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Abstract
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Summaries of Uppsala Dissertations from the Faculty of Medicine 1144. 89 pp. Uppsala: Acta
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The duodenal epithelium is regularly exposed to HCl, digestive enzymes, bacteria and toxins,
and sometimes also to ethanol and drugs. The imbalance of aggressive factors in the intestinal
lumen and mucosal barrier function increases the risk of tissue injury and inflammation. The
key components of the duodenal barrier function include mucosal permeability, bicarbonate
transport and the secretion or absorption of fluids. This thesis aims to elucidate the role of
melatonin, neuropeptide S (NPS) and short chain fatty acids (SCFAs) in the regulation of
intestinal mucosal barrier function and motility in the anesthetized rat in vivo and in tissues of
human origin in vitro.

Melatonin was found to reduce ethanol-induced increases in paracellular permeability and
motility by a neural pathway within the enteric nervous system involving nicotinic receptors.
In response to luminal exposure of ethanol, signs of mild mucosal edema and beginning of
desquamation were observed in a few villi only, an effect that was not influenced by melatonin.
Melatonin did not modify increases in paracellular permeability in response to luminal acid.

NPS decreased basal and ethanol-induced increases in duodenal motility as well as
bethanechol stimulated colonic motility in a dose-dependent manner. Furthermore, NPS was
shown to inhibit basal duodenal bicarbonate secretion, stimulate mucosal fluid absorption and
increase mucosal paracellular permeability. In response to luminal exposure of acid, NPS
increased bicarbonate secretion and mucosal paracellular permeability. All effects induced by
the administration of NPS were dependent on nitrergic pathways. In rats, administration of
NPS increased the tissue protein levels of the inflammatory biomarkers IL-1β and CXCL1.
Immunohistochemistry showed that NPS was localized at myenteric nerve cell bodies and fibers,
while NPSR1 and nNOS were only confined to the myenteric nerve cell bodies.

Perfusing the duodenal segment with the SCFAs acetate or propionate reduced the duodenal
mucosal paracellular permeability, decreased transepithelial net fluid secretion and increased
bicarbonate secretion. An i.v. infusion of SCFAs reduces mucosal paracellular permeability
without any effects on mucosal net fluid flux. However, it significantly decreased bicarbonate
secretion. Luminal SCFAs changed the duodenal motility pattern from fasting to feeding
motility while i.v. SCFAs was without effect on motility. The systemic administration of
glucagon-like peptide-2 (GLP-2) induced increases in mucosal bicarbonate secretion and fluid
absorption. An i.v. GLP-2 infusion during a luminal perfusion of SCFAs significantly reduced
the duodenal motility.

In conclusion, the results in the present thesis show that melatonin, NPS and SCFAs influence
the neurohumoral regulation of intestinal mucosal barrier function and motility. Aberrant
signaling in response to melatonin, NPS and to luminal fatty acids might be involved in the
symptom or the onset of disease related to intestinal dysfunction in humans.
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Introduction 

The duodenum is the initial segment of the small intestine, repeatedly ex-
posed to various potentially dangerous endogenous and exogenous factors, 
including hydrochloric acid (HCl), digestive enzymes, bacteria and toxins. 
The imbalance between these elements and intestinal mucosal barrier func-
tions may induce tissue injury, sustained inflammatory responses and gastro-
intestinal dysfunction 1, 2. Thus, the duodenum inevitably requires sophisti-
cated barrier mechanisms to maintain its physiology intact. This barrier con-
sists of extracellular and cellular components. The extracellular components 
are derived from the goblet cells and enterocytes which secrete mucins and 
bicarbonate, which together with water forms a hydrated gel, separates the 
epithelial cells from external milieu. The cellular components are formed by 
apical junctional complexes, creating the paracellular pathways between 
intact epithelial cells 3. The regulation of this barrier is still not fully de-
scribed, thus extensive research in this area is required for better comprehen-
sion. 

The objectives of this thesis were to study the role of the neuroendocrine 
products melatonin and neuropeptide S (NPS) as well as short chain fatty 
acids (SCFAs) in regulation of intestinal mucosal barrier function and mo-
tility in rats in vivo and in humans ex vivo. 

Small intestinal morphology 
The small intestine is located between the stomach and the large intestine. 
The length of the small intestine is up to 7 meters in humans 4, 5 and about 1 
meter in rats 6. Duodenum is the most proximal part of the small intestine 
which extends from the pyloric sphincter approximately 20-30 cm and con-
tinues into jejunum followed by ileum 7. 

The wall of small intestine consists of the following structures, from in-
side-outside: mucosa, submucosa, muscularis and serosa. The mucosa is the 
innermost layer facing the lumen and is formed by enterocytes, lamina pro-
pria and muscularis mucosa. The enterocytes are tightly "glued" together by 
junctional complexes. The epithelium of the mucosa is arranged into two 
distinct structures which are the villi and crypts of Lieberkühn. Villi are fin-
ger like projections predominately by mature enterocytes and goblet cells. 
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They are covered by microvilli at the apical surface which increases the sur-
face area for digestion, secretion and absorption. Epithelial cells are continu-
ously shed at the tips of the villi into the lumen every 3-5 days 8. 

Besides absorbing nutrients and water, the enterocytes are actively secret-
ing various substances such as mucins, antimicrobial peptides and hormones 
from goblet cells, Paneth cells and enteroendocrine cells, respectively. These 
cells are supported by the lamina propria which consists of loose connective 
tissue, blood and lymph vessels, fibroblasts, nerve fibers and lymphoid tis-
sue. The last layer of the mucosa is the muscularis mucosa 9. In the submu-
cosal layer, Meissner’s (submucosal) plexus, connective tissue, blood and 
lymph vessels can be identified. The next layer is the muscle layer; the mus-
cularis externa which includes two layers of smooth muscle. The innermost 
layer is the circular whereas the outer layer is the longitudinal organized 
muscle fibers. Between these two muscle layers, the Auerbach’s (myenteric) 
plexus is located. These two plexuses are the main constituents of the enteric 
nervous system (ENS). The outermost layer of the gastrointestinal wall is the 
serosa, comprised mainly the connective tissue covered by mesoepithelial 
cells. 

Enteric nervous system 
The enteric nervous system (ENS) is the primary neural mechanism that 
regulates and controls gastrointestinal tract (GIT) function. The ENS is com-
prised of approximately 200-600 million neurons, similar to the quantity 
found in the spinal cord 10. Together with glial cells, they form ganglia that 
interconnect the two main plexuses: Meissner’s and Auerbach’s plexus. The 
role of Meissner’s plexus is primarily to sense the luminal environment by 
controlling the local blood flow and enterocyte functions, while Auerbach’s 
plexus mainly regulates gastrointestinal (GI) motility. 

Enteric neurons can be classified based on their functions (e.g., cell phys-
iology, electrophysiology, and neurochemical properties) 10. Amongst these, 
the ENS can be organized into three types of neurons: intrinsic (sensory) 
primary afferent neurons (IPANs), interneurons and motor neurons. Some 
sensory neurons communicate through the vagal nerves transmitting infor-
mation to the central nervous system (CNS) and are called extrinsic affer-
ents. Other sensory neurons with their cell bodies in Meissner’s or Auer-
bach’s plexus transmit intrinsic afferents, which synapse with interneurons 
in the ENS. The information from the sensory neurons is integrated by inter-
neurons that activate the enteric motor neurons which can execute specific 
programs independently from the CNS. Within enteric plexuses, motor neu-
rons control the GI motility, secretion and absorption by activating the effec-
tor cells, like smooth muscle, secretory cells and enteroendocrine cells. 
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These actions can be seen in the effects of cyclooxygenase (COX) and nitric 
oxide synthase (NOS) inhibitions on rats’ gut motility, alkaline secretion and 
permeability 11-13. 

The neurochemical signaling in the ENS is a complex system due to its 
interactions with CNS that influence to each system per se. These interac-
tions form the parasympathetic and sympathetic innervations that activate or 
deactivate the activity in the gut. Some of the most important neurotransmit-
ters involved are acetylcholine (ACh), norepinephrine (NE), adenosine tri-
phosphate (ATP), serotonin (5-HT), dopamine, cholecystokinin (CCK), sub-
stance P, vasoactive intestinal polypeptide (VIP), somatostatin and nitric 
oxide (NO). Amid these neurotransmitters, ACh is mostly involved with 
excitation of the GI activity while inhibition is almost always by NE. The 
other aforementioned neurotransmitters are a mixture between excitatory and 
inhibitory actions 10, 14. 

Duodenal mucosal barrier function 
The duodenum is exposed to various daily challenges due to its location 
distal to the stomach. Hence, the ability of the duodenal epithelium to pre-
vent the penetration of acid expelled by the stomach and endogenous and 
exogenous noxious agents are fundamental to maintain normal gastroenter-
ology. This protection is provided by the duodenal barrier and is divided into 
pre-epithelial, epithelial and sub-epithelial defense mechanisms. 

‘The first line’ of mucosal defense is referred to as the pre-epithelial de-
fense, which protects the epithelial cells from harmful exogenous agents. 
This defense also protects against the high acidity that can range from pH 
1.5-2.0 15, 16 by maintaining the juxtamucosal surface at a nearly neutral pH 
17. The duodenal mucosa mediates this protective mechanism by secreting 
mucins (glycoproteins) and bicarbonate into the lumen, forming a viscoelas-
tic gel layer covering the apical epithelial cells surface. More details regard-
ing the regulation of duodenal mucosal bicarbonate secretion is found in the 
section of "Mucosal bicarbonate secretion". This gel layer consists mainly of 
water (95%) but retain high resistance that prevents the hydrophilic mole-
cules to diffuse easily. By this mechanism, a barrier that restricts the direct 
contact of damaging chemicals especially gastric acid with the epithelial 
cells is established 18. The gel layer also forms a physical barrier that lubri-
cates and protects the epithelial cells from the mechanical injury by shear 
stress which frequently occurs during the postprandial period. 

‘The second line’ of mucosal defense is provided by the epithelial cells, 
which prevents harmful agents from crossing epithelial cells. This layer 
forms a barrier that separates the internal intestinal components and external 
lumen environment via simple columnar epithelial cells. These cells are in-
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terconnected via junctional complexes that restricts water, solutes and im-
mune cells to diffusion passively via the paracellular pathway 19. A second 
transport pathway is a transcellular route that transports molecules across the 
apical cell membrane. 

The sub-epithelium is ‘the third line’ of mucosal defense. This defense 
mainly involves the microvascular system. The microcirculatory bed pro-
vides the duodenum an ample supply of micronutrients and oxygen while 
transporting the absorbed nutrients, water, toxins and metabolic end-
products to the liver. 

Mucosal bicarbonate secretion 
The duodenal mucosa is regularly exposed to extreme conditions during the 
stomach expels HCl and pepsin into the duodenal lumen 20. This acid dis-
charge is mainly neutralized by bicarbonate from the pancreas and liver. 
Nevertheless, the primary mechanism against this gastric acid is considered 
deriving from bicarbonate secretion by the duodenal epithelium 21. 

The rate of duodenal mucosal bicarbonate secretion is modulated by sev-
eral bicarbonate transport proteins. Its secretion from enterocytes into the 
lumen is mainly controlled by the apical bicarbonate transport proteins 
which are cystic fibrosis transmembrane conductance regulator (CFTR); 
mainly expressed in crypts and base of villi and Cl-/HCO3

- exchangers; pri-
marily found along villous axis, including a number of isoforms Slc26a6 
(PAT1), Slc26a3 (DRA) and Slc4a9 (AE4). The rate of bicarbonate secretion 
is also dependent on bicarbonate transport proteins at the basolateral mem-
brane. It is regulated by Na+/HCO3

- cotransport; isoforms Slc4a4 (pNBC1, 
NBCe1) and Slc4a7 (NBCn1) which responsible to import the bicarbonate 
from interstitium into the enterocytes and further transfer into the duodenal 
lumen through apical transport proteins aforementioned 17, 22 (Fig. 1). 

The bicarbonate secretion plays a key role in protecting the duodenal mu-
cosa as observed in the patients with acute and chronic duodenal ulcer dis-
ease. The patients’ proximal duodenal mucosal bicarbonate secretion is de-
pressed at rest and considerably lower than in the healthy individuals in re-
sponse to HCl secretion 23, 24. Additionally, H. pylori infection has been 
found to be a key component in causing defective bicarbonate secretion. 
This defective is reversed to normal condition following the bacterial eradi-
cation 25 which explains the importance of normal bicarbonate secretion in 
maintaining normal duodenal functions. 
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Figure 1. Schematic diagram illustrates ion transports including HCO3

- transporters 
in duodenal villous enterocyte. CFTR = cystic fibrosis transmembrane conductance 
regulator, AE = anion exchanger (chloride/bicarbonate exchangers), NHE = sodi-
um/hydrogen exchanger, NBC = sodium/bicarbonate cotransport, CA = carbonic 
anhydrase. 

Mucosal paracellular permeability 
A physical barrier formed by the duodenal epithelial lining prevents direct 
contact between the external luminal environment and internal intestinal 
tissues. Two routes allow for transport across this barrier: through the epithe-
lial lining (transcellularly) or between cells (paracellularly). The transcellular 
pathway permits lipophilic molecules to passively diffuse, while non-
lipophilic (e.g., nutrients and macromolecules) are actively transported via 
membrane channels or transporters. The second pathway, the paracellular 
route, is strictly regulated by junctional complexes. This passive transport is 
determined by the concentration gradients for osmotic, electrochemical and 
electrostatic pressures. The most apical component of junctional complexes 
is the tight junctions followed by the adherens junctions, desmosomes and 
gap junctions 3. 

Tight junctions (TJs), also known as zonula occludens, form a network of 
intramembrane strands that seal the paracellular spaces by the transmem-
brane proteins families: occludins, claudins and junctional adhesion mole-
cules (JAMs) 26, and the recently identified tricellulin 27. This organization 

HCO3
-CO2

CO2

Apical
membrane

Basolateral
membrane

K+

AE

HCO3
-

Cl-

NHE

H+

Na+

HCO3
-

NHE

Na+

H+

NBC

HCO3
-Na+

K+

Na+

Cl-/HCO3
-

CFTR

CO2 + H2O
H+

HCO3
-

CA

2Cl-

Na+

K+



 
 
16 

structure makes the tight junction a ‘gate’-regulator of the diffusion of mole-
cules and ions across the paracellular route and a ‘fence’ within the lateral 
cell membrane, separating the apical and basolateral membrane proteins and 
lipids 28. When molecules cross the tight junction, they are transported in a 
multi-step process involving the regulation of the junctional proteins that 
alters the cytoskeletal organization of tight junctions. Then, the ‘tightness’ of 
the tight junction depends on the organ or tissue involved and chemicals that 
stimulate the expression of claudin strands (Fig. 2) 3, 29, 30. 

