OF nNOS AC-
TIVITY IN THE DIGESTIVE TRACT

Several 5° mRNA splice variants of nNOS are expressed
in the digestive tract. These splice variants differ in the first
untranslated exon due to alternative promoter usage and
show specific expression at various sites in the digestive
tract. Three variants encode for nNOS,, and two others for
nNOSg and nNOS,. The nNOS, protein contains a specific
N-terminal PDZ domain, which is important for protein-
protein interactions involving nNOS and other regulatory
proteins [26-28]. For example, the PDZ domain interacts
with postsynaptic density protein PSD-95 that also binds to
glutamate NMDA receptors, thus allowing an efficient
stimulation of nNOS activity by calcium ions entering
through NMDA channels. Within the N-terminal region,
nNOS, also possesses a binding domain for nNOS protein
inhibitor (PIN) and nitric oxide synthase interacting protein
(NOSIP). By contrast, both nNOSg and nNOS, are N-
terminally truncated proteins and thus lack these protein-
protein interaction domains (Fig. 1). The catalytic activity of
nNOSg is approximately 80% of nNOS,, whereas nNOS, is
functionally inert [29]. Thus, nNOS, may function as a
dominant-negative nNOS variant in the digestive tract. Other
studies have also suggested that both nNOSy and nNOS,
protein variants are generated by translation of nNOSg
mRNA, indicating that post-transcriptional and post-
translational mechanisms regulate the expression of active
nNOS;g or inhibitory nNOS, from the same mRNA species.

A more recent report has demonstrated that nNOS splice
variants have a differential site-specific mRNA expression in
the human gastrointestinal tract [30]. All nNOS splice forms
were expressed in the human colon. However, the nNOSy
isoform was not detected in the stomach and small intestine
[30, 31]. Findings in nNOS, mutant mice support the view
that nNOS plays a functional role in the digestive tract [32,
33]. These animals display a disease phenotype that closely
resembles hypertrophic pyloric stenosis, with delayed gastric
emptying of solids and fluids. However, due to the continued
expression of alternative nNOSg and nNOS, splice variants
the disease pathology in other gastrointestinal regions is less
severe when compared with targeted deletion of NO-
sensitive guanylyl cyclase in mice [10]. These studies indi-
cate potentially different functional roles for nNOS splice
variants in the murine digestive tract.

To support this view, nNOS,, but not nNOSg appears to
regulate pyloric sphincter relaxation and gastric stasis with
delayed gastric emptying [32,33]. nNOS,, is the only isoform
possessing a PDZ/GLGF motif [31]. This motif is crucial for
functional nNOS dimerization and for other important pro-
tein-protein interactions, for example involving PSD-95 and
PSD-93 which co-ordinate nNOS, to NMDA receptor
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Fig. (1). Diagrams showing different isoforms of neuronal nNOS.
Schematic illustration of exon structure generated by alternative
splicing of the neuronal nitric oxide synthase (nNOS) gene, based
upon [14]. E denotes exon. (A) Three alternative transcripts (exon
la/exon 2, exon 1b/exon 2, and exon lc/exon 2) driven by separate
promoters and spliced to the common exon 2 are shown. Different
first exons are located in the 5' untranslated region of nNOS mRNA
and therefore encode for nNOSo a-c. Bottom: Exon structure of the
nNOSP and nNOSy transcripts (exon la/exon 3 and exon 1b/exon3)
lacking exon 2. Translational initiation codons (ATG, CTG) are
indicated by a vertical arrow. Untranslated first exons la, 1b, and
1c are spliced to a common second exon containing the AUG starter
methionine for initiation of translation. Exon deletion by splicing of
exon la to exon 3 results in the formation of nNOSP, with a loss of
the genuine translational initiation site located at exon 2, containing
a non-canonical initiation region within exon la (CTG), resulting in
an NH,-terminally truncated nNOSP protein. (B) Schematic presen-
tation of nNOS protein isoforms. nNOSa. contains a NH,-terminal
PDZ/GLGF-domain, a motif of ~100 amino acids, that can mediate
an association to other PDZ-containing proteins, whereas both
nNOSP and nNOSy lack this domain. H, consensus binding sites
for heme; CAM, for calmodulin; FMN, for flavin mononucleotide;
and FAD, for flavin adenine dinucleotide.

