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Abstract: Nitric oxide 1s one of the smallest molecules in natiwe. Many mammalian cells can synthesize nitric
oxide. It medulates immune function, blood vessel dilatation and neurotransmission. It 1s synthesized from
arginine in a two-step enzyme reaction by Nitric Oxide Synthase (NOS) via the formation of the intermediate
N-hydroxy-L-arginine. Over the last years numerous studies have been carried out and the important role of
Nitric Oxide (NO) as endogenous moedulator of munerous physiological functions has been shown. Still some
areas are 1l defined and lacking studies related to the exact role of such intrigmng molecule. Gastrointestinal
tract is one of the areas where the role of nitric oxide is scarcely studied and results are controversial. Tn the
gastrointestinal tract (GIT) NO participates in the modulation of the smooth musculature tone, such as the
regulation of mtestinal peristalsis, gastric emptying and antral motor activity. It also regulates acid and gastric
mucus secretion, alkaline production and 1s involved in the maintenance of mucosal bloed flow. In
physiological conditions, NO acts as an endogenous mediator modulating both, the repairing and integrity of
the tissues and demonstrate gastroprotective properties against different types of aggressive agents. However,
high concentrations of NO are related to numerous pathological processes of GIT. This review article brief out
the findings of the studies demonstrating role of NO 1 various physiological and pathological conditions of

gastrointestinal tract.
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INTRODUCTION

Nitric oxide is generated in tissues from arginine by
Nitric Oxide Synthase (NOS). Nitric oxide synthase
enzyme exists in three isoforms encoded by distinet
genes. Neuronal (nNOS or Type 1) and endothelial (eNOS
or Type 3) are constitutive, calcium dependent and
present in the neural tissue and in the wvascular
endothelium, respectively. Inducible NOS (INOS or
Type 2) is Ca™-independent and is induced by bacterial
endotoxins and cytokines in macrophages, endothelium,
smooth muscle, lLver, fibroblast and neutrophils.
Constitutive NOS (cNOS) 18 respensible for production of
NO in physiological context. In contrast, inducible NOS
(AINOS) produce NO in pathophysiological circumstances.
NO 1s implicated in mechanisms maintaimng the integrity
of the gastric epithelium. Activity of nNOS and eNOS
produces low levels of NO for a short period of time. iINOS
when induced provides a continuous supply of high
levels of NO. Nitric oxide i1s uncharged and it diffuses
freely across cell membranes. In biological systems its
half-life is less than 30 sec. NO is less reactive than many
free radicals and it cannot react with itself. NO mediates
its effects as a physiological messenger via production of

¢GMP by activating guanylate cyclase. Interactions of NO
with thiol groups may also provide a mechanism whereby
NO can be transported to the target cell. Nitrosylation of
thiol proteins may also be mvolved in remodeling of axon
terminals. Under conditions of oxidative stress, e.g., when
high levels of NO are synthesized by iINOS and
intracellular levels of superoxides are high, the
intracellular thiol pool is depleted. NO can react with
superoxide (O, ) to produce peroxynitrite (ONOO™) and
subsequently the hydroxyl radical, which are more toxic
than NO itself (Bult et al, 1990, Moncada and Higgs,
1993, 1995).

Neuronal NOS (nNOS) 18 a predominant isoform of
NOS in the enteric nervous system besides the other
constitutive and calcium dependent endothelial NOS and
the mnducible calcium independent INOS. Nitric oxide.
The molecule of the millenmum, is an important
non-adrenergic non-cholinergic double-edged
neurotransmitter having protective as well as cytotoxic
effect. The protective effect relates with its retrograde
influence over the release of stmulating neurotransmitter
and thereby regulates the neural transduction. The
derogatory effect of NO relates with its ability to generate
cytotoxic free radicals (Bult et al., 1990, Meulemans and
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Schuurkes, 1993; Moncada and Higgs, 1993; Sugita et al.,
2003). The fundamental question regarding the exact roles
of NO in various biological events has not been well
defined. This 1s especially true in the gastrointestinal (GI)
tract. Tt was reported to protect against GI mucosal
damage and promote ulcer healing; on the other hand, NO
promotes or even imtiates inflammatory responses when
combined with other reactive oxygen species throughout
the GI tract. This article reviews the differential actions of
NO on various biological disciplines concerning the
defensive and the detnimental effects of NO on the
gastrointestinal tract.

The digestive system 1s one of the major sources of
nitric oxide. Gastrointestinal functions are regulated by
autonomic (extrinsic) and enteric (intrinsic) nerves and
local hormones. Nitric oxide plays a critical role in several
of major physiologic processes of gastrointestinal tract
like motility, secretion, digestion, absorption and
elimination ( Stark and Szurszewski, 1992). In addition nitric
oxide takes part in the control of pancreatic secretion and
liver functions.

SOURCES OF NITRIC OXIDE IN
GASTROINTESTINAL TRACT

Nitric oxide 1s produced m the gastrointestinal tract
either by enzymatic, non-enzymatic or by bacterial
production mechanisms. The constitutively expressed and
inducible isoform are responsible for the enzymatic
production of NO. There are several NOS-mdependent
mechamisms of NO formation. For example, xanthine
oxidoreductase is an enzyme that under hypoxic
conditions can produce NO by reduction of nitrate (NO,™)
and nitrite (NO, 7). Nitric oxide can also be formed from
dietary nitrate which in the oral cavity is reduced by
bacterial reductases to nitrite (Duncan et al, 1995)
vielding NO gas after acidification in the gastric lumen
(McKmght et al., 1997). Nitric oxide production from the
reaction of hydrogen peroxide with arginine is another
example of non-enzymatic NO production (Nagase et al.,
1997). Anaerobic bacteria in the colon produces NO using
nitrite and nitrate as substrates (Brittain et al., 1992,
Goretski et al., 1990).