Epithelial barrier function typically assessed using two parameters, the 
transepithelial electrical resistance (TEER) and permeability of hydrophilic 
probes. Restriction movement of ions across epithelial cells creates an elec-
trical potential difference, measureable as electrical resistance. This potential 
difference is measured by TEER by challenging the membrane with the 
small ions, e.g.  Na+ or Cl- in electrical bathing media, e.g. Ussing chamber 
31. Meanwhile hydrophilic solutes are unlikely to across lipid rich cell mem-
branes unless the membrane transporters are available. Hence, their move-
ments are relying on paracellular route, rather than transcellular route. There 
are small and large hydrophilic probes used widely as the markers to reflect 
the changes of paracellular permeability. The small probes typically include 
mannitol (4 Å), urea (2.7 Å) 32, cations, e.g. atenolol (4.8 Å) 32 or creatinine 
(3.2 Å) 33 and anions, e.g. fluorescein (5.5 Å) or 51Cr-EDTA (6.8 Å) 34 while 
the large probes are inulin (7.5 Å) and fluorescein isothiocyanate dextrans 
(14-60 Å) 35. The large probes are usually used in concert with small mole-
cules to assess the extensive changes of the paracellular spaces during physi-
ological or pathological states. 
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Figure 2. Drawing of the junctional complex of intestinal epithelial cell. 

Mucosal net fluid flux 
Intact regulation of intestinal fluid and electrolyte secretion/absorption are 
essential in the normal GI tract. The secretions solubilize, dilute nutrients 
and maintain the fluidity of the gut lumen. The total sum of fluid secretion 
and absorption across the mucosa is considered to be the mucosal net fluid 
flux. In humans, approximately 9 liters of fluid are entering the GI lumen 
every day; 3.5 liters are from the salivary glands, exocrine glands, pancreas 
and liver, while another 3.5 liters are from the epithelial cells. Mostly fluids 
are reabsorbed by the small intestinal epithelium, leaving approximately 2 
liters to enter the large intestine. 90% of these 2 liters are reabsorbed by the 
colonic epithelium, leaving 200 ml of fluid to be excreted in the feces 9. 

The mechanism by which fluid is absorbed has not been fully described. 
However, water absorption occurring via passive transport has partly charac-
terized, that the water molecules moved paracellularly across the intestinal 
mucosa as a result of the osmotic gradient formed by the active transport of 
ions 9, 36, 37. Nevertheless, the current literatures suggest that water transport 
is not exclusively passive, but partly cotransported by K+/Cl- (KCC), 
Na+/K+/2Cl- (NKCC2) and Na+/glucose cotransporter (SGLT1) and intestinal 
aquaporins 38, 39. 
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Duodenal motility 
The contraction of smooth muscle in the GIT is important for regular func-
tion in the digestive system. In the small intestine, motility facilitates diges-
tion and absorption, allowing food to mix with digestive enzymes, nutrients 
molecules to disperse and have contact with the epithelium and the luminal 
contents to move along the GIT. The muscle fibers are predominately inner-
vated by neurons in the Auerbach’s plexus. There are two distinct states of 
motility: postprandial and interdigestive motility. Postprandial motility takes 
place upon the food intake followed by segmentation and peristalsis, while 
interdigestive motility occurs between meals when the lumen voids the con-
tents. The interdigestive motility can be identified by its motility pattern 
called the migrating motor complex (MMC) (Fig. 3). 

The MMC was first described in 1969 after the interdigestive motility pat-
tern was observed in dogs 40. This finding was confirmed in humans a few 
years later 41. The MMC is believed to play role as the ‘gut housekeeping’ by 
sweeping the residual and undigested materials distally. The MMC can be 
identified by three discrete phases: phase I is a motor quiescence period; 
phase II is irregular contractile activity and phase III is regular and intense 
contractile activity 42, 43. Phase III originates from the stomach antrum and is 
mediated via endogenous ghrelin 44 and motilin 45 with its peaks occurring 
every 90-100 min in human 46 and 12-15 min in rats 47 and mice 48. By this 
MMC mechanism, bacterial overgrowth is prevented from causing damage 
to the proximal small intestine 41. 

Postoperative ileus is a condition of functional inhibition of propulsive 
bowel activity due to irrespective pathogenic mechanisms including upon the 
abdominal surgery. It causes a transient inhibition to the small bowel motili-
ty where the stomach recovers within 24 to 48 hours while colon returns 
within 48 to 72 hours 49. Postoperative ileus have two different phases; the 
first phase is a quick neural mediated and the second phase is an elongated 
inflammatory response 50. During this inflammatory response, inducible 
nitric oxide synthase (iNOS) and COX-2 are profoundly expressed mediat-
ing the smooth muscle dysfunction 51, 52. However when COX-2 is inhibited, 
the MMC pattern is restored and the physiological gut functions are im-
proved 53. All animals in this thesis were pre-treated with parecoxib (selec-
tive COX-2 inhibitor) to reverse postoperative ileus and thus mimic the nor-
mal gut physiological states. 
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Figure 3. Representative intraduodenal pressure illustrates migrating motor complex 
in anesthetized fasting rat. 

Melatonin 
Melatonin is the ‘hormone of darkness’ and is also known as N-acetyl-5-
methoxytryptamine 54. Melatonin was discovered by the American physician 
Aaron B. Lerner and colleagues in 1958. This indole-hormone is secreted by 
the pineal gland in the brain to regulate the light and dark cycles influenced 
by the neural response from the retina. Melatonin productions reach its peak 
during dark hours to regulate the waking and sleeping patterns 55. Impaired 
melatonin regulation may lead to numerous complications, mostly involving 
sleep disorders, such as jet lag 56, delayed sleep phase syndrome 57, insomnia 
58 and other problems, such as age-related macular degeneration 59, 60, anxiety 
61, chronic fatigue syndrome 62, 63, depression 64, 65 and gastrointestinal disor-
ders 66, 67. 

Melatonin was considered to be a hormone derived only from the pineal 
gland for quite some time before the sensitive techniques could identify in-
dolealkylamines are developed. Subsequently, melatonin has been found to 
be synthesized and secreted in numerous extrapineal tissues, including the 
retina, intestinal mucosa, lung epithelium, liver, kidneys, adrenals and pan-
creas 68, 69. Interestingly, GI tissues have been identified as the major extra 
pineal source of melatonin, with a concentration 10-100 times higher than 
blood plasma levels. Additionally, the total amount of melatonin in the GIT 
is ~400 times higher than in the pineal gland 70, 71. The melatonin amount has 
been shown to be approximately 80-2,000 ng in the GIT while only 0.2-4.5 
ng in the pineal gland 72. 

The effect of melatonin in the GIT is depending on the activation of 
membrane receptors. The membrane receptors exist in two isoforms: the 
melatonin-1 receptor (MT1) and melatonin-2 receptor (MT2). MT1 and MT2 
are high-affinity G-protein coupled receptors (GPCR) that regulate intracel-
lular messenger systems, such as inhibit adenylate cyclase and stimulate 
phospholipase-C beta via the regulation of cAMP, cGMP and Ca2+ levels 73-

76. Via radiolabeled technique, these two receptors have been demonstrated 
to be present in the GIT at various densities in different regions, layers and 
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species 77-79. Furthermore, the MT2 receptor was discovered to increase duo-
denal bicarbonate secretion 80. Melatonin also mediates its effects through 
receptor-independent actions based on its molecular electron-rich aromatic 
ring structure, which directly scavenges free radicals, stimulates antioxida-
tive enzymes, increases mitochondrial oxidative phosphorylation, reduces 
electron leakage and augments the efficiency of other antioxidants 81, 82. 

Currently, the role of melatonin in the GIT is not completely defined. 
Melatonin has been found to act as a protective component in numerous 
studies, as demonstrated by the suppression of gut inflammation, remission 
of ulcerative colitis and improvement in IBS symptoms 83-85. Nevertheless, 
more extensive studies are needed to elucidate the mechanistic functions of 
melatonin in the GI system. 

Neuropeptide S 
Neuropeptide S (NPS) is named after its amino-terminal serine residue, 
which is highly conserved in different species 86, 87. NPS was first identified 
by Sato and colleagues in 2002 88. NPS selectively binds to its receptor 
(NPSR1), also known as the G protein receptor for asthma susceptibility 
(GPRA) 89, G protein receptor 154 (GPR154) and vasopressin receptor-
related receptor 1 (VRR1) 90. This receptor is classified in the class A, G 
protein-coupled receptor 1 family, which encodes as a plasma membrane 
protein and is found in humans 87, 89-91, mice 87, 92 and rats 93, 94. 

There are two functional NPSR1 isoforms in humans, NPSR1-A and 
NPSR1-B, which have unique intracellular C-termini (Fig. 4) 95. Isoform A 
(371 amino acids) is expressed in bronchial smooth muscle cells, colon epi-
thelial cells and skin keratinocytes, whereas isoform B (377 amino acids) is 
expressed in epithelial cells in the bronchus and gut and in all layers of the 
skin epidermis 89. Nevertheless, there is only one NPSR1 in rodents 86, which 
has sequence similarity (89%) to human NPSR1-A 96, which is mainly ex-
pressed in the brain. 

NPS has received much attention for its function in the CNS, mainly in 
several brain regions 87, 94, 97, 98 and its identification as a susceptibility locus 
for asthma and associated traits 89, 95, 99-102. In peripheral tissues, NPSR is 
widely expressed in the GIT mainly in epithelial cells, enteroendocrine cells 
and leukocytes 103-105 and in the enteric nervous system (ENS), especially in 
submucosal neurons and smooth muscle cells 105, 106. Nevertheless, the role 
of the NPS/NSPR system in regulating the GI function is poorly understood. 

Recently, NPS is in the limelight for involvement with inflammatory 
bowel disease (IBD) and irritable bowel syndrome (IBS). NPS seems to be 
related to inflammatory reactions 96, 107 because the NPSR1 polymorphism is 
associated with IBD susceptibility, where NPSR1 mRNA and protein ex-



 
 

21

pression are relatively high in IBD patients 104, 108. This receptor variant also 
has been linked with motor and sensory disturbances in the gut, such as has-
tening colonic transit, pain, gas, and urgency sensations, suggesting the role 
of NPS in inflammatory and functional GI disorders, which are relevant to 
IBS and functional dyspepsia 105. 
 

 
Figure 4. Schematic drawing illustrates NPSR exonic structure (a) and NPSR1-A 
and NPSR1-B isoforms. NPSR1-A encodes a short protein isoform (29 amino acids) 
with a distinct C-terminus, and NPSR-1B uses an alternate 3’ exon (E9b) and en-
codes the long protein isoform (35 amino acids) with a distinct C-terminus. The 
shadowed circles in the C-terminus denote putative phosphorylation sites (b). S = 
serine, T = threonine 95. 

Short chain fatty acids 
Short chain fatty acids (SCFAs) are primarily derived either from ingested 
human diets or by products of foods composed of fibers and carbohydrates, 
also including polysaccharide, oligosaccharide, protein, peptide and glyco-
protein 109, 110. These nutrients generally are metabolized by anaerobic mi-
croorganisms in large intestine 111. SCFAs are formed in straight or branched 
chain conformations of 1-6 carbon length of volatile fatty acids 112. Although 
major SCFAs like acetate and propionate primarily present in the large intes-
tine 109, 113, SCFAs are also discovered significantly expressed in the small 
intestine of healthy human, suggesting starch initially digested in the upper 
alimentary tract 114 before the remaining resistant starch entering the hindgut. 
Affirming this SCFAs have been reported to be generated by anaerobic bac-
teria in the periodontal pocket following the alcohol ingestion 115. Addition-
ally, in human peripheral blood the total concentration of SCFAs have been 
described as 50-100 μM while in portal blood as 300-450 μM 116. 

In the intestinal lumen, SCFAs not only were absorbed as nutrient but 
could also influence many physiological functions of gastrointestinal tract 
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(GIT) 117-119. Signaling short chain fatty acid receptor (FFA) with acetate and 
butyrate has been demonstrated to reduce the gastric motility and increase 
the frequency of contractions, presumably via a reflex that involves direct 
contact of these SCFAs with FFA in the terminal ileum 116. Furthermore, 
SCFAs have been reported to promote mineral absorption, lipid metabolism, 
mucin production and expression of antimicrobial peptides 120. Colocaliza-
tion of free fatty acid receptor-2 (FFA2; SCFAs receptor) with peptide YY 
(PYY) in the mucosal epithelium and mast cells as well as with serotonin (5-
HT)-containing mast cells in the distal colon, further support the important 
role of SCFAs in regulation of  gastrointestinal functions, involving motility 
and secretion 121. 

There are various chemosensory regulators in the small intestine involv-
ing specific nutrient receptors that expressed in the enteroendocrine cells. It 
includes the G protein coupled receptor FFA which expressed in the gluca-
gon-like peptide (GLP)-producing enteroendocrine L cells 121. Feinle-Bisset 
and co-workers suggested stimulation of enteroendocrine nutrient receptors 
coupled with gut hormone have been involved in generation of functional 
gut symptoms and pathogenesis of metabolic disorders 122. This view was 
further explored by the research groups of Akiba and Kaji where they dis-
covered the absorption of luminal SCFAs through Na+-coupled mocarbox-
ylate transporter-1 (SMCT1) and mocarboxylate transporters (MCTs) stimu-
lated the activation of FFA2 and FFA3 (SCFAs receptors) via muscarinic, 5-
HT4 receptors activation and glucagon-like peptide-2 (GLP-2) pathway to 
increase duodenal bicarbonate secretion 123, 124. 

Hence, some information about GLP-2 seems relevant to apprehend its 
role relative to SCFAs. GLP-2 is a part of the superfamily of glucagon-
related peptides which includes secretin, glucagon, glucagon-like peptide-1 
(GLP-1), growth hormone releasing hormone (GHRH) and glucose-
dependent insulinotropic polypeptide (GIP) 125. It is a nutrient-dependent 
intestinotrophic peptide stimulating cell proliferation and inhibiting apopto-
sis which manufactured from intestinal enteroendocrine L cells 126. Con-
sistent with this, GLP-2 receptor (GLP-2R) mRNA also found highly ex-
pressed in the villus epithelium and myenteric plexus 127, plausibly playing 
important role in the gastrointestinal mucosal epithelium growth. GLP-2R-
immunopositive cells also induced one or more gut endocrine markers, such 
as GIP, PYY, chromogranin, 5-HT and GLP-1, which signify the action of 
GLP-2 in regulation of GI functions 128. 

Ethanol 
Ethanol has been used extensively in various industries in the world for au-
tomotive fuel, painting, varnishes, perfumes, biological specimen preserva-
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tion and even in drinking beverages. Although the intake of ethanol can 
cause intoxication, dehydration, and disruption of liver and brain metabolism 
129, 130, alcohol is still ranked among the most popular beverages in the world 
131. Excessive amount and prolonged intake of alcoholic beverages might 
induce many medical problems, such as nausea, flatulence, vomiting, poor 
nutrition, dyspepsia, diarrhea and abdominal pain, most likely due to GIT 
damage resulting from mucosal lesions, intestinal bleeding and mucosal 
inflammation 132. 