subunits. Differences in the NH,-terminal protein structure
are therefore likely to confer functional distinctions between
nNOS,, nNOSg, and nNOS, variants [33,34]. A recent report
has highlighted the functional importance of this PDZ do-
main interaction in regulating nNOS activity in the digestive
tract [35]. In this report reduced nNOS, dimerization, but not
total nNOS expression, significantly altered solid gastric
emptying and gastric antrum nitrergic relaxation in female
rats, resulting in gastroparesis. Since the dimerization do-
main in nNOS is located in the N-terminal region that is
lacking in nNOSy and nNOS, isoforms, it is logical to hy-
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pothesize that these different nNOS splice variants have dif-
ferential physiological roles. Therefore, it is of great clinical
interest to determine further the spatio-temporal expression
of nNOS variants in the digestive tract.

Diversity of nNOS mRNAs in different tissues and de-
velopmental stages is reported to be a major characteristic of
nNOS gene expression [30]. Several studies indicate such
tissue specific nNOS promoter-usage in the digestive tract.
All three variants are expressed in gastric fundus and antrum,
duodenum, proximal colon and rectum [29, 30, 36]. There is
also evidence for promiscuous nNOS expression in non-
neuronal cell types in the digestive tract. In the CNS, al-
though all parenchymal cells have the capacity to synthesize
NO, only neurons and astroglial cells express all the molecu-
lar components required for NO-cGMP-dependent protein
kinase signaling. Recent evidence implicates this pathway in
the regulation of important aspects of astroglial physiology-
calcium homeostasis, gene expression and survival-that are
relevant for neuronal function [37]. Although initially con-
troversial, there is now solid evidence that nNOS activity is
also present in astrocytes. The first indication of the expres-
sion of calcium-dependent NOS activity in astrocytes was
obtained using primary cultures from rat brain cortex. Cul-
tured enteric glial cells from rat myenteric plexus also appear
to express nNOS immunoreactivity in a similar fashion to
astrocytes and may therefore represent an alternative source
for nNOS-generated NO in the digestive tract (Fig. 2). We
have previously demonstrated that this NOS activity contrib-
utes to the synthesis of SNO by enteric glial cells, and that
this family of NO-derived signaling molecules plays an im-
portant role in regulating intestinal permeability and inflam-
mation [38]. Enteric glial cells may also represent an impor-
tant rate-limiting step in nNOS catalytic activity. Enteric glia
are the only cells within the enteric nervous system to ex-
press L-arginine and this is transferred directly to enteric
neurons [7]. Consequently, this represents a potentially im-
portant regulatory substrate requirement for nNOS activity,
and we have previously demonstrated that genetic ablation of
enteric glia in transgenic mouse models results in aberrant
nNOS expression and gut pathology [38-40]. These findings
argue for a complex regulation of nNOS gene expression by
cell- and region-specific transcriptional and post-trans-
lational control.

Fig. (2). nNOS expression in cultured rat enteric glial cells. Im-
munoreactivity for nNOS protein is shown in red and nuclei are
counterstained blue (magnification x400).
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nNOS ACTIVITY AND GUT PATHOLOGY