NITRIC OXIDE IN GUT MOTILITY

Motility of the GI tract i1s directly controlled by
enteric inhibitory and excitatory motor newons that
innervate the smooth muscle layers. Distension of the gut
by a foed bolus 1s detected by local enteric afferent
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neurons. About 50% of the nerves in the enteric nervous
system contain nNOS. These nerves are located in the
myenteric plexus and muscle fibers. Bult and colleagues
were the first to demonstrate that NO 1s the most
important non-adrenergic, non-cholinergic inhibitory
neurotransmitter in the gut (Bult ef al., 1990). Intubitory
motor neurons mediate receptive and accommodative
relaxations and control the opening of sphincters. Tt has
been shown that nNOS deficient mice mcreased lower
oesophageal sphincter relaxations and gastroparesis
(Mashimo and Goyal, 1999). Diabetic patients often exiubit
GI dysfunctions which continue even after antidiabetic
drug therapy. It has been shown that L-arginine, a nitric
oxide substrate, mhibited haemoglobin glycation and
oxidative stress generation in gastrointestinal tissues
(Kochar and Umathe, 2009).
nonadrenergic mechanisms

in chronic diabetes
Non-cholinergic neural
involving nerves contaimng NO have been shown to
modulate smooth muscle in the gastromntestinal tract and
suggested that release from tonic NO inhibition may be
important m the regulation of cyclical fasting small
intestinal motility. Russo et al have shown that NO
mechamsms play a role in the regulation of fasting small

intestinal motor activity in humans (Russo et al., 1999).
NITRIC OXIDE IN SECRETION AND ABSORPTION

In the gut lumen, NO has a half-life of less than 6 sec
and is rapidly converted into nitrite and nitrate in the
presence of oxygen and water. It 15 hughly diffusible in
water, lipids and air and 1t freely traverses cell membranes
and passes into adjacent target cells. NO is involved in
the intestinal water transport by acting directly on the
epithelium and bleod flow or indirectly by stimulating
neurcnal reflexes and releases of, or interactions, with
other agents. For example, NO activates soluble guanylate
cyclase and this result in ¢cGMP generation, a potent
activator of mtestinal secretion (Brasitus et al., 1976).
Nitric oxide donors, such as sodium nitroprusside,
S-nitroso- N-acetylpernicillamine and 1sosorbide dinitrate,
stimulated mucus secretion from a suspension of isolated
gastric cells (Brown et al., 1992). Dibutyryl cyclic GMP
and the cyclic GMP phosphodiesterase inhibitor M and B
22948 also increased the mucus release. These findings,
together with the presence of NOS m the gastric mucus
cells (Brown et al., 1993), suggest a role for NO in
mediating gastric mucus release. On the basis of studies
on chloride secretion and changes in short-circuit current
in the isolated rat distal colon, King et al. (2004)
suggested that NO 1s a secretomotor neurotransmitter in
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response to serotonin. Expression of nNOS in parietal
cells suggests a participation of endogenous NO in
the regulation of gastric acid secretion (Premaratne et al.,
2001). Tsuchiya et @l (2002) have shown that centrally
injected NO donors stimulate gastric acid secretion
m both conscious and anesthetized rats through
vagus activation. On the other hand, Berg et al. (2004)
have demonstrated that NO inhibits gastric acid
secretion in 1solated human gastric glands and that
there endogenous formation of NO within the
glandular epithelium
cells. NO can
polypeptide-an

is
m the vicimty of the parietal
also induce vasoactive
mportant  newurotransmitter, n
(Allescher et . 1996).
Furthermore, NO causes an increase of prostaglandin

intestinal

secretomotor neurons al.
E, production, a known secretory molecule (Wilson et al.,
1996). Apart from indirect effects on secretory molecules,
NO may also exert direct secretory effects by opemng
of chloride channels (Tamai and Gaginella, 1993). It 1s
one of the mediators of the intestinal secretion and
laxative-nduced diarthea induced by castor oil
(Mascolo et al., 1993), magnesium sulfate (Izzo et al,
1994) and anthraquinone contaimng laxatives such as
senna and cascara (Izzo et al., 1997), as well as the
diphenylmethanes:  phenolphthalein  and  bisacodyl
(Gagiella et al., 1994). Bile acid infusion in the left
colon induces NO generation suggesting that NO
salt

(Casellas et al., 1996). Patients with collagenous or

15 also mvolved i bile induced  diarthea
lymphocytic colitis produce watery diarthea in the
absence of epithelial cell damage. High levels of NO gas
in the gut lumen of these patients suggest a role of
NO in inflammation-induced  diarrhea (Lundberg et al.,
1997). Topical administration of the NOS inhibitor
N-monomethyl-L-arginine reduced fluud secretion in
patients with collagenous colitis (Perner et al., 2001).
In contrast NO can also reduce fluid secretion
(Quu et al, 1996) and cholera toxin-induced diarthoea
(Beubler and Schirgi-Degen, 1997). Early studies with NOS
mhibitors showed that NO promote absorption under
basal conditions. Interestingly, the secretory effect of the
NOS inhubitor L-NAME could be reversed by loperamide
a known antidiarthoeal opiod. The mechanisms of the
proabsarptive actions of NO are not fully understood but
may involve the opeming of basolaterally located
potassium channels in enterocytes (Izzo efal, 1998).
In summary 1t seems that NO can act both as a
secretagogue and an absorbagogue depending on the
concentrations, local circumstances and on the site of
delivery.
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NOININTESTINAL INFLAMMATION,
CARCINOGENESIS AND APOPTOTIC PROCESSES