Ethanol is a small aliphatic compound with hydro- and lipophilic potency 
and simple diffusion across the cell membranes of GIT right after ingestion. 
In the fasting state, less than 20% of ingested ethanol is absorbed in the 
stomach, and the rest is absorbed mainly in the duodenum. In addition, in the 
fasting state, more than 50% of ethanol is absorbed within 15 min. The ab-
sorption of alcohol and its appearance in the blood are dependent on the rate 
of absorption, volume consumed, concentration of ethanol in the beverage, 
presence of carbonation and presence of food in the stomach 133. 

Due to its quick absorption rate, ethanol ingestion may alter GIT mor-
phology. This alteration is determined by the concentration and duration of 
ethanol exposure, species-dependent mucosal sensitivity to injury and nutri-
tional status of the subject 134. Upon ethanol administration, some investiga-
tors have found normal histology on duodenoscopies, while others have 
demonstrated significant histological changes. Conflicts between the results 
are most likely because the endoscopy was performed 3-14 days after admis-
sion. A high regeneration rate of intestinal epithelium may have led to heal-
ing within the interval between the start of the experiment and endoscopy 135. 

Nitric oxide 
Nitric oxide (NO) is simply an uncharged molecule composed of nitrogen 
and oxygen with unpaired electrons, first identified by Garthwaite and col-
leagues in 1988 as a neurotransmitter in the mammalian brain 136. Due to this 
characteristic, NO diffuses through membranes without any restrictions and 
acts as a radical molecule with a half-life of 2-30 seconds 137, 138. 

When the level of intracellular calcium (Ca2+) increases, it will highly 
bind to calmodulin (CaM), escalating the formation of the Ca2+-CaM com-
plex and acting together with cofactors flavin adenine dinucleotide (FAD) 
139, 140, flavin mononucleotide (FMN) 141, 142, nicotinamide adenine dinucleo-
tide phosphate (NADPH) 143, 144, tetrahydrobiopterin (BH4) 

145-148 and heme 
149, 150, which eventually activate nitric oxide synthase (NOS) 151, 152. This 
enzyme is responsible to produce NO by converting L-arginine and oxygen 
(O2) into L-citrulline and NO 153-156. 
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The isoforms of NOS have been identified and classified into two main 
categories according to different regulation and activities 157-159. The first 
category is the constitutive, calcium-dependent NOS isoform (cNOS), which 
plays a role in cell communication in neuron and skeletal muscle (nNOS) 160-

164 and mediates endothelial vasodilation (eNOS) 165, 166. The second category 
is inducible calcium-independent NOS isoform (iNOS), which is expressed 
in the immune and cardiovascular system relating to the immune defense 
against pathogens 167-171. 

Approximately half of the population of nerves in the enteric nervous sys-
tem (ENS) consists of nNOS, which is mainly expressed in the myenteric 
plexus and muscle fibers 172. This result is supported by immunohistochemis-
try, showing that the localization of NO is profoundly in the myenteric plex-
us along the GIT 173, 174. GI smooth muscle relaxation is required for the ac-
tion of NO and other neurotransmitters, such as vasoactive intestinal peptide 
(VIP), adenosine triphosphate (ATP), carbon monoxide (CO), protease-
activated cyclase-activating peptide (PACAP), protease-activated receptors 
(PARs), hydrogen sulfide (H2S), neurotensin (NT) and beta-nicotinamide 
adenine dinucleotide (β-NAD) 175-180. These neurotransmitters are the candi-
dates for non-adrenergic, non-cholinergic (NANC) transmitters, which are 
released by enteric nerves to regulate the opening and closing of sphincters 
and smooth muscle relaxation 181, 182. 
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Aims 

The focus of this doctoral thesis is to reveal new mechanisms involving mel-
atonin, neuropeptide S and short chain fatty acids in the regulation of duode-
nal mucosal barrier function and motility. The specific aims were: 

Study I 
• To study the effects of luminal ethanol, wine and hydrochloric acid on 

duodenal mucosal barrier function and motility. 
• To investigate the neural-mediated effects of melatonin on ethanol-, 

wine- and acid-induced alterations of duodenal barrier function and mo-
tor activity. 

Study II 
• To elucidate the effects of NPS on intestinal motility and duodenal mu-

cosal barrier function in rats in vivo and in humans ex vivo. 
• To examine the localizations of NPS, NPSR1 and nNOS in human stom-

ach and intestine. 
• To study the effects of NPS on the expression of the inflammatory 

markers in the rat intestine. 

Study III 
• To determine the effects of NPS on duodenal bicarbonate secretion and 

net fluid-flux. 
• To examine the roles of NPS on ethanol-induced alterations of duodenal 

bicarbonate secretion, mucosal paracellular permeability, motor activity 
and net fluid-flux. 

• To study the effects of NPS during luminal acid (pH 3) on duodenal 
bicarbonate secretion, mucosal paracellular permeability, motor activity 
and net fluid-flux. 
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Study IV 
• To investigate the effects of short chain fatty acids on duodenal bicar-

bonate secretion, mucosal paracellular permeability, motor activity and 
net fluid-flux. 

• To elucidate the influences of glucagon-like peptide-2 on duodenal bi-
carbonate secretion, mucosal paracellular permeability, motor activity 
and net fluid-flux. 
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Materials and methods 

Animals and patients 

All experiments were approved by the Northern Stockholm Animal Ethics 
Committee or the Uppsala Ethics Committee for Experiments with Animals. 
Male outbreed Sprague-Dawley rats weighing 300-350 g were obtained from 
Scanbur AB, Sollentuna, Sweden and from Taconic, Ejby, Denmark. The 
animals were maintained in the Animal Department under standardized con-
ditions (temperature: 21-22 °C and light-dark cycle: 12:12 h). The animals 
were allowed to acclimatize to the new environment for at least one week 
before the experiment was performed. The rats were kept in wire-meshed 
cages in groups of two or more and had access to tap water and pelleted food 
ad libitum. The animals were deprived of food (fasted) for 16 hours (over-
night) before experiments, but had free access to drinking water. 

In human studies, normal stomach and small intestinal tissues specimens 
were taken from gastric bypass surgery and free resection margin of jejunum 
patients and colon tissue specimens were excised from elective surgery for 
nonobstructive colorectal cancer patients. All patients were received the 
written informed consent to enter the study. Experiments were approved by 
the Regional Ethics Committee at Uppsala University. 

Anesthesia 
In experiments investigating duodenal mucosal barrier function and motility, 
the experiment was commenced by anaesthetizing the rat with Inactin® (5-
ethyl-5-[1’-methyl-propyl]-2-thiobarbiturate) injected intraperitoneally (i.p.) 
at dose 120 mg/kg body weight. To minimize preoperative stress, the anes-
thesia was performed by experienced personnel at the Animal Department, 
Biomedical Center, Uppsala, Sweden. After the anesthesia, the animal was 
transported immediately to the laboratory. 

In small intestinal myoelectrical activity studies, the surgery was per-
formed in rat under anesthesia with a mixture of midazolam (5 mg/ml, Ak-
tavis AB, Stockholm, Sweden) and Hypnorm (fentanylcitrate 0.315 mg/kg 
plus fluanisone 10 mg/kg; Janssen-Cilag, Oxford, USA.) injected subcutane-
ously (s.c.) at a dose of 1.5-2.0 ml/kg body weight. Buprenorphine 
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(Temgesic® 0.05 mg/kg, Schering-Plough, Stockholm, Sweden) was given 
s.c. after surgery to alleviate postoperative pain. 

Surgery 
In duodenal mucosal barrier function studies, before the surgery started, the 
animal was laid down on a heating pad, controlled by a rectal thermistor 
probe and an infrared heating lamp (Philips, Infraphil PAR38E) to maintain 
the body temperature ~37-38ºC. The rat was tracheotomized with a tracheal 
tube to facilitate spontaneous breathing. The left and right femoral arteries 
and veins were catheterized with PE-50 polyethylene catheters (Becton, 
Dickinson & Co., Franklin Lakes, NJ, USA). The arterial catheters contained 
20 IU/ml heparin, diluted in isotonic saline, were used at one artery for blood 
sampling and the other artery for continuous recordings of systemic mean 
arterial blood pressure (MABP) by connecting the catheter to a transducer 
operating a PowerLab system (AD Instruments, Hastings, UK) that linked to 
Fujitsu computer. The left vein was used for drug injection and continuous 
infusion of saline and at the right vein for the paracellular permeability 
marker 51Cr-EDTA diluted in isotonic saline, infused at a rate of 1.0 ml/h. 
Continuous infusion of saline was given to compensate the fluid loss during 
the experiment. A laparotomy was performed by a midline incision along the 
linea alba. The common bile duct was catheterized with PE-10 polyethylene 
tubing close to its entrance into the duodenum (2-3 mm) to prevent pancre-
aticobiliary juice from entering the duodenum. A soft silicone tubing (Silas-
tic®, 1.0 mm ID, Dow Corning, Midland, MI, USA) was introduced into the 
mouth and pushed gently along the esophagus, guided through the stomach 
and pylorus, and secured by ligatures ~2-5 mm distal to the pylorus. PE-320 
tubing was inserted into the duodenum, ~3 cm distal to the pylorus and se-
cured by ligatures. The proximal duodenal tubing was connected to a peri-
staltic pump (Gilson Minipuls 3, Villiers, Le Bel, France) and the segment 
continuously perfused with a 154 mM sodium chloride (NaCl) solution (sa-
line) at a rate of ~0.4 ml/min. To complete the surgery, the abdominal cavity 
was closed with sutures and the wound was covered with plastic foil to pre-
vent wound dehydration. 30 min after surgery, 10 mg/kg of parecoxib, a 
highly selective COX-2 inhibitor 183 was given intravenously (i.v.) to reverse 
the surgery-induced paralysis of the intestine 184. After surgery, ~60 min was 
allowed for cardiovascular, respiratory and gastrointestinal functions to sta-
bilize before experiments were commenced. For colonic motility study, 
bethanechol as a bolus dose of 2.5 mmoles/kg followed by 2.5 mmoles·kg-

1·h-1 as a continuous i.v. infusion was given to stimulate motility. The exper-
imental set up is shown in Fig. 5. 
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Figure 5. Schematic of the experimental set up. 

In small intestinal myoelectrical activity studies, the abdomen was opened 
via a midline incision. Three bipolar insulated stainless steel electrodes (SS-
5T; Clark Electromedical Instr., Reading, UK) were implanted into the mus-
cular wall of the small intestine, 5 (D), 15 (J1) and 25 (J2) cm distal to the 
pylorus. All animals were supplied with an indwelling Silastic catheter (Dow 
Corning Co., Midland, MI, USA) inserted into the external jugular vein for 
administration of saline or NPS. The electrodes were pierced through the 
abdominal muscle wall and together with the vein catheter tunneled s.c. to 
exit at the back of the neck. After implantation, the animals were housed 
individually and allowed to recover for at least 7 days before experiments 
were undertaken. All animals were monitored daily. 

Measurement of duodenal bicarbonate secretion 
The rate of duodenal mucosal bicarbonate secretion was determined by back 
titration of the perfusate to pH 4.90 with 10 mM hydrochloric acid (HCl) 
under continuous gassing (100% N2) by using pH-stat equipment (Auto-
burette ABU 901 and pH-stat controller PHM 290, Radiometer, Copenha-
gen, Denmark). The pH electrode was routinely calibrated with standard 
buffers before titration start. The volume of titrated HCl was considered 
equivalent to duodenal mucosal bicarbonate secretion. The rates of duodenal 
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bicarbonate secretion are expressed as micromoles of base secreted per cen-
timeter of duodenum per hour (µmoles·cm-1·h-1). 

Measurement of duodenal permeability 
The paracellular permeability of the duodenal epithelium was assessed by 
blood-to-lumen clearance of 51Cr-EDTA (Fig. 6). This probe is a stable hy-
drophilic chelate with cross sectional radius 6.8 Å, neither metabolized in 
tissue nor taken up by cells 34, 185, 186. After the completion of surgery, 51Cr-
EDTA was administered intravenously as a bolus of ~75 µCi, followed by a 
continuous infusion at a rate of ~50 µCi/h. The radioactive isotope was di-
luted in saline and infused at a rate of 1.0 ml/h. Approximately 60 min was 
permitted for tissue equilibration of the 51Cr-EDTA. Two blood samples 
(~0.3 ml each) were collected during the experiment; ten minutes before 
starting and ten minutes after ending the experiment (Fig. 6). The blood vol-
ume loss was compensated by injection of a 0.3 ml 7% bovine albumin solu-
tion. After centrifugation, 50 µl of the plasma was removed for measure-
ments of radioactivity. The duodenal segment was perfused with saline at a 
rate of ~0.4 ml/min and the perfusate were collected in 10 min intervals. The 
blood plasma and the luminal perfusate were analyzed for 51Cr activity in a 
gamma counter (1282 Compugamma CS, Pharmacia, Uppsala, Sweden). A 
linear regression analysis of the plasma samples was made to obtain a corre-
sponding plasma value for each perfusate sample. The clearance of 51Cr-
EDTA from blood-to-lumen was calculated as described previously 187 and is 
expressed as ml·min-1·100 g-1 (Fig. 6). 
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Figure 6. Illustration of paracellular transport of 51Cr-EDTA across the duodenal 
mucosa and the formula to calculate the blood-to-lumen clearance of 51Cr-EDTA. 

Measurement of duodenal motility 
Duodenal wall contractions were assessed by measuring the changes in duo-
denal motility. The inlet perfusion tubing was connected via a T-tube to a 
pressure transducer and duodenal motility was recorded. The outlet tubing 
was positioned at the same level as the inlet tubing to secure that the pres-
sure in the system was closed to 0 mmHg. An upward deflection of at least 2 
mmHg above baseline was defined as a motor response. The changes in du-
odenal motility were recorded via a digitizer, on a Fujitsu® computer using 
PowerLab® unit and Chart™ software (ADInstruments Ldt. Hastings, East 
Sussex, UK). The duodenal motility was assessed over intervals of 10 min, 
unless otherwise stated, by planimetry to measure the total area under the 
pressure versus time curves (AUC) during the sampling period. The values 
given reflect the means of two or three 10 min intervals. 

Measurement of duodenal net fluid flux 
The difference in weight of collection vials with and without perfusate was 
used to measure flow over a 10 min interval. Perfusate volumes were deter-
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mined after correction for density for each solution. The density of isotonic 
saline was arbitrary set to 1.0 and the other solutions were adjusted accord-
ing to saline. The duodenum was perfused (~0.4 ml/min) with isotonic saline 
or other solutions, according to the experimental protocol and the perfusate 
was collected every 10 min. The net fluid flux across the duodenal mucosa 
was determined by subtracting the perfusate volume per 10 min from the 
peristaltic pump volume per 10 min and are expressed as ml fluid per gram 
wet tissue weight per hour (ml·g-1·h-1). The peristaltic pump volume was 
determined from the mean of two 10 min samples taken immediately after 
termination of each experiment. 

Experimental protocols 
In all studies (except some experiments in Study II), rates of duodenal muco-
sal barrier function and motor activity, including systemic arterial blood 
pressure (mmHg) and body temperature (°C) were monitored continuously 
and recorded at 10 min intervals. 
 