Intense effort is currently underway to define the patho-
physiological role for aberrant nNOS gene regulation in the
digestive tract. Although it is still not precisely clear how
nNOS dysfunction contributes to gut pathology, several re-
ports indicate that a reduction in nNOS activity may be re-
sponsible for motility disorders and other digestive tract dis-
eases [35, 41, 42] (Table 1). Impaired nNOS synthesis in the
myenteric plexus has been described as a potential disease
factor in the pathogenesis of several clinical conditions in-
cluding achalasia [43, 44] and diabetic gastroparesis [35, 36,
45]. Infantile hypertrophic pyloric stenosis is also associated
with decreased nNOS expression in the hypertrophied circu-
lar muscle sphincter [30]. A deficiency in nNOS innervation
may also contribute to the pathogenesis of aperistalsis of the
esophagus in patients with congenital esophageal stenosis.
Aberrant NO signaling is present in patients with functional
dyspepsia [46], although it is unclear whether this is due to a
reduction in NO release or nNOS expression in the gastric
myenteric plexus. Besides these effects on NO/nNOS, gas-
tric relaxation in diabetes is affected mainly by impaired
nNOS expression in the gastric myenteric plexus [47-49]. In
addition, during pregnancy delayed gastric emptying may in
part be due to abnormal NO activity [50]. A pathogenic role
has also been suggested in aging, with nNOS expression and
activity decreasing in the large intestine [51]. Thus, aberrant
nNOS activity is implicated in several important gut dis-
eases, notably in gastrointestinal dysmotility and diabetic
gastropathy [52, 53]. Huber ef al. have suggested that under
certain pathological conditions, this may be due to differ-
ences in transcriptional control, enzymatic activity, and sub-
cellular localization of nNOS splice variants [54]. Alterna-
tive splicing of nNOS should therefore be considered in
functional disorders of the digestive tract.

Table 1. nNOS Expression in Gastrointestinal Disease
nNOS | Species Disease Tissue Ref.
down rat Diabetes duodenum [9]
down human Achalasia esophageal [4]
down human Chagas disease large intestine [34]
up human Pseudo-obstruction small intestine [31]
down human Pyloric stenosis pylorus [6]
down human Functional Dyspepsia stomach [76]
down human | Hirschsprung’s disease colon [32]
down dog Iron deficiency gallbladder [75]
down rat Colitis colon [33]
down rat Vagotomy stomach [77]

S-NITROSOTHIOL SIGNALS IN GUT DISEASE

Another important and largely unexplored nNOS signal-
ing pathway in the digestive tract is conferred via the genera-
tion of S-nitrosothiols (SNOs). Under normal steady-state
conditions, these NO-derived SNO metabolite intermediates
provide cell signals that function largely independently of
NO-sensitive guanylyl cyclase [4,55,56]. However, at higher
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tissue concentrations SNO may also activate this signaling
pathway. S-nitrosylation reactions typically regulate specific
physiologic and pathophysiologic signaling cascades by di-
rectly modifying functionally important cysteine residues on
proteins. S-nitrosylation of protein thiols may occur as a re-
sult of S-nitrosylation by small molecular weight S-
nitrosothiols such as S-nitrosoglutahione (GSNO) or by ex-
posure of specific redox-active cysteine residues to NO.
Generally, specific protein thiols forming part of a consensus
motif are targeted by S-nitrosylation [4,55,56]. For example,
the ryanodine response calcium channel of skeletal muscle
has many reduced cysteines, yet only one (Cys3635) is selec-
tively S-nitrosylated to achieve calmodulin-dependent NO-
mediated modulation of channel activity. Excessive S-
nitrosylation of other thiol residues alters the bioactivity of
this channel. Further studies are needed to evaluate the
pathophysiological importance of nNOS-derived SNO sig-
nals in the digestive tract. However, as aberrant SNO signals
have already been implicated in CNS, respiratory and car-
diovascular disease [57,58], a precedent exists to examine
the role of SNO signals in gut pathology. Of particular rele-
vance to this review, SNO signals have been implicated in
the survival of neurons in the CNS [59]. In addition, a sub-
stantial quantity of SNO is generated in the stomach from
dietary nitrite that acts as a ‘prodrug’ in this tissue [60, 61].
Dietary sources of NO production, especially from foods
rich in heme-containing red meat, can constitute up to 20%
of total body NO production, and a significant quantity is
converted into stable SNO-intermediate signaling molecules
in the digestive tract. Since exogenous SNO is known to
augment Sp-1 regulated gene expression [20, 56], therapeu-
tically delivered SNO and/or by modulating dietary SNO
production may represent possible options to alter intestinal
nNOS activity.