Nitric oxide 1s important in maintaimng mucosal
integrity of GI tract by several mechanisms. Many
researchers have shown that NO synthesized via cNOS
plays a pivotal role in protecting the GI mucosa from a
variety of noxious stimuli through maintenance of
mucosal perfusion (Elliott and Wallace, 1998; Salzman
1995). Endogenous NO responsible for the regulation of
the vascular tone 1s derived from nitrergic nerves and
vascular endothelial cells. The NO synthase inhibitors
decreased gastromtestinal mucosal blood flow and
increased vascular resistance, despite an increase in
systemic  blood  pressure in anesthetized rats
(Pawlik et al., 1995), cats (Macedo and Lautt, 1997) and
in awake rats (Greenblatt et o, 1993). In rats with
stress-induced gastric mmjury, pretreatment with NO
donors resulted in reduction of gastric lesions, increase in
gastric blood flow and increase in superoxide dismutase
activity, suggesting that suppression of reactive oxygen
species plays an important role in the action of NO donors
(Kwiecien et al., 2002). The NO donor molsidomine,
known to increase the expression of superoxide
dismutase (DeMeyer et al, 2003), also prevented the
1schemia/reperfusion myury of the rat small intestine
(Oztwk et al, 2003). A continuous supply of blood to the
gastrointestinal mucosa 18 vital durmg periods of
imwy. Nitric oxide has been suggested to have
cytoprotective effects, mainly via the regulation of
mucosal bleod flow, in endotoxin and ethanol-induced
intestinal injwy (Baraona et al., 2002; Sugita et al,,
2003) and the gastroprotective effects of somatostatin
(Ancha etal., 2003), adrenomedullin (Salomone et o,
2003), thyrotropin-releasing hormone analog
(Kiraly et al., 1993) and cholecytokinin (West et al., 2002)
are partly mediated by the endogenous release of NO.
Nitric oxide from ¢NOS plays a critical role i modulating
the defensive mechanisms in the GI tract which was
reported to be largely due to its anti-inflammatory
action and improvement of the integrity of the mucosa.
Nitric oxide has been shown to mhibit the adhesion
molecule on neutrophils and the expression of P-selectin
on the vascular endothelium (Bamck et al, 1997
Davenpeck et al., 1994). This would greatly improve the
inflammatory response in tissues. NO was also reported
to down regulate the release of some inflammatory
mediators from mast cells (Hogaboam et al., 1993
Mashini et al., 1991; Salvemini et al., 1990). Likewise, NO
could also modulate the actions of macrophage-derived
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cytokines on mucosal cells, which improved the side
effects on the GI tract (Fiorucei et al., 1999). Endogenous
NO on the healing process of gastric ulcers has been
mvestigated extensively by the use of L-argimne, a
substrate for NOS and Ng-monomethyl-L-arginine,
inhibiter of NOS (Brzozowski et al., 1997,
Konturek et af., 1993). Cigarette smoke exposure delayed
ulcer healing and decreased gastric blood flow and

darn

angilogenesis at the ulcer margin. These changes were
accompamed by a significant reduction of cNOS activity
but not prostaglandin E, and vascular endothelial growth
factor levels (Ma et al., 1999). In contrast, heparin, an
anti-coagulant, was reported to increase mucosal
regeneratiory, proliferation and angiogenesis, which are
likely to be stimulated by growth factors as well as
cNOS activity (L1 et @l., 1999, 2000). NO also implicates
in mechanisms maintaining the integrity of the
gastric epithelium by regulating mucosal blood flow
(Whittle et af., 1990, 1994). NO can directly affect mucus
secretion by activating soluble guanylate cyclase and
raising intracellular cyclic GMP. Indeed NO donors
stimulate mucus secretion by intact rat stomach and
1solated mucosal cells (Brown et al., 1993). Endogenous
NO also contributes to the inhibition of gastric acid
secretion (Esplugues et al., 1994). Tt was noted that prior
treatment with inhibitors of NOS abolished the reactive
response to topical mild irritants and greatly increased the
susceptibility of stomach damage (Lippe and Holzer,
1992).

These findings spurred the development of adding
NO donating groups to known ulcerogenic non-steroidal
anti-inflammatory drugs. Delayed ulcer healing was also
found in iNOS knockout mice with acetic-acid induced
colitis (McCafferty et al., 1997). Studies with cutaneous
wounds demonstrated that NO enhances collagen
production by fibroblasts (Schaffer et al, 1997).
Angiogenesis is important in both wound repair and
carcinogenesis. Nitric oxide derived from eNOS expressed
in mammary tumor cells promoted tumor growth and
metastasis by stimulation of tumor cell migration,
invasiveness and angiogenesis (Jadeski et al., 2000).
However, in another study with colon carcinoma cells the
presence of NOS mversely correlated with their metastatic
potential (Radomski et al., 1991). Selective inhibition of
INOS showed a reduced development of aberrant
crypt foci indicating that specific iNOS inhibition
could be a chemopreventive strategy for colon cancer
(Rao et al., 1999). Early studies concerning the role of NO
in carcinogenesis were focused on its potential to
nitrosate (addition of NO®) amines, including those in
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DNA, forming nitrosamines. Nitrosamines can lead to
direct mutations or to the generation of carcinogens
(Moncada and Higgs, 1995). NO may also potentiate DNA
damage by inlubiton of DNA repair mechanisms
(Taiswal et al., 2001).