 
Figure 7. Basic experimental protocol. Blood sample were taken 10 min before and 
after experiment. Test started with saline perfusion, followed by administration 
(luminal or i.v.) of treatment solution and end up by saline reperfusion. 

Study I 
Basic experimental set up is illustrated in Fig. 7. 

Control: Control experiments were performed by measuring the parame-
ters above for 110 min perfusing the duodenal segment with isotonic saline 
of 154 mM NaCl at a rate of ~0.4 ml/min. 

Animals exposed to luminal ethanol: Duodenum was perfused with saline 
for 30 min to collect basal data, followed by 30 min perfusion with either a 
10% or a 15% ethanol solution that was made isotonic with NaCl 154 mM (a 
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solution isotonic with blood plasma). The experiment was terminated after 
another 50 min perfusion with saline. 

Animals pretreated with i.v. melatonin and exposed to luminal ethanol: 
The experimental protocol was exactly the same as above except that mela-
tonin was administered i.v. as a bolus dose of 10 or 20 mg/kg, 10 min before 
start of the ethanol perfusion. 

Animals pretreated with i.v. luzindole and exposed to luminal ethanol: 
The experimental protocol was the same as above except that the melatonin 
antagonist, luzindole was administered i.v. as a bolus dose of 0.17 mg/kg, 10 
min before start of the ethanol perfusion. 

Animals pretreated with i.v. hexamethonium and exposed to luminal etha-
nol: The experiment was the same as above except that the nicotinic acetyl-
choline receptor antagonist, hexamethonium was administered i.v. as a bolus 
dose of 10 mg/kg, 10 min before start of the ethanol perfusion followed by a 
continuous hexamethonium i.v. infusion of 10 mg·kg-1·h-1 throughout the 
experiment. 

Animals pretreated with i.v. melatonin and hexamethonium, and exposed 
to luminal ethanol: The protocol was the same as above except that melato-
nin was administered i.v. as a bolus dose of 20 mg/kg, 10 min before the 
administration of hexamethonium. 

Animals pretreated with i.v. melatonin and luminal mecamylamine, and 
exposed to luminal ethanol: A different nicotinic acetylcholine receptor an-
tagonist, mecamylamine, was tested. The duodenum was perfused for 30 min 
with saline to collect basal data followed by 0.1 mM mecamylamine luminal 
perfusate for another 30 min. Then, the duodenum was perfused for 30 min 
with isotonic 15% ethanol solution containing 0.1 mM mecamylamine. 10 
min before the ethanol exposure, melatonin was administered i.v. as a bolus 
dose of 20 mg/kg. The experiment was terminated after ethanol perfusion, 
with another 50 min of saline perfusion. 

Animals pretreated with luminal capsazepine and exposed to luminal eth-
anol: The duodenum was perfused with saline for 40 min to collect basal 
data followed by capsazepine administration to the luminal perfusate with 
concentration of 0.25 mM for 10 min. The duodenum was then perfused for 
30 min with isotonic 15% ethanol solution containing 0.25 mM capsazepine. 
After ethanol perfusion, the experiment was terminated by 60 min perfusion 
of saline. 

Animals exposed to luminal wine: The duodenum was perfused with sa-
line for 30 min to collect basal data followed by the perfusion of red wine 
(14.5 alcohol vol-%) or white wine (14 vol-%, 2009) for 30 min. The exper-
iment was terminated after another 50 min perfusion with saline. 

Animals pretreated with i.v. melatonin and exposed to luminal wine: The 
experimental protocol was exactly the same as above except that melatonin 
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was administered i.v. as a bolus dose of 20 mg/kg, 10 min before perfusing 
the duodenal segment with wine. 

Animals exposed to luminal HCl: The duodenal segment was perfused 
with saline for 30 min to collect basal data followed by the perfusion with 
either 25, 50, or 100 mM HCl for 5 min. The experiment was terminated 
after another 65 min perfusion with saline. 

Animals pretreated with i.v. melatonin and exposed to luminal HCl: The 
experimental protocol was the same as above except that melatonin was 
administered i.v. as a bolus dose of 20 mg/kg, 10 min before starting the HCl 
perfusion. 

Histology: One hour after the duodenal operation (described in detail 
above), the experiment was begun. The specimens of the duodenal segment 
were examined histologically from three separate experimental series: 
• Group I: the duodenal segment was perfused with saline for 60 min. 
• Group II: the duodenal segment was first perfused with saline for 30 min 

and subsequently with 15% ethanol made isotonic with NaCl for 30 min. 
• Group III: the same protocol as for group II except that melatonin was 

injected i.v. at a dose of 20 mg/kg, 20 min after start of the experiment. 
After the experiment, the duodenal segment was immediately fixed in a 10% 
neutral buffered formalin solution. Then, the segment was cut along its 
length and embedded in paraffin. Sections from the middle part of the seg-
ment (~1.5 cm from the pylorus), 4 μm thin, were stained with hematoxylin-
eosin. All villi in each section were evaluated. Duodenal morphology was 
assessed with light microscopy by an experienced pathologist who was unin-
formed of the treatment regimes. 

Study II 
Small intestinal myoelectrical activity 
The experiments were performed in animals equipped with implanted elec-
trodes after overnight fasting. The rats were placed in Bollman cages and the 
electrodes connected to electroencephalography preamplifiers (7P5B) oper-
ating a Grass Polygraph 7 B (Grass Instruments, Quincy, MA, USA). 

The main characteristic feature of myoelectrical activity of the small in-
testine in the fasted state is the activity front (phase III) of the migrating 
motor complex (MMC), a period of clearly distinguishable intense spiking 
activity with an amplitude at least twice of the preceding baseline with a 
frequency of at least 40 spikes/min, propagating aborally through the whole 
recording segment. This phase was followed by phase I of MMC, a period of 
quiescence. This period was followed by gradually increasing sporadic spik-
ing activity, phase II of MMC, until phase III recurred. The MMC cycle 
length, reflecting the interval between propagated phase IIIs of MMC, and 
the duration of phase III were calculated at the J2 recording site. Propagation 



 
 

35

velocity was calculated between the J1 and J2 recording sites. The MMC 
cycle length and the duration and propagation velocity of phase III of the 
MMC were calculated as mean of the study period. 

All experiments started with a control recording of basal myoelectric ac-
tivity over a period of ~60 min with four regular MMCs propagating over all 
three recording sites, during which a continuous i.v. infusion of saline solu-
tion (NaCl 154 mM; 300 mOsm/kg H2O, Fresenius Kabi, Halden, Norway) 
was given via a microinjection pump (CMA 100; Carnegie Medicine, Stock-
holm, Sweden). Because the fifth activity front had vanished at the first elec-
trode site, an i.v. infusion of NPS (NeoMPS, Strasbourg, France) at 100, 
300, 1,000, 2,000, or 4,000 (each dose n=8) pmol·kg-1·min-1 was started 
through the microinjection pump and continued for 60 min, after which the 
experiment continued until the basal MMC pattern returned (within a total 
experiment time of 6 hours). Two animals were discarded because of broken 
electrode connection. 

Intestinal motility and duodenal mucosal barrier function 
Basic experimental set up is illustrated in Fig. 7. 

Control: Control experiments of the duodenal segment were performed 
by measuring the parameters above for 150 min while the colon segment for 
60 min during the perfusion with isotonic saline at rate ~0.4 ml/min. 

Animals exposed to i.v. NPS: For duodenal segment challenged with NPS, 
the experimental protocol was exactly the same as the control experiment 
except that NPS was administered i.v. as bolus injections at 30 min (0.5 
nmoles/kg) and 70 min (5.0 nmoles/kg) after start of experiment or in a sepa-
rate experiment administered as a continuous infusion at 30, 70 and 110 min 
with a dose of 8, 83 and 833 pmoles·kg-1·min-1, respectively. For colonic 
segment challenged with NPS, the experimental protocol was similar as the 
control experiment except that NPS was administered i.v. as a continuous 
infusion at 30 min with a dose of 833 pmoles·kg-1·min-1. 

Animals exposed to i.v. L-NAME: In control experiment, duodenal seg-
ment was treated with L-NAME. The experimental protocol was exactly the 
same as the control experiment except L-NAME was administered i.v. right 
after the experiment commenced as a bolus dose 3 mg/kg followed by a con-
tinuous infusion of 0.25 mg/ml. 

Animals pretreated with i.v. L-NAME and exposed to i.v. NPS: In duode-
nal segment pretreated with L-NAME and challenged with NPS, the experi-
mental protocol was exactly the same as above except that NPS was contin-
uously administered i.v. at 30, 70 and 110 min with a dose of 8, 83 and 833 
pmoles·kg-1·min-1, respectively. 
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Localization of NPS 
Paraffin-embedded sections of normal human gastric corpus, jejunum, ileum, 
and colon were immunostained by horseradish peroxidase-diaminobenzidine 
(HRP-DAB) (mouse primary Abs) or alkaline phosphatase (AP)-Fast red 
(rabbit primary Abs). Primary Abs were mouse monoclonal clone 7C5 
against NPSR1 (GPRA-A, cat. no. 501-100, COOH-terminal selective, anti-
gen: CREQRSQDSRMTFRERTER from accession number Q6W5P4-1, the 
canonical isoform 1 sequence, 1:1,000) from Icosagen (Tartu, Estonia), rab-
bit polyclonal against NPS from Abcam (1:1,000, cat. no. ab92424, Cam-
bridge, UK), and rabbit polyclonal against neuronal NOS (nNOS) from San-
ta Cruz Biotechnology (1:400, NOS1, cat. no. sc-648, Dallas, TX). Neuron-
specific staining with this nNOS primary Ab was confirmed by using rabbit 
monoclonal primary Ab against neuron-specific enolase from Cell Signaling 
Technology (Beverly, MA) (1:1,000, clone D20H2, cat. no. 8171). Double 
staining was done by using HRP-DAB and AP-Fast red simultaneously on 
the same sections. 

Expression of inflammatory markers 
Conscious rats were challenged with NPS 4 nmol·kg-1·min-1 i.v. or saline 
solution during 60 min. Animals were then euthanized with pentobarbital 
(Apoteksbolaget, Solna, Sweden). Tissue specimens from stomach, duode-
num, jejunum and colon were immediately frozen at -80° C for protein anal-
ysis. The protein analysis was done by homogenizing the tissue on ice in 
lysis buffer (200 mM NaCl, 5 mM EDTA, 100 mM Tris (pH 7.4), 10% glyc-
erol, and SigmaFAST protease inhibitor (Sigma, St Louis, MI)) using a 1 ml 
glass Dounce tissue grinder (Wheaton, Millville, NJ) with 30 strokes for 
each of the loose and tight pestles. Then, homogenates were incubated 30 
min on ice, centrifuged at 10 000 g for 10 min at 4° C to pellet remaining 
debris. The protein concentration was measured in the supernatants using 
Bradford reagent (Bio-Rad, Hercules, CA, USA). A total amount of 50 μg of 
each sample was assayed for the content of seven inflammatory cytokines 
and chemokines (interferon-γ, interleukin (IL)-1β, IL-4, IL-5, IL-13, chemo-
kine (C-X-C motif) ligand 1 (CXCL1), and tumor necrosis factor (TNF)-α) 
on a multispot array using an electrochemiluminescence sandwich immuno-
assay (MesoScale 203 Diagnostics, Gaithersburg, MA). Data are presented 
as fold changes in arbitrary units relative to the mean of control. 

Plasma concentration of NPS 
Adult subjects were fasted at least 6 hours. In healthy volunteers, plasma 
was prepared from blood collected immediately before and 30, 60 and 180 
min after a mixed meal. This was compared with plasma from a biobank of 
active IBD cases of which lipopolysaccharide and C-reactive protein were 
elevated relative to healthy controls. Active IBD was defined as partial 
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Mayo score ≥6 for ulcerative colitis or Harvey-Bradshaw index ≥6 for 
Crohn’s disease. SigmaFAST protease inhibitor was added to blood samples 
to mitigate degradation of NPS. A commercial ELISA kit was used to assay 
NPS (cat. no. EZHFGF21-19K, Millipore, Billerica, MA) according to the 
product insert. The detection limit was 18 pM. Intra-assay coefficient of 
variation was 3.9%. Spike recovery experiments did not reveal any marked 
degradation. 

Organ bath 
Excised tissue was placed in ice-cold Krebs solution (mM: 121.5 NaCl, 2.5 
CaCl2, 1.2 KH2PO4, 4.7 KCl, 1.2 MgSO4, 25 NaHCO3, 5.6 D-glucose, equil-
ibrated with 5% CO2 and 95% O2). The mucosa was removed. Strips were 
cut (2-3 mm wide, 12-14 mm long) along the circular axis and mounted be-
tween two platinum ring electrodes in organ bath chambers (5 ml, Panlab, 
Barcelona, Spain) containing Krebs solution, continuously bubbled with 5% 
CO2 and 95% O2, maintained at 37°C and pH 7.4. Tension was monitored 
via isometric force transducers (MLT0201, Panlab). Data acquisition was 
performed with PowerLab hardware and Lab-Chart 7 software (ADInstru-
ments, Oxford, UK). The tissues were equilibrated to a 2-g tension baseline 
for at least 60 min with the medium replaced every 15 min. After equilibra-
tion, the muscle strips were stimulated with bethanechol 10 μM (EC50) for 8 
min to establish a baseline. These contractions prior to experimental treat-
ments were defined as 100% in normalized datasets. The effect of NPS 1–
1,000 nM (Bachem) was studied on smooth muscle strips pretreated with 
bethanechol. To test for prejunctional effects, tissue contractions were 
evoked by electrical field stimulation (EFS) by using biphasic square wave 
pulses (10 Hz, 50 V, 0.6 milliseconds) with a Grass S88 stimulator (Grass 
Technologies, Astro-Med, West Warwick, RI). NPS was added to the mus-
cle strip preparations ~30 seconds before EFS. The response to NPS was 
also tested in the presence of tetrodotoxin (TTX) 1 μM, a voltage-dependent 
Na+-channel blocker, and L-NAME 1 μM, a nonselective NOS inhibitor. 

Study III 
Basic experimental set up is illustrated in Fig. 7. 

Control: Control experiments were performed by measuring the parame-
ters above during a 150-min perfusion of isotonic saline (300 mOsm/kg) on 
the duodenal segment at a rate of ~0.4 ml/min. 

Animals exposed to luminal ethanol 15% and hydrochloric acid pH3: 
Duodenum was perfused with saline for 30 min to collect basal data. Then, 
the duodenum was perfused for 30 min with ethanol 15%, hydrochloric acid 
pH 3 or the combination of ethanol 15% and hydrochloric acid pH 3 solu-
tions. 
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Animals exposed to i.v. NPS: The experimental protocol was similar to 
the control experiment except that NPS was administered i.v. at 8, 83 and 
833 pmol·kg-1·min-1 at 30, 70 and 110 min, respectively. Some groups of 
animals were pretreated 30 minutes before the experiment was started with 
an i.v. bolus of L-NAME (nitric oxide synthase, NOS inhibitor) 3 mg/kg 
followed by a 0.25 mg/h continuous i.v. infusion. 