GASTROINTESTINAL DYSMOTILITY AND DIA-
BETIC GASTROPATHY

Gastrointestinal smooth muscle cell activity is controlled
by contractile cholinergic and relaxant non-adrenergic non-
cholinergic (NANC) neurons in the myenteric plexus. Sev-
eral reports indicate an involvement of decreased or in-
creased NANC relaxation in the pathophysiology of func-
tional gastrointestinal motility disorders. Although nNOS-
generated NO is the primary inhibitory NANC neurotrans-
mitter, it is likely that several transmitter molecules function
in conjunction with this to provide NANC inhibitory signals
in regulating gut motility [62, 63]. An elegant experimental
example of the functional importance of NO signaling in gut
motility was demonstrated following genetic ablation of NO-
sensitive guanylyl cyclase in mice [10]. These transgenic
animals develop fatal gastrointestinal obstruction, and a sub-
group died following weaning due to a grossly enlarged and
dilated caecum. Weaning of these animals onto a fiber-free
diet circumvented mortality.

Other studies indicate a role for nNOS-derived NO in
inhibiting esophageal smooth muscle function [64], and a
loss of NO activity has been demonstrated in esophageal
dysmotility [65, 66]. A role for NO has also been demon-
strated in gastric emptying, slow-transit constipation, and
small bowel motility [67-69]. An early loss of inhibitory
enteric neurons in the pylorus and antrum correlates with
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delayed gastric emptying in patients receiving treatment. It
has also been shown that myenteric nNOS expression in the
intestine, unlike in the stomach, is not dependent on vagal
innervation. NO/nNOS have powerful effects on gastrointes-
tinal motility by controlling pyloric flow and mediate intesti-
nal feedback inhibition of gastric emptying. Inhibition of
nNOS is also reported to enhance antral contractions and
disrupt fed motor patterns in animals. Failure of NO inhibi-
tion to alter the postprandial pattern of the human duodenum
has been reported previously, and may relate to dosing, den-
sity of nNOS positive neurons in specific duodenal sites, or
site-specific splice variants of NOS.

Delayed gastric emptying, and early satiety is also a
common clinical condition in diabetic patients, especially in
women. Although the precise disease mechanisms are un-
clear, there is evidence indicating that impaired pyloric inhi-
bition contributes to gastropathy in diabetic mellitus. A criti-
cal role for NO in gastropyloris has been established, and
loss of pyloric nNOS is associated with gastric outflow ob-
struction. Using transgenic diabetic mouse models, delayed
gastric emptying correlates with loss of nNOS expression
[70, 71]. Treatment of these diabetic animals with insulin
reverses the abnormal physiology and restores pyloric nNOS
expression. In addition, use of sildenafil to augment NO-
signaling in these animals reversed the delayed gastric emp-
tying. This indicates that diabetic gastropathy in animal
models reflects a reversible down regulation of nNOS activ-
ity.