Thus, NO functions as double edged sword which
depending on its local concentration, either protects cells
against apoptosis, or on the contrary, induces apoptosis.
Low concentrations protect B lymphocytes against
viral infections, whereas high concentrations induce
apoptosis in macrophages, hepatocytes, glial cells,
newrons and other cells of the immune system. NO
promotes apoptosis 1 macrophages, CD4+/CD8+
thymocytes, condriocytes and pancreatic B cells
(Albina et al., 1997, Clancy et al., 1997). Caspases can be
activated by the release of cytochrome C and possibly
by other factors diffusing from the mitochondrial
intermembrane space into the cytoplasm (Kluck et af.,
1997, Kroemer et al., 1997). Some antiapoptotic proteins
like Bel-2 and Bcl-x1 hinder this release, whereas it
can be activated by proapoptotic Bax proteins
(Turgensmeier et al., 1998). NO plays a dual role in the
regulation of the process. On one hand, it allows the
formation of ONNO by reacting with superoxide
anions and it triggers the increase in the membrane
permeability and also m the calcium concentration,
stimulating apoptosis by means of these mechamsms
(Hortelano et al., 1997, Packer et al, 1997). On the
other hand, NO activates Bcl-2/Belx] resulting in the
inhubition of the Bax/Bak pathway and thereby blocking
the caspases (Hortelano et al, 1997,
Turgensmeier et al., 1998; Levine, 1997). Cytochrome C
intervenes in the cellular destruction, but it also promotes

cascade

the release of some anti-apoptotic substances which
block the caspases (Grossmann et al, 1998). Another
mechanism by which NO prevents the apoptotic process
is by modulating transcriptional factors AP-1, NF-kB and
extra cellular signals similar to TNF (Clem et al., 1998,
Hsu et al., 1997). Thus, NO may act as a bifunctional
regulator of apoptosis with inhibition of apoptosis in case
of oxidative stress as present in mucosal injury and
induction of apoptosis in carcinogenesis.

NO IN GI DISEASES

Impaired NO release is observed in diseases with
non-relaxing sphincters or bowel segments like achalasia
(Mearin et al, 1993), infantile hypertrophic pyloric
stenosis (Vanderwinden et al., 1992) and Hirschprung’s
disease (Larsson et al., 1995). nNOS gene therapy may
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perhaps in the future become a new treatment options.
Topical
patients

NO donors have already been used m

undergoing endoscopic retrograde
cholangiopancreaticography  to relax the sphincter of
0ddi and inhibit ducdenal motility (Slivka et of., 1994).
Isosorbide dinitrate (ISDIN) ointment 1s locally applied to
relax the anal sphincter in order to heal anal fissures
(Schouten et al., 1996). Furthermore, ISDN tablets are
oesophageal spasms (Parker

MacKinnon, 1981). Transient LES relaxation is important

used to treat and
in gastroesophageal reflux disease. Intravenous mnfusion
of the NOS inhibitor N-monomethyl-L-arginine in healthy
volunteers caused a decrease in the gastric distension-
triggered TLESR’s and an increase in oesophageal
peristaltic amplitude and velocity. This indicates that
mhibition of NO might be of benefit for patients with
gastroesophageal reflux disease (Hirsch et al., 1998). The
contractile activity of the gut has an intriguing patterr,
which 1s known as the migrating motor complex. Several
have shown that inhibitors of NOS initiate
premature phase III contractions whereas NO donors
disrupt the migrating motor complex (Russo et al., 1999;
Stark and Szurszewski, 1992; Wink et al., 1997). Therefore,
selective inhibition of nitric oxide synthase could be a
treatment option in patients with bacterial overgrowth due

studies

to an impawred phase III activity. Also a toxic megacolon
in patients with ulcerative colitis is probably to a certain
extent caused by overproduction of NO by iNOS m the
colonic smooth muscles. Selective iINOS inhibition could
be a treatment strategy in this life threateming condition
(Mourelle et al, 1993). It has been shown that
gastrointestinal dysfunction in diabetic rats relates with
a decline in tissue L-arginine content and consequent low
levels of nitric oxide. Daily supplementation of L-arginine
(100 mg kg', p.o.) for eight weeks to diabetic and NOS
inhibitor treated non-diabetic group was found to restore
the gastric emptying and intestinal transit and improved
the levels of NO in GI tissues. The findings indicate that
diabetes-induced L-arginine deficiency and consequent
low levels of NO mn GI tissues could be possible cause for
the GI dysfunction and L-arginine supplementation can
prevent the same (Umathe et al., 2009). Several motility
disorders like chronic mtestinal pseudo-obstruction and
even constipation might relate to the enteric NO system,
thereby

options.

suggesting new pharmacological treatment

It 18 clear that m gastromtestinal tract nanomolar
amounts of NO produced by calcium dependent nNOS
and eNOS has a physiological role while absence of NO
results in an increased susceptibility of the GI tract to
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injury. The lack of GT side effects, together with the
potential for an increase therapeutic benefit, due to its
additional pharmacological activities, thereby significantly
improving the risk/benefit ratio, open the possibility for a
wide range of application for those promising compounds,
that should be explored in depth. Thus, findings related
to the mitrergic immervations may provide us a new way
of understanding GI  tract  physiology
pathophysiology.

and

REFERENCES

Albma, I E., S. Cui, R.B. Mateo and I.S. Reichner, 1997.
Nitric oxide-Mediated apoptosis n murine peritoneal
macrophages. J. Immunol., 150: 5080-5085.