Animals pretreated with i.v. NPS and exposed to luminal ethanol 15%: 
The experimental protocol was similar to that for animals exposed to luminal 
ethanol 15% except that an NPS infusion was administered i.v. at 83 or 833 
pmol·kg-1·min-1 a few minutes before the experiment commenced. 

Animals pretreated with i.v. NPS and exposed to luminal hydrochloric ac-
id pH3: The experiment protocol was exactly the same as for animals ex-
posed to luminal hydrochloric acid pH 3 except that an NPS infusion was 
administered i.v. at 83 pmol·kg-1·min-1 starting a few minutes before the 
experiment started. Some groups of animals were pretreated 30 minutes be-
fore experiment was started with an i.v. bolus of L-NAME (nitric oxide syn-
thase, NOS inhibitor) 3 mg/kg followed by a 0.25 mg/h continuous i.v. infu-
sion. 

Study IV 
Basic experimental set up is illustrated in Fig. 7. 

Control: Control experiments were performed by measuring the parame-
ters above with 120-min perfusions of the duodenal segment with isotonic 
saline (300 mOsm·kg-1) at a rate of ~0.4 ml·min-1. 

Animals exposed to luminal SCFAs: The experiments started with a duo-
denal perfusion of saline for 30 min to collect basal data. Then, the duodenal 
segment was perfused luminally with either 10 μM acetate or propionate for 
30 min followed by 500 μM for another 30 min. In another set of experi-
ments, the protocol was the same except that the duodenal segment was per-
fused luminally with either 10 mM acetate or propionate for 70 min. 

Animals exposed to i.v. SCFAs: The experimental protocol was similar to 
the above except that the animal was infused i.v. with either 35 μmol·kg-1·h-1 
acetate or propionate for 70 min. 

Animals exposed to i.v. GLP-2: The experiment started with the perfusion 
of saline for 30 min to collect basal data. Then, GLP-2 was infused i.v. with 
5, 25 or 75 nmol·kg-1·h-1 at 30 min intervals. 

Animals exposed to luminal SCFAs and i.v. GLP-2: The experimental 
protocol was as above except that 10 mM propionate was perfused luminally 
at the same time 25 nmol·kg-1·h-1 GLP-2 was infused i.v. for 70 min. 
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Chemicals and drugs 
Bovine albumin (A2153), sodium chloride (NaCl), hydrochloric acid (HCl), 
potassium chloride (KCl), Nω-nitro-L-arginine methyl ester (L-NAME) 
hydrochloride (N5751), melatonin (M5250), capsazepine, hexamethonium 
chloride (H2138), mecamylamine hydrochloride (M9020), sodium acetate 
(S8750), sodium propionate (P1880), acetylcholine (ACh), 10% glycerol, 2x 
SigmaFAST protease inhibitor and the anesthetic 5-ethyl-5-(1’-methyl-
propyl)-2-thiobarbiturate (Inactin®) were purchased from Sigma-Aldrich 
(St.Louis, MO, USA). NaCl was purchased from Fresenius Kabi (Halden, 
Norway). Ethanol (EtOH) 95.5 vol-% (Etax A®) was purchased from 
Solveco Chemicals AB (Täby, Sweden). Parecoxib (Dynastat®) was obtained 
from Apoteket AB (Uppsala, Sweden). Neurokinin A was obtained from 
Apoteket AB (Stockholm, Sweden). N-acetyl-2-benzyltryptamine (Luz-
indole, N-0774) and Glucagon-like peptide-2 (GLP-2) (Cat. No. 2259) were 
obtained from Tocris Bioscience, (Ellisville, MO, USA). 51Chromium-
labeled ethylenediaminetetraacetic acid (51Cr-EDTA) was purchased from 
Perkin Elmer Life Sciences (Boston, MA, USA). Red wine (Shiraz Mour-
védre Viognier, 14.5 alcohol vol-%, 2009, Robertson Winery, South Africa) 
was purchased at Systembolaget, Sweden. Lidocaine (Xylocain® spray) was 
purchased from AstraZeneca AB (Södertälje, Sweden). Neuropeptide S 
(NPS) (H-6164.1000) was purchased from Bachem AG (Bubendorf, Swit-
zerland) and NeoMPS (Strasbourg, France). Pentobarbital sodium was ob-
tained from Apoteksbolaget (Solna, Sweden). RNA stabilizing reagent was 
purchased from RNAlater, Ambion, Applied Biosystems (Austin, TX, USA). 
RTL cell lysis buffer was obtained from Qiagen (Hilden, Germany). Hex-
amers and Superscript II reverse transcriptase were purchased from Invitro-
gen (Carlsbad, CA, USA). 

Data analyses 
Descriptive statistics are expressed as a mean ± SEM, with the number of 
experiments given in parentheses. A P value less than 0.05 was considered 
significant. All the statistical analyses were performed on IBM-compatible 
computer using the Prism software package 6.05 (GraphPad Software Inc., 
San Diego, CA, USA). 

The statistical significance of the data was tested by repeated measures 
analysis of variance (ANOVA). To test the differences within a group, a 1-
factor repeated measures ANOVA was used, followed by a Tukey post-hoc 
test. Between the groups, a 2-way repeated measures ANOVA was used, 
followed by a Bonferroni post-hoc test. Student’s paired t-test was used to 
test the differences within a group or between two groups. 
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Results 

Study I 
In Study I, the mechanism of actions of melatonin in the regulation of duo-
denal permeability and motility during the mucosal barrier challenged with 
well characterized barrier breakers, ethanol and HCl were investigated. Ad-
ditionally, the possible mechanisms of melatonin effects were studied using 
melatonin receptor antagonist, luzindole and neural blockers, hexamethoni-
um and mecamylamine. 

Effect of luminal ethanol 
In control animals perfused with saline, all parameters including blood pres-
sure and body temperature were stable throughout the experiments. The lu-
minal perfusion of 10% and 15% ethanol increased the duodenal paracellular 
permeability and motor activity. The increases were robust and sustained as 
ethanol was presented in the lumen. These effects were dose-dependent (Fig. 
8). 

 

 
Figure 8. Luminal ethanol increased the duodenal paracellular permeability (A) and 
motor activity (B). * indicates a significant (P<0.05) increase compared to baseline 
in the same group and # indicates a significantly larger increase compared to 10% 
ethanol-treated animals. 
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Effect of i.v. melatonin on the luminal ethanol 
Pretreatment of i.v. melatonin 10 and 20 mg/kg significantly reduced the 
ethanol-induced increases in paracellular permeability and motility (Fig. 9). 
In addition, i.v. luzindole (melatonin antagonist) 0.17 mg/kg did not affect 
the ethanol-induced the duodenal changes (not shown). 

 

 
Figure 9. Melatonin pretreatment reduced the ethanol-induced increases in duodenal 
paracellular permeability (A) and motor activity (B). * indicates a significant 
(P<0.05) increase compared to baseline in the same group, and # indicates a signifi-
cantly reduced response compared to 15% ethanol group. 

Nicotinic receptor inhibition abolish the effect of i.v. melatonin 
on the luminal ethanol 
An i.v. hexamethonium (a nicotinic acetylcholine receptor antagonist) infu-
sion caused an instant drop in the mean arterial blood pressure and abolishes 
duodenal motility. However, hexamethonium did not change ethanol-
induced increases in permeability. Interestingly, treatment with hexametho-
nium abolished the inhibitory effect of melatonin on the ethanol-induced 
increases permeability. Another nicotinic receptor antagonist, mecamyla-
mine was perfused luminally with no effect on the mean arterial blood pres-
sure but similar to hexamethonium inhibited the effect of melatonin on the 
ethanol-induced increases permeability and motility (Fig. 10). 
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Figure 10. Hexamethonium, a nicotinic acetylcholine receptor antagonist did not 
change ethanol-induced increases in permeability but abolished the inhibitory effect 
of melatonin (A). Hexamethonium per se abolished duodenal motility, which unaf-
fected by melatonin (B). * indicates a significant (P<0.05) increase compared to 
baseline in the same group, # indicates a significantly reduced increase compared to 
the hexamethonium-treated groups, and § indicates a significantly reduced motility 
compared to the melatonin and 15% ethanol-treated groups. 

Sensory neural action on the effect of luminal ethanol 
The vanilloid receptor-1 antagonist, capsazepine had no effect on the etha-
nol-induced increases in permeability but abolished the ethanol-induced 
increases in motility (Fig. 11). 

Effect of luminal wine 
Similar to ethanol, red wine (14.5% alcohol) induced increases in duodenal 
paracellular permeability, but did not change duodenal motility. Pretreatment 
with melatonin attenuated the increases in paracellular permeability by red 
wine. 

Effect of luminal hydrochloric acid 
In another set of experiments, the duodenal segment perfused with 25, 50 
and 100 mM HCl dose-dependently increased the paracellular permeability 
but reduced the motility. Not like ethanol, pretreatment with melatonin did 
not influence the duodenal changes by HCl. 
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Figure 11. Capsazepine, a vanilloid receptor-1 antagonist did not affect ethanol-
induced increases in permeability (A) but reduced ethanol-induced increases in mo-
tility. * indicates a significant (P<0.05) increase compared to baseline in the same 
group, and # indicates a significantly reduced response compared to the 15% etha-
nol-treated group. 

Histopathological observation in the effect of i.v. melatonin on 
luminal ethanol 
The duodenum perfused with isotonic NaCl for 60 min (group I) had a nor-
mal duodenal morphological appearance. Perfusion of the duodenal segment 
with 15% ethanol for 30 min (group II) caused mild villous tip damage ob-
served as edema and the beginning of desquamation of the epithelium at the 
tip of a few villi tips. The administration of i.v. melatonin 20 mg/kg 10 min 
before 15% ethanol perfusion (group III) caused minor degenerative changes 
at the tips of the villi. No histological differences were observed between 
groups II and III (Fig. 12). 
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Figure 12. Histology of the duodenal mucosa. A: group I, luminal perfusion with 
saline, B: group II, luminal perfusion with 15% ethanol and C: group III, pretreat-
ment with i.v. melatonin 20 mg/kg followed by luminal perfusion of 15% ethanol. 
Group I had a normal morphological appearance, while groups II and III had minor 
changes at the tip of the villi. 

Study II 
In Study II, the role of NPS and NPSR1 in regulation of intestinal motility 
and duodenal mucosal permeability were elucidated. The possible nitrergic 
mechanisms in these effects also were examined. During administration of 
saline or NPS into conscious or anesthetized animals, no adverse events 
were observed regarding appearance, blood circulation, arterial blood pres-
sure, or breathing. 

Effect of i.v. NPS on small intestinal myoelectrical activity 
The MMC of the small intestine in conscious rats was studied with i.v. infu-
sions of NPS. NPS at low doses caused irregular spiking, whereas higher 
doses dampened the myoelectric activity and prolonged the MMC cycle 
length and phase III duration in a dose-dependent manner. 

Effect of i.v. NPS on intestinal motility and mucosal 
permeability 
Under baseline conditions, the duodenal motility index for the entire experi-
ment was stable and mucosal paracellular permeability (blood-to-lumen 
clearance of 51Cr-EDTA) gradually decreased from start to end of experi-
ments. Compared to control rats, injection of NPS i.v. reduced duodenal 
motility and net paracellular permeability failed to decrease over time as in 
controls. Similarly, continuous infusion of NPS i.v. inhibited duodenal mo-
tility and diminished reduction in permeability in a dose-dependent fashion 
(Fig. 13). 
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Figure 13. Bolus injection of NPS i.v. decreased duodenal motility relative to saline-
injected controls (A). The net permeability decrease was reduced by bolus NPS 
injection compared with controls (B). Continuous NPS infusion i.v. also induced 
marked and dose-dependent decrease in duodenal motility compared with saline 
controls (C). The net permeability decrease was also reduced by continuous NPS 
infusion compared with controls (D). # and ## indicate significant (P<0.05 and 
P<0.01) decreases compared with baseline in the same group. * and ** indicate 
significant (P<0.05 and P<0.01) differences between groups. 

Nitrergic neural action in the effect of i.v. NPS on intestinal 
motility and mucosal permeability 
Because NO is known to reduce motility and increase mucosal permeability, 
we wanted to elucidate the effects of NPS during NOS inhibition using L-
NAME 188. Pretreatment with continuous i.v. infusion of L-NAME disinhib-
ited duodenal motility and inhibited the net increment of paracellular perme-
ability induced by NPS (Fig. 14). 
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Figure 14. Pretreatment with i.v. L-NAME infusion prevented NPS inhibition of 
duodenal motility (A). L-NAME pretreatment also abolished NPS inhibition of net 
reduction of mucosal paracellular permeability (blood-to-lumen clearance of 51Cr-
EDTA) (B). 

Effect of i.v. NPS on colonic motility 
To characterize the motility effects of NPS on the colon, we investigated 
colonic motility in rats in vivo. Under baseline conditions with saline infu-
sion, no spontaneous motility was observed. Therefore, a continuous i.v. 
infusion of bethanechol was used to induce stable and long-lasting motility. 
Against this background, addition of NPS i.v. inhibited the colonic motility. 
In all anesthetized animals, mean arterial blood pressure and body tempera-
ture were stable throughout experiments (Fig. 15). 

 

 
Figure 15. Neuropeptide S (NPS) inhibits bethanechol-induced colonic motility in 
rats. Continuous NPS infusion i.v. inhibited colonic motility relative to control rats 
receiving saline. ## indicates a significant (P<0.01) decrease compared with base-
line (0–30 min) within the same group. 

Localization of NPS 
Immunostaining of human gastric corpus, jejunum, ileum and colon showed 
strong NPS and NPSR1 (COOH-terminal) immunoreactivity, however with 
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no specific predominance for any specific organ. In different parts of the 
gastrointestinal tract, NPSR1 and NPS both localized at myenteric plexus. 
The strongest NPSR1 staining occurred at neurons within the myenteric 
plexus. No staining occurred at smooth muscle cells. Double staining veri-
fied that NPSR1 resides within neurons and colocalize with nNOS. Double 
staining confirmed that NPSR1 and NPS reside in different neurons, speak-
ing in favor of a neurocrine function. Neuron-specific nNOS expression (and 
by inference, NPSR1) was confirmed using neuron-specific enolase Ab (data 
not shown). However, a few cells stained differentially for either NPSR1 or 
nNOS. 

Plasma concentration of NPS 
In both healthy subjects and subjects with active IBD, plasma NPS was at or 
below the 18 pM assay detection limit with no indication of higher levels in 
active IBD or increased levels with a mixed meal. Standard samples gave 
expected results and spike recovery pretests in plasma did not reveal signifi-
cant losses. This placed NPS concentrations under all tested conditions no 
higher than ~10 times below the 300 pmol/L Kd for binding to the NPSR186, 

87. 

Effect of i.v. NPS on inflammatory markers expression 
The expression of inflammatory markers was analyzed after NPS infusion 
i.v. for 60 min in the rat. Multiplex analysis showed an increased expression 
of IL-1β and CXCL1 in NPS-treated tissue compared with saline-treated 
animals, respectively (Fig. 16). 