Even though diabetic intestinal dysfunction is relatively
common, this has received relatively little attention com-
pared with gastroparesis. The term diabetic enteropathy is
often used to explain disturbances in bowel function such as
chronic diarrhea, and occurs in 15% or more of diabetic pa-
tients [70, 71]. nNOS deficiency would be expected to slow
gastrointestinal transit, but paradoxically, this may also re-
sult in diarrhea because of secondary bacterial overgrowth
which is a known problem in diabetic patients. Diabetic
autonomic neuropathy can lead to diabetic gastropathy due
to an impairment of nitrergic neurons [70-72]. Decreased
nNOS expression is evident in the pylorus of diabetic ani-
mals and in patients [70, 71]. A recent study has also shown
that nitrergic neurons innervating the gastric pylorus of dia-
betic rats go through a two-phase degenerative process [72]:
firstly, the nNOS content is decreased in the axons, but not
in the cell bodies. This phase is reversible by insulin treat-
ment and is not associated with neurodegenerative changes.
In the second phase neurons undergo a degenerative process
and lose their nNOS content completely. This neurodegen-
erative process is selective for nitrergic neurons, is irreversi-
ble by insulin treatment and is caused by apoptotic cell death
in the ganglia. As NO-generated SNO plays an important
signaling role in preventing neuronal death in the CNS, it is
important to examine what role, if any, SNO plays in dia-
betic gastropathy. This is particularly relevant since gastric
tissues generate and store SNO from dietary nitrite [61, 62],
and this family of signaling molecule modulates neuronal
function and survival, mucosal fluid secretion and barrier
function [38]. Enhanced intestinal permeability is also evi-
dent in diabetic patients and may constitute another related
disease factor.
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Current treatments for diabetic gastropathy are based on
using drugs that increase stomach contractions. Because of
the findings that abnormalities in diabetic gastropathy are
primarily associated with NO-mediated nonadrenergic, non-
cholinergic (NANC) relaxation in the pylorus rather than the
contractile component of gastropyloric function, drugs that
enhance the effects of nNOS-derived NO would be more
effective by causing pyloric relaxation. An interesting thera-
peutic approach that is currently being testing is modulation
of nNOS activity using advanced glycation end products
(AGEs) [73]. This is a heterogeneous group of molecules
formed by non-enzymatic attachment of reducing sugars to
protein amino groups. Although some AGE formation occurs
under normal physiological conditions, this process is sig-
nificantly accelerated in uncontrolled diabetes due to the
abundant availability of glucose. Although glycation can by
itself lead to structural and functional changes in the target
protein, a more important consequence may be the ability of
the conjugate to activate the receptor for advanced glycation
end products (RAGE). Serum and tissue AGE levels (as well
as other potential ligands for RAGE) are elevated in diabetes
and have been linked to many other complications of diabe-
tes mellitus, including those affecting the blood vessels, kid-
neys, nerves and retina.

We have recently shown in experimental diabetes that
significantly increased levels of AGEs are detected in serum
and in the gastric pylorus [73]. Furthermore, in diabetic rats
significant protection of myenteric nNOS expression was
conferred by strategies aimed at counteracting AGE. Meas-
urement of intestinal function in these studies provided the
first reported evidence that AGE signaling is implicated in
the pathogenesis of enteric neuropathy. Activation of RAGE,
a multi-ligand member of the immunoglobulin superfamily,
triggers a broad spectrum of intracellular signaling pathways
that include the NF«B, JAk/stat, p21 ras, and MAP kinase
families. Until recently, little or no information was available
regarding the expression of this signaling system in the di-
gestive tract, although one previous autopsy study of patients
with amyloid polyneuropathy has demonstrated the presence
of both RAGE and AGE within myenteric ganglia [74].
These results indicate that countering the AGE-RAGE sig-
naling pathway may be a major target for diabetes-related
gut complications, especially in relation to aberrant nNOS
expression.

SUMMARY AND PERSPECTIVES

The pathogenic role for nNOS-derived NO in the diges-
tive tract remains an area of active investigation. Aberrant
nNOS expression is evident in a wide range of gut diseases
and dysregulation is likely mediated via altered promoter
usage, activation or suppression by disease-specific tran-
scription factors, and possibly by dietary nitrite generated
NO and SNO (Fig. 3). Characterization of such disease fac-
tors will provide a better understanding of molecular mecha-
nism(s) that may be therapeutically targeted in an attempt to
exploit the nNOS-derived NO system for disease prevention.
Novel perspectives that may be applied in the pursuit of
these endeavors include focusing efforts on SNO and AGEs
signaling pathways as these are largely unexplored in the
digestive tract.
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Fig. (3). Schematic summary of putative signaling pathways impli-
cated in the dysregulation of nNOS activity during gastrointestinal
disease. Question mark represents unknown signaling pathways that
influence nNOS activity.
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