Allescher, H.D., M. Kurjak, A. Huber, P. Trudrung and
V. Schusdziarra, 1996. Regulation of VIP release from
rat enteric nerve terminals: Evidence for a stimulatory
effect of NO. Am. J. Physiol., 271: 568-574.

Ancha, H.,, H. Ojeas, D. Tedesco, A. Ward and R.F. Harty,
2003. Somatostatin-induced  gastric  protection
against ethanol: Involvement of nitric oxide and
effects on gastric mucosal blood flow. Regul. Pept.,
110: 107-113.

Banick, P.D., Q.P. Chen, Y.A. Xuand S.R. Thom, 1997.
Nitric oxide mtubits neutrophul 42 integrin function
by mhibiting membrane associated cyclic GMP
synthesis. J. Cell Physiol., 172: 12-24.

Baraona, E., L. Shoichet, K. Navder and C.S. Lieber, 2002.
Mediation by nitric oxide of the stimulatory effects of
ethanol on bloed flow. Life Sci., 70; 2987-2995.

Berg, A., 3. Redeen, A.C. Ericsonand S.E. Sjostrand, 2004,
Nitric oxide-an endogenous inhibitor of gastric acid
secretion in 1solated human gastric glands. BMC.
Gastroenterol., 4: 16-20.

Beubler, E. and A. Schirgi-Degen, 1997. Nitric oxide
counteracts  S-hydroxytryptamine- and cholera
toxin-induced fluid secretion and enhances the effect
of oral rehydration solution. Eur. J. Pharmacol.,
326: 223-228.

Brasitus, T.A., M. Field and D.V. Kimberg, 1976. Intestinal
mucosal cyclic GMP: Regulation and relation to 10n
transport. Am. J. Physiol., 231: 275-282.

Brttainn, T., R. Blackmore, C. Greenwood and
A.J. Thomson, 1992. Bacterial nitrite-reducing
enzymes. Bur. J. Biochem., 209: 793-802.

Brown, I.F., B.L.. Tepperman, P.J. Hanson, B.J. Whittle and
S. Moncada, 1992, Differential distribution of nitric
oxide synthase between cell fractions isolated from
the rat gastric mucosa. Biochem. Biophy. Res.
Commun., 184: 680-685.



Int. J. Pharmacol., 7 (1): 31-39, 2011

Brown, J.F., A.C. Keates, P.J. Hanson and B.J. Whittle,
1993, Nitric oxide generators and c¢GMP stimulate
mucus secretion by rat gastric mucosal cells. Am.
I. Physiol., 265: 418-422.

Brzozowski, T. SJ  Konturek, Z. Shwowski,
D. Drozdowicz, M. Zaczek and D. Kedra, 1997. Role of
L-arginine, a substrate for nitric oxide-synthase, in
gastroprotection and ulcer healing. J. Gastroenterol.,
32: 442-452,

Bult, H, G.E. Boeckxstaens, P.A. Pelckmans,
F.H. Jordeans, Y.M. van Maercke and A.G. Herman,
1990. Nitric oxide as an inhibitory non-adrenergic
non-cholinergic newrotransmitter. Nature,
345: 346-347.

Casellas, F., M. Mowrelle, M. Papo, F. Guarner,
M. Antolin, I.R. Ammengol and J.R. Malagelada, 1996.
Bile acid induced colomc imitation stimulates
intracolonic nitric oxide release in humans. Gut,
38 719-723.

Clancy, R., S.B. Abramson, C. Kohne and J.J. Rediske,
1997. Activation of stress-activated protein kinase in
osteoarthritic cartilage: Evidence for nitric oxide
dependence. Cell Physiol.,, 172: 183-188.

Clem, R.J., EH. Cheng, CL. Karp, D.G. Kirsch and
K. Ueno et al., 1998. Modulation of cell death by
Bel-XL through caspase mteraction. Proe. Natl. Acad.
Sci. USA., 95: 554-559.

Davenpeck, K.I.., T.'W. Gauthier and A K. Lefer, 1994.
Inhibition of endothelial derived mnitric oxide
promotes P-selectin expression and actions in the rat
microcirculation. Gastroenterology, 107: 1050-1058.

De Meyer, GR.,, MM. Kockx, MW. Knaapen,
W. Martinet, DM. De Cleen, H Bult and
A G Herman, 2003. Nitric oxide donor molsidomine
favors features of atherosclerotic plaque stability
during cholesterol lowering in rabbits. J. Cardiovasc.
Pharmacol., 41: 970-978.

Duncan, C., H Dougall, P. Johnston, S. Green and
R. Brogan et al., 1995. Chemical generation of nitric
oxide in the mouth from the enterosalivary circulation
of dietary mtrate. Nat. Med., 1: 546-551.

Elliott, SN. and J1. Wallace, 1998. Nitric oxide:
A regulator of mucosal defense and injury.
J. Gastroenterol., 33: 792-803.

Esplugues, I.V., M.A. Martinez-Cuesta, B.D. Barrachina,
S. Calatayud and B.J. Whittle, 1994. Tnvolvement of
endogenous mnitric oxide in the mhibition by
endotoxin and interleukin-1 beta of gastric acid
secretion. J. Gastroenterol. Hepatol., 9. 45-49.

Fiorucey, S., E. Antenelli, L. Santucci, O. Morelli and
M. Miglietti et al., 1999. Gastrointestinal safety of
nitric oxide-derived aspirin is related to inhibition of
[CE-like cysteine protease m rat. Gastroenterology,
116: 1089-1106.