 

 
Figure 16. Relative expression of interleukin-1β and CXCL1 in response to chal-
lenge with saline and NPS. * indicates significant difference P<0.04 and P<0.02 
compared with saline-treated animals, respectively. 
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Effect of NPS on gastrointestinal muscle strips 
In the organ bath, NPS had no effect on unstimulated gastric corpus muscle 
strips or pre-contracted with bethanechol (data not shown). In small intesti-
nal muscle strips, basal spontaneous contractions were modestly reduced by 
NPS. To see clear responses to NPS contractions were stimulated with 
bethanechol or EFS. NPS caused dose-dependent reduction of the bethane-
chol-induced contractions and reached statistical significance at and above 
10 nM of NPS. In colonic muscle strips, NPS also inhibited bethanechol-
induced contractions. This effect was however sporadic, so dose dependency 
could not be accurately quantified. Similar to the in vivo experiments, NPS 
had no effect on small intestine precontracted with L-NAME. Furthermore, 
the inhibitory effect of NPS on motility was abolished in human small intes-
tine by pre-treatment with TTX. Submaximal EFS-induced contractions of 
colonic muscle strips were dampened by addition of NPS, which displayed 
recovery within 10 min after removing NPS (Fig. 17). 
 

 
Figure 17. NPS inhibited contractions in bethanechol-stimulated small intestine (A). 
L-NAME abolished NPS-induced relaxation (B). Tetrodotoxin (TTX) abolished the 
inhibitory effects induced by NPS in small intestine (C). Submaximal contractions 
stimulated by EFS in colon smooth muscle were reduced by addition of NPS, which 
recovered within 10 min after removal of NPS (D). # and ## indicate significant 
(P<0.05 and P<0.01) differences from baseline (control). * and ** indicate signifi-
cant (P<0.05 and P<0.01) differences between groups. 
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Study III 
In Study III, a functional role of NPS secondary to the effect of the barrier 
breakers; ethanol and physiological acid perfusion in regulation of duodenal 
bicarbonate secretion, mucosal paracellular permeability, motor activity and 
net fluid flux in anesthetized rats in vivo were elucidated. 

In control animals perfused with saline, all parameters including blood 
pressure and body temperature were stable throughout the experiments. Pre-
viously the effects of duodenal challenge with ethanol and acid have been 
demonstrated 189, 190. It was shown that hydrochloric acid at a pH of 3 did not 
change the 15% ethanol-induced increases in duodenal bicarbonate secretion 
and mucosal paracellular permeability. In Study III we confirmed the previ-
ous results on bicarbonate secretion and permeability, but we also showed 
that HCl (pH 3) reduced 15% ethanol-induced increases in motility (data not 
shown). 

Effects of i.v. NPS 
Neuropeptide S has been shown in Study II to increase duodenal mucosal 
paracellular permeability and inhibit intestinal motility by mechanisms de-
pendent on nitrergic signaling 191. In Study III, NPS was demonstrated to 
reduce basal duodenal bicarbonate secretion and decrease mucosal net fluid 
secretion. Pretreatment with an i.v. bolus of L-NAME 3 mg/kg followed by 
0.25 mg/h continuous i.v. infusion abolished the effect of NPS on bicar-
bonate and net fluid flux secretion (Fig. 18). 
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Figure 18. Continuous i.v. infusion of NPS at 8-833 pmol·kg-1·min-1 reduced duo-
denal bicarbonate secretion (A) and decreased duodenal mucosal net fluid secretion 
(C). Pre-treatment with L-NAME abolished the effects of NPS (B & D). # indicates 
a significant (P<0.05) reduction compared with baseline (0-30 min) in the same 
group. * indicates significantly (P<0.05) lower than control animals. 

Effects of i.v. NPS during luminal ethanol 
Administering a low concentration of NPS, 83 pmol·kg-1·min-1 i.v., during 
luminal perfusion of 15% ethanol significantly decreased the responses of 
duodenal bicarbonate secretion and epithelial net fluid secretion to ethanol. 
However, increasing the NPS infusion to 833 pmol·kg-1·min-1 did not have 
any effects on the bicarbonate or fluid flux responses to luminal ethanol.  

NPS did not have any effects on ethanol-induced increases in duodenal 
mucosal paracellular permeability, but it significantly reduced the ethanol-
induced increases in duodenal motility dose-dependently (Fig. 19). 
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Figure 19. NPS at 83 pmol·kg-1·min-1 but not at 833 pmol·kg-1·min-1 decreases 15% 
EtOH-induced increases in duodenal bicarbonate secretion (A) and epithelial net 
fluid secretion (D). NPS did not change 15% EtOH-induced increases in duodenal 
paracellular permeability (B), but it reduced 15% EtOH-induced increases in duode-
nal motility in a dose-dependent manner (C). # indicates a significant (P<0.05) in-
crease compared with baseline (0-30 min) in the same group. * indicates significant-
ly (P<0.05) lower than EtOH (and NPS 833 in A & D) -treated animals.
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Nitrergic neural activity on effects of i.v. NPS during luminal 
acid  
Perfusing the duodenal lumen for 30 min with hydrochloric acid at a pH of 3 
did not change the duodenal bicarbonate secretory rate or the mucosal para-
cellular permeability, similarly to what has been reported previously 190. In 
addition, in Study III we show that duodenal motility also remained un-
changed in response to a 30 min perfusion of hydrochloric acid (pH 3). In-
travenous NPS at 83 pmol·kg-1·min-1 significantly increased duodenal bicar-
bonate secretion, an effect that was abolished by pretreatment with 0.25 
mg/h i.v. L-NAME infusion. NPS also significantly increased duodenal mu-
cosal paracellular permeability, an effect that was abolished by L-NAME. 
Furthermore, administration of i.v. NPS during luminal acid perfusion did 
not change the motility response to luminal acid. Similarly, 83 pmol·kg-

1·min-1 NPS did not change the net fluid flux response to luminal acid com-
pared to luminal acid alone. During pretreatment with L-NAME, acid to-
gether with NPS did not induce net fluid absorption, instead net fluid secre-
tion was observed (Fig. 20). 

Study IV 
In Study IV, the effects of SCFAs and GLP-2 on the regulation of duodenal 
paracellular permeability, motility, bicarbonate secretion and transepithelial 
net fluid flux in anesthetized rats in vivo were studied. In control animals 
perfused with saline, all parameters including blood pressure and body tem-
perature were stable throughout the experiments. 

Effects of luminal acetate and propionate 
The luminal concentration of SCFAs are usually highest in the large intestine 
(~100 mM) 110, 113. However, the proximal small intestine may reach concen-
trations as high as the mM range 114. Interestingly, the role of SCFAs in the 
regulation of small intestinal barrier function is not well characterized. 

In Study IV, the luminal perfusion of either 10 μM acetate or propionate 
for 30 min, followed by 500 μM for another 30 min, significantly reduced 
paracellular permeability. Interestingly, although neither acetate nor propio-
nate changed the motility AUC, both SCFAs changed the pattern of the mo-
tility from a migrating motor complex (MMC) to a pattern more similar to 
feeding motility. It was also shown that luminal acetate or propionate signif-
icantly increased bicarbonate secretion, as previously shown by Akiba et al 
123. However, we could not observe the dose-dependent secretory response 
they observed. Both acetate and propionate significantly reduced duodenal 
mucosal net fluid secretion (Fig. 21). 
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Figure 20. Luminal HCl pH 3 alone had no effect, but co-administration with NPS 
continuous i.v. infusion 83 pmol·kg-1·min-1 significantly increased duodenal bicar-
bonate secretion (A) and inhibited the duodenal mucosal paracellular permeability 
reduction except in animals pretreated with L-NAME (B). No significant changes 
were observed in duodenal motility (C). NPS had no effect on HCl-induced net fluid 
absorption. Pretreatment with L-NAME stimulated net fluid secretion (D). # indi-
cates a significant (P<0.05) difference compared with baseline (0-30 min) in the 
same group. * indicates significantly (P<0.05) higher than the other groups. 
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Figure 21. Luminal SCFAs decreased the duodenal permeability (A), had no effect 
on motility (B), increased the duodenal bicarbonate secretion (C) and reduced the 
net duodenal fluid secretion (D). # and ## indicate a significant (P<0.05 and P<0.01, 
respectively) difference compared with the baseline (0-30 min) in the same group. * 
and ** indicate a significant (P<0.05 and P<0.01, respectively) difference compared 
with the control group. 

Effects of i.v. acetate and propionate 
The concentrations of acetate and propionate in the portal blood of rats are 
approximately 0.98 and 0.22 mM, respectively 192. To elucidate whether 
changes in the plasma concentration of acetate and propionate influence 
duodenal barrier function and motility, SCFAs were administered by a con-
tinuous i.v. infusion at a dose of 35 μmol·kg-1·h-1 for 70 min. Both acetate 
and propionate significantly reduced the paracellular permeability. However, 
i.v. SCFA neither changed the duodenal motility (AUC) nor the MMC pat-
tern. The continuous i.v. infusion of both acetate and propionate induced 
decreases in duodenal bicarbonate secretion. No changes in fluid transport 
were observed (Fig. 22). 
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Figure 22. The SCFA i.v. infusion decreased duodenal permeability (A) and bicar-
bonate secretion (C) but had no effect on the duodenal motility (B) or net fluid se-
cretion (D). # and ## indicate a significant (P<0.05 and P<0.01, respectively) de-
crease compared with the baseline (0-30 min) in the same group. * indicates a signif-
icant (P<0.05) decrease compared with the control group. 

Effects of i.v. GLP-2 
It has been shown that both systemic and intraluminal administration of 
SCFAs increase the plasma levels of GLP-2 123, 193. Thus, it is interesting to 
elucidate whether GLP-2 has the same effect relative to SCFA’s actions. In 
Study IV, the i.v. administration of continuous GLP-2 concentrations of 5, 25 
and 75 nmol·kg-1·h-1 at 30 min intervals did not influence duodenal mucosal 
paracellular permeability and motility. However, the highest dose of GLP-2 
increased the rate of duodenal bicarbonate secretion and induced increases in 
fluid absorption (Fig. 23). 
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Figure 23. GLP-2 has no effect on duodenal permeability (A) or motility (B), but 
increased the duodenal bicarbonate secretion (C) and stimulated the duodenal net 
fluid absorption (D). # and ## indicate a significant (P<0.05 and P<0.01, respective-
ly) decrease compared with the baseline (0-30 min) in the same group. ** indicates a 
significant (P<0.01) increase compared with the control group. 

Effects of co-administration of luminal propionate and i.v. GLP-
2 
Perfusing the duodenal lumen with 10 mM acetate (not shown) and 10 mM 
propionate for 70 min did not affect the mucosal paracellular permeability or 
the motility AUC. However, it significantly increased the duodenal bicar-
bonate secretion and net fluid secretion. This bicarbonate secretory increase 
was not significantly different from the rates induced by 500 μM acetate or 
propionate. Interestingly, the co-administration with 25 nmol·kg-1·h-1 GLP-2 
i.v. infusion abolished the effects of the luminal SCFAs (10 mM) on the 
duodenal bicarbonate secretion and significantly reduced the duodenal motil-
ity. In contrast, the luminal SCFAs changed the fasting motility pattern into 
a feeding motility pattern with the GLP-2 i.v. infusion (data not shown). No 
changes were observed in the duodenal mucosal permeability or net fluid 
flux (Fig. 24). 
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Figure 24. The propionate alone and propionate co-administration with GLP-2 had 
no effect on duodenal permeability (A). The combination of propionate and GLP-2 
reduced duodenal motor activity (B). Luminal propionate 10 mM increased the duo-
denal bicarbonate secretion (C) and net fluid secretion (D). # and ## indicate a sig-
nificant (P<0.05 and P<0.01, respectively) difference compared with the baseline 
(0-30 min) in the same group. ** indicates a significant (P<0.01) difference com-
pared with the control group.  
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Discussion 

The ability to absorb nutrients, water and electrolytes and excrete waste 
products are some of the key processes of the normal digestive system. Also, 
the GI mucosa provides a physical barrier protecting the inner structures 
against the luminal contents that may contain great amounts of pathological 
agents and toxins. Disturbance of mucosal barrier function has been linked 
to the pathogenesis of several GI disorders194-196. 

The duodenum is the first part of the small intestine that receives HCl, di-
gestive enzymes, bacteria and toxins from the stomach. Imbalance of these 
luminal elements and the mucosal barrier defense system may induce tissue 
injury follow by inflammatory responses 1, 2. Due to these, the duodenum 
inevitably requires sophisticated barrier mechanisms to maintain its func-
tionality intact. The regulation of the mucosal barrier function is far from 
fully described; hence extensive research in this area is required to fully clar-
ify these processes. 

Disturbed neuroendocrine regulation of GI functions is hypothesized to be 
a key factor in the manifestation of functional GI disorders. In this thesis, the 
role of melatonin, NPS and SCFAs in the regulation of the intestinal mucosal 
barrier function and motility in fasting anesthetized rats in vivo and from 
tissues of human origin ex vivo were investigated. 

Melatonin reduces duodenal mucosal permeability 
In Study I, the role of melatonin in regulation of duodenal mucosal paracellu-
lar permeability in response to luminal perfusion with two established muco-
sal barrier breaker; ethanol and HCl, were investigated. Duodenal permeabil-
ity significantly increased during luminal perfusion of ethanol or red wine. 
This increase was markedly reduced by melatonin administration. Interest-
ingly, the permeability-reducing effect of melatonin was abolished by the 
administration of hexamethonium or mecamylamine suggesting that the ef-
fect of melatonin is mediated via activation of a nicotinic receptor-dependent 
neural pathway. Moreover, the melatonin doses used to obtain this effect are 
similar to those previously found in the duodenal luminal perfusate in re-
sponse to central nervous stimulation 197. However, the HCl-induced increase 
in permeability was not affected by melatonin, suggesting that ethanol and 
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HCl increase the permeability through different mechanisms. These observa-
tions show the ability of melatonin to affect the basal and ethanol-induced 
increases in mucosal permeability. 

The increase in 51Cr-EDTA clearance upon the ethanol perfusion indicates 
that dilatation of the epithelial paracellular pathway has been triggered by 
ethanol. Initially, we speculated that the ethanol-induced increases in perme-
ability were due to epithelial damage because 15% ethanol caused greater 
permeability than 10% ethanol. However, the histological examination 
showed that 15% ethanol for 30 min caused only minor superficial epithelial 
changes limited to the very tips of a few villi. The degree of mucosal damage 
also turned out to be very small and almost identical to that in controls. 
Moreover, the permeability returned to baseline once the ethanol perfusion 
ceased, demonstrating that the effect was reversible. The likely mechanism 
for the ethanol-induced increases in permeability is most likely similar to the 
mechanism in a study in Caco-2 cells that showed that ethanol cause dis-
placement and disruption of tight junction proteins and reclose the paracellu-
lar gaps upon ethanol removal 198. Hence, we postulate that the ethanol-
induced increase in permeability is a reflection of a general alarm response 
evoked by a mucosal integrity disturbance rather than by a damaged epithe-
lium per se. 