36

Gaginella, T.5., N. Mascolo, A.A. Tzzo, G. Autore and
F. Capasso, 1994, Nitric oxide as a mediator of
bisacodyl and phenclphthalein laxative action:
Induction of nitric oxide synthase. I. Pharmacol. Exp.
Ther., 270: 1239-1245,

Goretski, I., O.C. Zafiriou and T.C. Hoellocher, 1990.
Steady-state nitric oxide concentrations during
denitrification. J. Biol. Chem., 265: 11535-11538.

Greenblatt, EP., A L. Loeb and D E. Longnecker, 1993.
Marked regional heterogeneity m the magmtude of
EDRF/NO-mediated vascular tone in awake rats.
I. Cardiovasc. Pharmacol., 21: 235-240.

Grossmann, J., S. Mohr, E.G. Lapetina, C. Fiocchu and
AD. Levine, 1998. Sequential and rapid activation of
select caspases during apoptosis of normal intestinal
epithelial cells. Am. J. Physiol., 274: 1117-1124.

Hirsch, D.P., RH. Holloway, GN. Tytgat
and G.E. Boeckxstaens, 1998. Involvement of nitric
oxide n human transient lower esophageal sphincter
relaxations and esophageal primary peristalsis.
Gastroenterology, 115: 1374-1380.

Hogaboam, C.M., AD. Befus and I.L.. Wallace, 1993.
Modualtion of rat mast cell reactivity by IL-1b:
Divergent effects on nitric oxide and platelet-
activiting factor release. J. Immunol., 151: 3767-3774.

Hortelano, S., B. Dallaporta, N. Zamzami, T. Hirsch and
S.A. Susi et al., 1997, Nitric oxide induces apoptosis
via triggering mitochondrial permeability transition.
FEBS. Lett.,, 410: 373-377,

Hsu, Y. T., K.G. Wolter and R.J. Youle, 1997. Cytosol-to-
membrane redistribution of Bax and Bel-X(L) during
apoptosis. Proc. Natl. Acad. Se1. USA., 94: 3668-3672.

Tzzo, A.A., T.3. Gaginella, N. Mascolo and F. Capasso,
1994, Nitric oxide as a mediator of the laxative
action of magnesium sulphate. Br. J. Pharmacol.,
113: 228-232,

Tzzo, A A, L. Sautebin, .. Rombola and F. Capasso, 1997.
The role of constitutive and inducible nitric oxide
synthase in senna- and cascara-induced diarrhoea in
the rat. Eur. J. Pharmacol., 323: 93-97.

Tzzo, A.A., N. Mascolo and F. Capasso, 1998. Nitric oxide
as a modulator of intestinal water and electrolyte
transport. Dig. Dis. Sci., 43: 1605-1620.

Jadesky, L.C., K.O. Hum, C. Chakraborty and P.K. Lala,
2000. Nitric oxide promotes murine mammary tumour
growth and metastasis by stimulating tumour cell
migration, INvVasiveness
I. Cancer, 86: 30-39.

Taiswal, M., N.F. LaRusso, R.A. Shapiro, T.R. Billiar and
G.1. Gores, 2001 . Nitric oxide-mediated inhibition of
DNA repair potentiates oxidative DNA damage 1n
cholangiocytes. Gastroenterology, 120: 190-199.

and angiogenesis. Int.



Int. J. Pharmacol., 7 (1): 31-39, 2011

Twgensmeier, .M., Z. Xie, Q. Deveraux, I.. Ellerby,
D. Bredesen and I.C. Reed, 1998. Bax directly induces
release of cytochrome ¢ from 1solated mitochondria.
Proc. Natl. Acad. Sci. USA., 95: 4997-5002.

Kmg, BN., M.C. Stoner, S.M. Haque and J.M. Kellum,
2004, Nitrergic secretomotor newotransmitter in the
chloride secretory response to serotomin. Dig. Dis.
Sct., 49: 196-201.

Kiraly, A., G. Suto and Y. Tache, 1993. Role of nitric oxide
in the gastric cytoprotection induced by central vagal
stimulation. BEur. J. Pharmacol., 240: 299-301.

Kluck, RM., E. Bossy-Wetzel, D.R. Green and
D.D. Newmeyer, 1997. The release of cytochrome ¢
from mitochondria: A primary site for Bel-2 regulation
of apoptosis. Science, 275: 1132-1136.

Kochar, NI. and S.N. Umathe, 2009. Beneficial effects of
L-arginine against diabetes-induced oxidative stress
in rats. Pharmacol. Rep., 4: 665-672.

Konturek, S.J., T. Brzozowski, J. Majka, I. Pytko-
Polonczyk and 1. Stachura, 1993. Intubition of mtric
oxide synthase delays healing of chronic gastric
ulcers. Eur. J. Pharmacol., 239: 215-217.

Kroemer, G., N. Zamzami and S.A. Susin, 1997.
Mitochendnal control of apoptosis. Immunol. Today,
18: 44-51.

Kwiecien, 8., T. Brzozowski, P.C. Konturek and
3.J. Konturek, 2002. The role of reactive oxygen
species in action of nitric oxide-donors on stress-
induced gastric mucosal lesions. J. Physiol.
Pharmacol., 53: 761-773.

Larsson, L.T., Z. Shen, E. Ekblad, F. Sundler, P. Alm and
K.E. Andersson, 1995. Lack of neuronal nitric oxide
synthase in nerve fibers of agangliomc intestine: A
clue to Hirschsprung’s disease. J. Pediatr.
Gastroenterol. Nutr., 20: 49-53.

Levine, AJ., 1997. P53, The cellular gatekeeper for growth
and division. Cell, 88: 323-331.

Li, Y., HY. Wang and C.H. Cho, 1999. Association of
heparin with basic fibroblast growth factor, epidermal
growth factor and constitutive nitric oxide synthase
on healing of gastric ulcer in rats. J. Pharmacol. Exp.
Ther., 290: 789-796.

Li, Y., WP Wang, HY. Wang and C.H. Cho, 2000.
Intragastric administration of heparnin enhances
gastric ulcer healing through a nitric oxide-dependent
mechanism in rats. Eur. J. Pharmacel., 399; 205-214.

Lippe, I.T. and P. Holzer, 1992. Participation of
endothelium-derived nitric oxide but not prostacyclin
in the gastric mucosal hyperemia due to acid
back-diffusion. Br. J. Pharmacol., 105: 708-714.

37

Lundberg, J.O., M. Herulf, M. Olesen, J. Bohr and C. Tysk
et al, 1997, Increased nitric oxide production in
collagenous and lymphocytic colitis. Eur. J. Clin.
Invest., 27: 869-871.

Ma, L., I.Y.C. Chow and C.H. Cho, 1999. Cigarette
smoking delays ulcer healing: Role of constitutive
nitric oxide synthase in rat stomach. Am. J. Physiol.,
39: 238-248.

Macedo, M.P. and W.W. Lautt, 1997. Potentiation to
vasodilators by mtric oxide synthase blockade 1n
superior mesenteric but not hepatic artery. Am.
J. Physiol., 272: 507-514.

Mascolo, N., AA. Tzzo, F. Barbato and F. Capasso,
1993. Inhibitors
prevent castor-oil-induced diarthoea i the rat.
Br. I. Pharmacol., 108: 861-864.

Mashimo, H. and RK. Goyal, 1999. Lessons from
genetically engineered ammal models. TV. Nitric

of nitric oxide  synthetase

oxide synthase gene knockout mice. Am. J. Physiol.,
277: 745-750.

Mashim, E., D. Salvemini, A. Pistelli, P.F. Mannaioni and
JR. Vane, 1991. Rat mast cells synthesized a nitric
oxide-like factor which modulates the release of
histamine. Agents Actions, 33: 61-63.

McCafferty, DM., I.8. Mudgett, M.G. Swain and
P. Kubes, 1997. Inducible nitric oxide synthase plays
a critical role n resolving mtestinal inflammation.
Gastroenterology, 112: 1022-1027.

McKmight, GM., LM Smith, R.S. Drumnmond,
C.W. Duncan, M. Golden and N. Benjamin, 1997.
Chemical synthesis of nitric oxide in the stomach
from dietary mitrate in humans. Gut, 40: 211-214.

Mearin, F., M. Mourelle, F. Guarmer, A. Salas,
V. Riveros-Moreno, 3. Moncada and J.R. Malagelada,
1993, Patients with achalasia lack nitric oxide
synthase in the pgastro-oesophageal junction. Eur.
T. Clin. Invest., 23: 724-728.

Meulemans, A L. and J.A. Schuurkes, 1993. NO m the
gastrointestinal tract: An overview. J. Gastroenterol.,
31:17-23.

Moncada, 3. and A. Higgs, 1993. The L-Argimine-mitric
oxide pathway. New Engl. T. Med., 329: 2002-201 2.

Moncada, S. and E.A. Higgs, 1995. Molecular mechanisms
and therapeutic strategies related to nitric oxide.
FASEBT., 9:1319-1330.

Mourelle, M., F. Casellas, F. Guarner, A. Salas, V. Riveros-
Moreno, S. Moncada and T.R. Malagelada, 1995.
Induction of mitric oxide synthase in colonic smooth
muscle from patients with toxic megacolon.
Gastroenterology, 109: 1497-1502.



Int. J. Pharmacol., 7 (1): 31-39, 2011

Nagase, S., K. Takemura, A. Ueda, A. Hirayama,
K. Aoyagi, M. Kondoh and A Koyama, 1997. A
novel nonenzymatic pathway for the generation of
nitric oxide by the reaction of hydrogen peroxide and
D- or L-arginine. Biochem. Biophys. Res. Commun.,
233: 150-153.

Ozturk, H., M. Aldemir, AL Dokucuy, Y. Yagmur, N. Kiline
and AH. Sahin, 2003. The mtric oxide donor
molsidomine prevents ischemia/reperfusion injury
of the adult rat small intestine. Pediatr. Surg. Int.,
19: 305-308.

Parker, W.A. and G.L.. MacKinnon, 1981 . Nitrites in the
treatment of diffuse esophageal spasm. Drug Intell.
Clin. Pharm., 15: 806-807,

Packer, M.A., J.1.. Scarlett, S.W. Martin and M.P. Murphy,
1997. Induction of the mitochondrial permeability
transition by peroxynitrite. Biochem. Soc. Trans.,
25:909-914.

Pawlik, WW ., P. Gustaw, E.D. Jacobson, R. Sendur and
K. Czarnobhilski, 1995, Nitric oxide mediates intestinal
hyperaemic responses to intraluminal bile-oleate.
Pflugers Arch., 429: 301-305.

Pemer, A, L. Andresen, M. Normark, B. Fischer-Hansen,
I. Rask-Madsen, I. Hugen-Olsend and J. Rask-
Madsena, 2001. Expression of nitric oxide synthases
and effects of L-arginine and L-NMMA on nitric
oxide production and fluid transport in collagenous
colitis. Gut, 49: 387-394.

Premaratne, S., C. Xue, JM. McCarty, M. Zai and
RW. McCuen et al., 2001. Neuronal mtric oxide
synthase: Expression in rat parietal cells. Am.
I. Physiol., 280: 308-313.