The doses of melatonin used in Study I have been shown previously not to 
influence basal duodenal permeability 199. During ethanol or wine exposure 
to the duodenal mucosa, the administration of melatonin dampened the in-
tensity of the postulated alarm reaction most likely as a mucosal protective 
mechanism. The complete inhibition of the permeability-reducing effect of 
melatonin by hexamethonium or mecamylamine supports a physiological 
regulation of this response, suggesting that a neural pathway involving nico-
tinic receptors participate in the permeability-reducing mechanism of mela-
tonin. However, the melatonin receptor antagonist luzindole had no effect on 
the ethanol-induced increases in permeability, suggesting that endogenous 
release of melatonin from duodenal enteroendocrine cells is not sufficient to 
influence the response at least during daytime when pineal release of mela-
tonin is low. Data in Study I may also hint that melatonin reduces the para-
cellular permeability by a structural change of the intestinal epithelial tight 
junctions. This is supported by a recent study in which melatonin ameliorat-
ed diclofenac-induced increases in small intestinal permeability by restoring 
the tight junction structure 200. In addition, melatonin has been shown to 
ameliorate radiotherapy-induced intestinal damage 201, 202, protect against 
post burn gut inflammation 83, and reduce bacterial translocation in colitis 
and after ischemia reperfusion injury 203-206. 



 
 
60 

Melatonin inhibits stimulated duodenal motility 
The effects of melatonin on GI motor activity is not conclusive since pub-
lished data show that the motility responses vary with the dose of melatonin 
207. Low doses (1 or 10 μg/kg) of melatonin, administered i.p., have been 
shown to increase intestinal transit, whereas higher doses (100 or 1,000 
μg/kg) decrease the transit time 207. Recently we found, in anesthetized rats, 
that duodenal motility was unaffected by luminal administration of melato-
nin or luzindole 199. Hence, during basal conditions, i.e., perfusion with iso-
tonic saline, melatonin does not appear to affect duodenal motility, at least 
not in anesthetized rats. It is therefore interesting to note that melatonin in 
Study I markedly inhibited the ethanol-augmented motility. The ethanol-
induced changes in motility and mucosal permeability may occur by a simi-
lar mode of action. However, due to the finding that capsazepine markedly 
reduced the ethanol-induced increases in duodenal motility but not the in-
crease in mucosal permeability, the mechanisms mediating motility and mu-
cosal permeability appear to be different. Thus, the ethanol-induced increas-
es in motility but not mucosal permeability seem to involve capsaicin-
sensitive vanilloid receptors. 

Neuropeptide S reduces basal intestinal motility 
In Study II, our interest was to elucidate the effects of a recently discovered 
intestinal peptide; NPS. The effects of NPS on the regulation of intestinal 
motility and duodenal mucosal barrier function in rats and in tissue of human 
origin were examined. It was demonstrated that NPS inhibits small intestinal 
and colonic motility along with an early inflammatory response. In rats, 
small and large intestinal motility as well as the pattern and frequency of the 
MMC were inhibited by NPS in tandem with higher mucosal permeability. 
Study II also shows that the NPS effect on motility and permeability is abol-
ished by L-NAME, suggesting NO dependency. In addition, TTX also inhib-
ited the NPS-induced effects, which strengthen our proposal of a neuronal 
mediated action of NPS. Putting together the histological findings showing 
that NPS is localized in myenteric neurons and co-existence with nNOS 
further support this data. 

The relevance of the results obtained in animals to humans was tested in 
human GI muscle strips.  In the small intestinal muscle strips pre-contracted 
with bethanechol, NPS at concentrations close to the nanomolar range of 
receptor binding 86 elicited a relaxatory response. Colonic muscle strips also 
responded to nanomolar concentrations of NPS, albeit with less clear dose-
dependence. For comparison, most gene expression modulations induced by 
NPS occur with an EC50 ~100 nM 95. There are several mechanisms that can 
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explain such discrepancies, such as involvement of endogenous functional 
antagonists or variations in NPSR1 expression 208. 

Within the intestinal muscularis layer, the NPSR1 immunostaining was 
confined to myenteric neurons. Consistent with this, in control experiments 
using fura-2, NPS did not affect intracellular [Ca2+] in cultured human intes-
tinal smooth muscle (unpublished). Hence, NPS-induced muscle relaxation 
is apparently secondary to neuronal signaling. The smooth muscle relaxing 
effect observed when NPS was given prior to EFS indicates a modulatory 
function of NPS on neuro-muscular transmission effects. Based on the im-
munostaining and the lack of Ca2+ changes, it seems that GI smooth muscle 
does not have NPSR1 and therefore cannot respond directly to NPS. A plau-
sible explanation for the effect of NPS seems to be a pre-junctional action 
where NPS acts on NPSR1 at nerve cells that result in muscle relaxation. 
That TTX abolished the effects on motility in response to NPS further indi-
cates a coupling of the NPSR1 to neuronal action potentials and synaptic 
signaling. The inhibitory actions of NPS were abolished by L-NAME, sug-
gesting that NPSR1 relies on NOS for its actions on motility. Double stain-
ing revealed that NPSR1 and nNOS coexist in the same myenteric neurons, 
albeit some neurons expressing NPSR1 were not immunoreactive for nNOS. 
Since NPS is able to induce cellular accumulation of cAMP 86, findings by 
others showing that cAMP signaling can increase NO production apart from 
relaxation of intestinal and vascular smooth muscle 209, 210 are in line with 
Study II results. Current literature therefore permits a model of NPS signal-
ing through neural release of NO. NPS can then act on adjacent NPSR1 ex-
pressing neurons, some that also expressing nNOS, others not. Those neu-
rons expressing nNOS can then release NO, which might dampen contrac-
tions along the muscular layer of the gut. 

Neuropeptide S increases basal duodenal mucosal 
permeability 
Study II also demonstrates that NPS increases duodenal paracellular permea-
bility, which proposes a common feature of NPS with other neuropeptides 
including substance P, corticotropin-releasing hormone, neurotensin, and 
vasoactive intestinal peptide to play role in the pathogenesis of IBD 211 and 
maybe also in functional intestinal disorders. One pathophysiological impli-
cation is that enhanced signaling through gain-of-function NPSR1 mutants, 
such as variant 107Ile that are associated with IBD 104, could represent an 
early step in the inflammatory process or aggravate it. Since the permeability 
tests in our study were performed in vivo, this could have been driven direct-
ly within the mucosal epithelium, known to possess NPS as well as NPSR1 
103, 104. The GI mucosa is also generally known to express NOS 188, so block-
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ade of the NPS effect by L-NAME might even occur within these same cells. 
Neuronal involvement such as innervation from the submucous nerve plexus 
could also be possible. 

Neuropeptide S reduces basal duodenal bicarbonate 
secretion 
In Study I it was shown that the intestinal hormone; melatonin reduced etha-
nol-induced changes of duodenal barrier function. With the new findings in 
Study II, we were curious if NPS has a similar effect as melatonin. There-
fore, in Study III we investigated if also NPS are involved in the regulation 
of ethanol- and acid-induced changes of the duodenal barrier function and 
motility. 

Duodenal mucosal bicarbonate secretion is under central as well as local 
intestinal neurohumoral regulation. Isenberg et al showed in 1987 that pa-
tients with duodenal ulcer disease have a depressed basal secretory rate and a 
markedly reduced secretory response to luminal acid 24. The mechanisms by 
which this secretion is regulated have been studied in detail over a long peri-
od of time, but novel findings are still made that are important for under-
standing how this secretion is controlled 17. In Study III, we showed that NPS 
significantly decreased the basal bicarbonate secretory rate. The inhibitory 
effect of NPS was abolished by pre-treating the animals with the unselective 
NOS inhibitor L-NAME. NPSR1 is highly expressed in the myenteric plexus 
191 and also on enteroendocrine cells 103, suggesting that the effects of NPS 
on bicarbonate secretion are mediated by the enteric nervous system. The 
finding that NPSR1 and nNOS are co-localized in neurons of the myenteric 
plexus further supports this hypothesis 191. However, in response to ethanol 
the administration of NPS had dual effects on the secretory rate. A low con-
centration of NPS reduced the bicarbonate secretory rate in response to etha-
nol, whereas increasing the NPS dose ten times did not have any effect on 
secretion. Another interesting observation was that the secretory response to 
luminal acid was greater in animals treated with NPS compared to control 
animals. The effects of NPS on acid-induced secretion were significantly 
reduced by pre-treating the animals with L-NAME. It is evident that in-
creased levels of prostaglandin E2 acting on the EP3 receptor subtype play a 
critical role in the duodenal secretory response to mucosal acidification 212. 
However, whether NPS really increases the release of prostaglandin E2, or 
other prostanoids, needs further investigation. It is difficult to explain the 
finding that NPS reduces basal bicarbonate secretion but increases the secre-
tory response to acid. One possibility is that the proinflammatory effects of 
NPS together with the acid exposure cause greater increases in the genera-
tion of prostaglandin E2 than occur in controls, whereas the secretory de-
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crease observed during NPS treatment alone is mainly caused by reduced 
intestinal motility. 

NPS also induced an absorptive effect on the duodenal epithelium, a 
mechanism dependent on NO. This observation is supported by others 
demonstrating that NO induces intestinal fluid absorption 213-216. A role of 
NO is further supported by the fact that L-NAME abolished the absorption 
mediated by NPS. In contrast, NO has also been shown to be involved in 
stimulating fluid secretion 217, 218. Mourad et al suggest that NO at physiolog-
ical concentrations promotes fluid absorption, but during pathological condi-
tions when NO is produced in greater amounts it facilitates fluid secretion 
219. This proposal is supported by Study III findings during ethanol perfusion, 
wherein NPS in a low concentration induced fluid absorption and reduced 
bicarbonate secretion while higher doses of NPS induced increases in both 
fluid and bicarbonate secretion. 

Neuropeptide S reduces stimulated duodenal motility 
Increased duodenal motility in response to luminal ethanol seems important 
for removing the irritant from the duodenal segment. An interesting observa-
tion of Study III was that the administration of NPS caused dose-dependent 
inhibition of the ethanol-induced increases in duodenal motility. The effects 
of NPS on intestinal motility support Study II findings that NPS reduces 
basal motility in both rats and humans 191. It may be speculated that a de-
layed, or disturbed, duodenal motility response to luminal ethanol would 
increase the risk of epithelial damage and disturbed mucosal barrier function 
as observed in patients with chronic alcoholism 220, 221. It was shown previ-
ously that acid at a pH of 3 does not change basal motility. In response to 
perfusing the duodenal segment with HCl (pH 3), NPS also left duodenal 
motility unchanged. 

Neuropeptide S influences duodenal barrier function 
It has been reported that low concentrations of ethanol induce non-cytotoxic 
effects on the intestinal mucosa by increasing the structural opening of the 
tight junctional protein zona occludin 1 (ZO-1) via myosin light chain kinase 
(MLCK) activation 198. In Study I we investigated the role of intestinal mela-
tonin in ethanol-induced increases in duodenal mucosal paracellular permea-
bility. It was shown that melatonin significantly reduced ethanol-induced 
increases in permeability by a mechanism involving nicotinic receptors in 
the enteric nervous system 189, 222. Because NPS is suggested to be involved 
in the pathogenesis of inflammatory diseases, such as in asthma and IBD 89, 
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104, we became interested in the role of NPS in regulating paracellular per-
meability during ethanol perfusion. NPS was previously shown to increase 
basal duodenal mucosal permeability 191. In Study III, NPS was found not to 
have a significant role in ethanol-induced increases in permeability. Howev-
er, it was shown that luminal acid reduces duodenal permeability, an effect 
that was inhibited by NPS infusion. The NPS-induced inhibition was abol-
ished by pre-treatment with L-NAME, suggesting a mechanism involving 
NO signaling. To break the duodenal barrier, i.e., observe great increases in 
paracellular permeability, we have shown previously that acidity levels close 
to pH 1 are needed 189, 190, but such strong acidities was not tested in Study 
III. 

Short chain fatty acids enhance the barrier function 
In Study IV, the effects of administrating SCFAs into the duodenal lumen 
and to the systemic circulation were elucidated in anaesthetized rats in vivo. 
The effect of GLP-2 i.v. infusion was also examined. Recently, Akiba et al 
showed that SCFAs induce important barrier protective mechanisms in the 
proximal small intestine 123. In a similar experimental model as Study IV, it 
was shown that luminal perfusion of acetate dose-dependently increased 
duodenal bicarbonate secretion via dual mechanisms involving both the acti-
vation of FFA2 receptors expressed on enterochromaffin cells and FFA3 
receptors expressed on endocrine L-cells. Although we did not observe a 
dose-dependent increase in the response to luminal SCFAs, we confirm that 
fatty acids induce an increase in bicarbonate secretion. An interesting obser-
vation in Study IV was that the i.v. administration of acetate or propionate 
significantly reduced the rate of duodenal bicarbonate transport. The reason 
for these differences is not clear. However, it is possible that FFA-receptor 
activation within the enteric nervous system induce opposite effects com-
pared to receptor activation at endocrine cells 223-225. Additionally, it has been 
shown that activation of the FFA receptors induces inhibitory effects via 
sympathetic neurons 226. It is also reasonable to question whether the luminal 
concentrations of SCFAs used in Study IV were within the physiological 
range because the major source of endogenous SCFAs is from the cecum 
and colon. Høverstad et al showed that SCFAs are present in the proximal 
small intestine of healthy humans in the mM range, and it has been suggest-
ed that the major source of foregut fatty acids originates from the oral com-
mensal bacteria 114. In addition, substantial amounts of SCFAs enter the GI 
tract via food and nutrition supplementation. FFA2 and FFA3 receptors are 
specific for SCFAs and are expressed in the cecum and the proximal colon. 
They are also highly expressed in the proximal small intestine 123, 124. Thus, 
Study IV confirmed the stimulatory effects of duodenal bicarbonate secretion 
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by luminal SCFAs. Kaji et al showed that luminal SCFAs stimulate duode-
nal bicarbonate secretion by activating Na+-coupled monocarboxylate trans-
porter-1 (SMCT1) and the pH-dependent monocarboxylate transporters 
(MCT) 124. It is hypothesized that luminal SCFAs are electrogenically co-
transported with Na+ via the apical SMCT1 and exit the enterocyte at the 
basolateral membrane in exchange for HCO3

- by the MCT. The increased 
intracellular HCO3

- exits the duodenocytes into the lumen via Cl-/HCO3
- 

exchanger 124. Our finding that luminal SCFAs increase fluid absorption as 
the activation of apical SMCT1 provides a driving force of fluid absorption 
supports this mechanism. In addition, an increased SCFA plasma concentra-
tion (by the i.v. administration of SCFAs) may induce SCFA uptake at the 
basolateral membrane by the MCT and, as a result, reduce the intracellular 
bicarbonate concentration. This mechanism may explain how i.v. acetate and 
propionate reduce bicarbonate secretion but have no effect on fluid transport. 