Qiy, B, C. Pothoulakis, I. Castagliuolo, Z. Nikulasson and
I.T. LaMont, 1996. Nitric oxide inhibits rat intestinal
secretion by Clostridium difficile toxin A but not

Vibrio cholerae enterotoxin. Gastroenterology,
111: 409-418.
Radomski, MW. D.C. Jenkins, L. Holmes and

S. Morkada, 1991. Human colorectal adenocarcinoma
cells: Differential mitric oxide synthesis determines
their ability to aggregate platelets. Cancer Res.,
51: 6073-6078.

Rao, C V., T. Kawamori, R. Hamid and B.S. Reddy, 1999.
Chemoprevention of colonic aberrant crypt foci by an
inducible mtric oxide synthase-selective inhibitor.
Carcinogenesis, 20: 641-644.

Russo, A., R. Fraser, K. Adachi, M. Horowitz and
. Boeckxstaens, 1999. Evidence that nitric oxide
mechanisms regulate small intestinal motility in
humans. Gut, 44: 72-76.

38

Salomone, S., A. Caruso, V.M. Cutuli, N.G. Mangano
and A. Prato et al., 2003. Effects of adrenomedullin
on the contracton of gastric arteries during
reserpine-induced  gastric  ulcer.  Pediatrics,
24:117-122.

Salvemim, D., E. Masim, E. Amggard, P.F. Mannaioni and
I. Vane, 1990. Synthesis of a nitric oxide-like factor
from L-arginine by rat serosal mast cells: Stimulation
of guanylate cyclase and inhibition of platelet
aggregation. Biochem. Biophys. Res. Commun.,
169: 596-601.

Salzman, A.L., 1995, Nitric oxide in the gut. New Horiz,
3:33-45.

Schaffer, MR, P.A. Efron, F.J. Thomton, K. Klinge,
S.5. Gross and A. Barbul, 1997. Nitric oxide, an
autocrine regulator of wound fibroblast synthetic
function. I. Immumnol., 158: 2375-2381.

Schouten, W.R., I W. Briel, M.O. Boerma, J.J. Auwerda,
EB. Wims and BH.  Graatsma, 1996
Pathophysiclogical aspects and clinical outcome of
intraanal application of isosorbide dinitrate in
patients with chronic anal fissure. Gut, 39: 465-469.

Shivka, A., R. Chuttam, D.L.. Carr-Locke, L. Kobzik,
D.S. Bredt, J. Loscalzo and I.S. Stamler, 1994.
Inhibition of sphincter of Oddi function by the nitric
oxide carrier S-mitroso-N-acetyleysteine m rabbits
and humans. J. Clin. Invest., 94: 1792-1798.

Stark, M.E. and I H. Szurszewski, 1992. Role of mitric oxide
in gastrointestinal and hepatic function and disease.
Gastroenterology, 103: 1928-1949.

Sugita, H., T. Ueno, T. Shumosegawa and T. Yoslumura,
2003. Direct detection of nitric oxide and its roles in
maintaining  gastric mucosal integrity following
ethanol-induced mjury in rats. Free Radic. Res.,
37:159-169.

Tamai, H. and T.8. Gaginella, 1993. Direct evidence for
nitric oxide stimulation of electrolyte secretion in the
rat colon. Free Radic. Res. Commun., 19: 229-239.

Tsuchiya, S., 5. Hone and K. Watanabe, 2002. Stimulatory
effects of centrally imjected mtric oxide donors
on gastric acid secretion in anesthetized rats. Jap.
J. Pharmacol., 89: 126-132.

Umathe, SN., N.I. Kochar, N.S. Jain and P.V. Dixat, 2009.
Gastrointestinal dysfunction in diabetic rats relates
with a decline in tissue L-arginine content and
consequent low levels of nitric oxide. Nitric Oxide,
20:129-133.

Vanderwinden, JM., P. Mailleux, SN. Schiffmann,
I.1. Vanderhaeghen and M.H. De-Laet, 1992. Nitric
oxide synthase activity in infantile hypertrophic
pyloric stenosis. N. Engl. J. Med,, 327: 511-515.



Int. J. Pharmacol., 7 (1): 31-39, 2011

West, 5.D., K.S. Helmer, LK. Chang, Y. Cui, G.H. Greeley
and DW. Mercer, 2002, Cholecystokinin
secretagogue-induced gastroprotection: Role of nitric
oxide and blood flow. Am. I. Physiol., 284: 399-410.

Whittle, B.T., J. Lopez-Belmont and S. Moncada, 1990.
Regulation of gastric integrity by
endogenous mitric  oxide: with
prostanoids and sensory neuropeptides in the rat.
Br. I. Pharmacol., 99: 607-611.

Whittle, B.J., 1994, Nitric Oxide in Gastrointestinal
Physiology and Pathology. In: The Physiology of the
Gastromntestinal Tract, Johnson, L.R. (Ed.). Academic
Press, New York, pp: 267-294.

mucosal
Interactions

39

Wilson, K.T., AB. Vaandrager, J De-Vente,
M.W. Musch, HR. De-Jonge and E.B. Chang, 1996.
Production and localization of ¢GMP and PGE2 1n
nitroprusside- stimulated rat colonic ion transport.
Am. I. Physiol., 270: 832-840.

Wink, DA, JTA. Cook, SY. Kim, Y. Vodovotz and
R. Pacelli et al., 1997. Superoxide modulates the

oxidation and mnitrosation of thiols by mitrie
oxide-derived reactive intermediates: Chemical
aspects involved in the balance  between

oxidative and mtrosative stress. J. Biol. Chem.,
272:11147-11151.



	IJP.pdf
	IJP.pdf
	Page 1