Interestingly, Study IV shows that i.v. GLP-2 mediates duodenal bicar-
bonate secretion, which is supported by Wang and co-workers using a simi-
lar experimental set-up 227. GLP-2 also stimulates fluid absorption possibly 
by a mechanism downstream of FFA3 receptor activation on L-cells 123, 124, 
thus increasing Na+ absorption and cotransport water via the SMCT1. The 
combination of propionate and GLP-2 was hypothesized to have synergistic 
effects. However, no changes in the rate of duodenal bicarbonate secretion or 
net fluid flux were observed, suggesting an interfering signaling mechanism. 
In addition, the duodenal bicarbonate secretory response to luminal acetate 
or propionate at a concentration of 10 mM was not different from that to 500 
μM, suggesting that the maximal effect is already reached in the mM range. 
This concentration of acetate is close to the level generally found in duode-
nal juices (~400 μM) 114. 

An interesting finding in Study IV is that the administration of SCFAs ei-
ther as a luminal perfusion or an intravenous infusion decreased the duode-
nal mucosal paracellular permeability. To the best of our knowledge, we 
show for the first time that SCFAs reduce duodenal permeability in rats in 
vivo. This finding seems consistent with in vitro studies of the colon 228, 229. It 
could be linked to the tight junctional protein gene expression that enhances 
the mucosal barrier. As reported previously, SCFAs induce changes in tight 
junctional permeability via lipoxygenase activation through histone acetyla-
tion 230. Interestingly, it has previously been reported that GLP-2 reduces 
jejunal epithelial permeability 231. However, in Study IV, we found that the 
i.v. administration of GLP-2 did not induce any effects on the duodenal mu-
cosal permeability. Therefore, it is likely that the jejunum and duodenum 
have different signaling pathways in the regulation of paracellular permea-
bility. 
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Short chain fatty acids change the MMC patterns 
Luminal SCFAs have been shown to stimulate colonic motor activity 232, 233. 
Study IV shows that SCFAs in the duodenal segment have no effects on total 
duodenal motility (measured as AUC), a finding supported by observations 
in humans 234. However, the motility during luminal perfusion with acetate 
and propionate changed from the migrating motor complex (MMC) to a 
pattern similar to feeding motility. Similarly, it was shown that perfusing the 
ileal segment but not the i.v. administration of SCFAs, changed the gastric 
and duodenal motility patterns 116, 235. Surprisingly, the combination of pro-
pionate and GLP-2 induced a reduction in duodenal motor activity. 
Tolhurst’s and Psichas’s groups have shown that luminal SCFAs stimulate 
GLP-1 release via FFA2 activation in colonic cells 117, 236. In comparison, 
Bozkurt and colleagues demonstrated that co-stimulation with GLP-1 and 
GLP-2 reduced small intestinal spiking activity in the fasted rats 237. There-
fore, it is plausible that luminal propionate induces increases in the GLP-1 
plasma level and, together with GLP-2 i.v. administration, causes an inhibi-
tory effect on duodenal motility. 

Clinical relevance 
The findings in the present thesis show that melatonin and NPS are involved 
in the regulation of the duodenal mucosal barrier function and duodenal mo-
tility. However, it must be noted that almost all experiments in this work 
were performed in the anesthetized rat. If melatonin and NPS have similar 
effects also in humans needs to be elucidated and confirmed in future stud-
ies. 

A relevant question to ask - is there a need developing new strategies and 
therapeutics to treat patients with intestinal barrier dysfunction and dysmotil-
ity like in IBD, gastritis, duodenal ulcers disease, celiac disease and IBS? 
The short answer to this question is: YES! The more knowledge we have 
about the mechanisms that are involved in the regulation of intestinal barrier 
function and motility, the “easier” it will be to design new drugs to treat 
these patients. This thesis also highlights the impact of the luminal contents 
in the intestine and how the presence SCFAs may modulate chemosensing 
and intestinal function. SCFAs might be playing a role in causing symptoms 
observed during bacterial overgrowth in the foregut or excessive supplemen-
tation of SCFAs in patients with functional dyspepsia or with a suppressed 
mucosal barrier function. 
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Conclusions 

The data presented in this thesis demonstrates novel information and mecha-
nisms involved in the regulation of duodenal barrier function and motility, 
data obtained from experiments performed in anaesthetized Sprague Dawley 
rats mainly, but also from tissues of human origin. The most important find-
ings are: 
 
• Luminal ethanol increases duodenal paracellular permeability and motil-

ity. Perfusion with HCl increases paracellular permeability and decreas-
es motility. 
 

• Melatonin reduces ethanol- and wine-induced increases in paracellular 
permeability via a mechanism abolished by nicotinic receptor antago-
nists; hexamethonium and mecamylamine. Melatonin does not influence 
acid-induced increases in paracellular permeability and decreases in mo-
tility. 

 
• NPS decreases intestinal motility and increases duodenal mucosal para-

cellular permeability. Pre-treating animals with a non-selective nitric ox-
ide synthase inhibitor abolish the effect of NPS on motility and permea-
bility. 
 

• In human intestinal muscle strips, pre-contracted by bethanechol, NPS 
induced NO-dependent muscle relaxation via a neural pathway sensitive 
to tetrodotoxin. 
 

• In human intestine, NPS was localized at myenteric nerve cell bodies 
and fibers while NPSR1 and nNOS were confined to nerve cell bodies. 
 

• NPS-treated animals increased the expression of inflammatory markers 
protein level of IL-1β and CXCL1. 
 

• NPS reduces duodenal bicarbonate secretion and stimulates transepithe-
lial net fluid absorption, a mechanism dependent on nitrergic pathways. 
 

• NPS reduces ethanol-induced increases in duodenal motility. 
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• NPS increases duodenal bicarbonate secretion and mucosal paracellular 
permeability in response to luminal acid perfusion, via pathways de-
pendent on nitrergic signaling. 
 

• Luminal SCFAs reduces duodenal mucosal paracellular permeability, 
increases transepithelial net fluid absorption and stimulates bicarbonate 
secretion. Intravenous infusion of SCFAs reduces mucosal paracellular 
permeability without any effects on mucosal net fluid flux. However, it 
significantly decreased the bicarbonate secretion. 
 

• Intravenous infusion of GLP-2 stimulates duodenal bicarbonate secre-
tion and fluid absorption. 
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Ringkasan Saintifik dalam Bahasa Malaysia 

Keupayaan untuk menyerap nutrisi, air dan elektrolit dan mengeluarkan ba-
han buangan adalah sebahagian daripada proses utama sistem pencernaan 
yang normal. Gastrousus (gastrointestine; GI) mukosa merupakan suatu 
bentuk halangan fizikal yang melindungi struktur dalaman daripada perse-
kitaran rongga usus yang mungkin mengandungi sejumlah besar ejen pato-
logi dan toksin. Gangguan terhadap fungsi halangan mukosa telah dikaitkan 
dengan patogenesis beberapa gangguan GI seperti penyakit keradangan usus 
(inflammatory bowel disease; IBD), penyakit ulser gastrik dan duodenum, 
penyakit celiac serta sindrom keradangan usus (irritable bowel syndrom; 
IBS). 

Duodenum merupakan bahagian pertama usus kecil yang menerima asid 
hidroklorik (HCl), enzim penghadaman, bakteria dan toksin daripada perut. 
Ketidakseimbangan unsur-unsur tersebut di dalam rongga usus dan sistem 
pertahanan halangan mukosa boleh menyebabkan kecederaan tisu diikuti 
dengan tindak balas keradangan. Oleh sebab itu, duodenum memerlukan 
mekanisme halangan yang jitu untuk mengekalkan fungsi fisiologi yang 
sempurna. Pada masa kini, pengaturan fungsi halangan mukosa GI tidak 
diperjelaskan dengan menyeluruh, oleh itu kajian yang meluas diperlukan 
untuk memperjelaskan sepenuhnya proses tersebut. 

Di dalam tesis ini, peranan melatonin, neuropeptida S dan asid lemak 
rantaian pendek (short chain fatty acids; SCFAs) dalam pengaturan fungsi 
halangan mukosa usus dan kontraksi otot usus di bawah pengaruh ubat lali  
pada in vivo tikus dan ex vivo manusia telah diselidiki. 

Kajian I 
Kesan saraf-pengantara melatonin pada pengaturan kebolehtelapan paracel-
lular mukosa dan kontraksi otot usus selepas pendedahan duodenum dengan 
etanol di dalam rongga dan HCl pada tikus di bawah pengaruh ubat lali telah 
diselidiki. Perfusi di dalam rongga duodenum dengan etanol (10 atau 15% 
alkohol mengikut nisbah isipadu), wain merah, atau HCl (25-100 mM) telah 
menyebabkan kebergantungan kepada kepekatan meningkatnya paracellular 
mukosa kebolehtelapan. Melatonin telah mengurangkan ethanol- dan wain 
tetapi tidak asid yang menyebabkan kenaikan paracellular mukosa kebo-
lehtelapan melalui mekanisma yang dihapuskan oleh antagonis reseptor ni-
kotinik; hexamethonium (i.v.) atau mecamylamine (dalam rongga 
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duodenum). Ini menunjukkan bahawa etanol dan HCl mendorong peningka-
tan kebolehtelapan paracellular melalui mekanisma yang berbeza. Selain itu, 
etanol dan wain di dalam rongga telah meningkatkan, manakala HCl se-
ketika menurunkan kontraksi otot duodenum. Melatonin telah menghalang 
etanol yang menyebabkan kenaikan kontraksi otot duodenum tetapi tidak 
oleh HCl. Tanda-tanda kecederaan mukosa (edema dan awal desquamation 
epitelium) sebagai respons kepada pendedahan etanol hanya dilihat pada 
beberapa villi, kesan histologi yang tidak diubah oleh melatonin. Eksperimen 
ini telah menunjukkan melatonin mampu pengaruhi perubahan kebolehtela-
pan paracellular mukosa dan kontraksi otot duodenum daripada impak per-
fusi ethanol- dan wain yang mana sebahagian mekanisma tersebut ber-
hubung melalui saraf enteric nikotinik-reseptor. 

Kajian II 
Kajian ini adalah bagi menguji kesan peptida usus yang ditemui baru-baru 
ini; neuropeptida S (NPS) 88. Kesan NPS di dalam pengaturan kontraksi otot 
usus dan fungsi halangan mukosa duodenum pada tikus dan tisu yang berasal 
daripada manusia telah diselidiki. Kemasukan NPS di dalam vena (intrave-
nous; i.v.) bergantung kepada dos telah menyebabkan penurunan kontraksi 
otot usus dan peningkatkan paracellular mukosa kebolehtelapan duodenum. 
Haiwan pra-rawat dengan Nω-nitro-L-arginine methyl ester (antagonis nitric 
oxide synthase receptor; L-NAMA) telah menyebabkan pemansuhan kesan 
NPS pada kontraksi otot dan kebolehtelapan mukosa usus. NPS pada dos 
yang rendah telah menyebabkan kontraksi yang tidak teratur, manakala dos 
yang lebih tinggi telah menjejaskan aktiviti myoelectric, memanjangkan 
kitaran MMC dan tempoh fasa III MMC. Haiwan yang dirawat dengan NPS 
juga telah menyebabkan peningkatan protein penanda biologi bagi kera-
dangan; IL-1β dan CXCL1. Di dalam usus manusia, NPS di temui di badan 
sel saraf myenteric dan serat manakala NPSR1 dan nNOS di temui dalam 
badan sel saraf myenteric sahaja. Di dalam jalur otot usus manusia yang 
dipra-kontraksikan oleh bethanechol, NPS dengan kebergantungan kepada 
NO telah menyebabkan penurunan kontraksi otot usus yang sensitif kepada 
tetrodotoxin. Kajian II ini telah menunjukkan dengan jelas bahawa NPS 
telah menjejaskan kontraksi otot GI dalam tikus dan manusia, mengubah 
fungsi GI halangan mukosa dan juga penanda biologi bagi keradangan. 

Kajian III 
Kajian I telah menunjukkan bahawa usus hormon endokrin melatonin telah 
mengurangkan perubahan yang disebabkan oleh etanol terhadap fungsi ha-
langan duodenum. Dengan penemuan di dalam Kajian II, adalah menarik 
untuk menetahui jika NPS mempunyai kesan yang sama seperti melatonin. 
Oleh itu, di dalam Kajian III, NPS juga telah diselidiki sekiranya mampu 
terlibat di dalam pengaturan perubahan terhadap fungsi halangan duodenum 
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dan kontraksi otot disebabkan oleh ethanol- dan asid. NPS dengan jelas telah 
menghalang rembesan duodenum bikarbonat dan menyebabkan penyerapan 
mukosa transepithelial cecair fluks, suatu mekanisme yang bergantung ke-
pada laluan nitrergic. NPS juga telah mengurangkan impak etanol terhadap 
peningkatan kontraksi otot duodenum dengan kebergantungan kepada dos 
NPS. NPS juga telah menyebabkan peningkatan rembesan duodenum bikar-
bonat dan paracellular mukosa kebolehtelapan semasa perfusi asid. Namun, 
haiwan pra-rawat dengan L-NAMA telah mampu menghapuskan kesan NPS 
terhadap rembesan bikarbonat dan paracellular mukosa kebolehtelapan 
tersebut. Eksperimen ini menunjukkan bahawa NPS dapat mempengaruhi 
fungsi halangan mukosa duodenum dengan kebergantungan nitrergic dan 
mampu memberi kesan terhadap perubahan kontraksi otot semasa perfusi 
etanol, berkemungkinan ia merupakan ilustrasi fungsi NPS semasa comorbi-
dity di dalam subjek IBD dan juga penyakit hati beralkohol (alcoholic liver 
disease). NPS juga telah mempengaruhi rembesan alkali di dalam rongga 
dan fungsi halangan mukosa duodenum semasa perfusi asid dengan keber-
gantungan kepada aktiviti nitrik oksida, berkemungkinan menunjukan fungsi 
NPS di dalam subjek IBD semasa proses pos-prandial. 

Kajian IV 
Kajian terhadap SCFAs semasa pos-prandial di dalam rongga duodenum dan 
peredaran sistemik telah diselidiki pada tikus lali. Kesan infusi i.v GLP-2. 
juga telah dikaji. SCFAs dalam rongga duodenum telah mengurangkan para-
cellular mukosa kebolehtelapan duodenum, menurun rembesan tran-
sepithelial cecair fluks dan meningkatkan rembesan bikarbonat. Sementara 
itu, i.v. SCFA juga mengurangkan mukosa paracellular kebolehtelapan tetapi 
mengurangkan rembesan bikarbonat dan tidak mengubah fluks cecair mu-
kosa. Hanya SCFAs dalam rongga duodenum dan bukan i.v. mampu mengu-
bah corak kontraksi duodenum dari migrating motor complex (MMC) ke-
pada corak yang lebih serupa dengan kontraksi otot usus selepas makan. 
Selain itu, GLP-2 i.v. infusi juga telah menyebabkan peningkatan terhadap 
rembesan bikarbonat duodenum dan penyerapan cecair fluks. SCFAs dalam 
rongga duodenum dan infusi i.v. GLP-2 yang diberikan secara serentak telah 
mampu mengurangkan aktiviti motor duodenum (area under the curve, 
AUC). Kajian IV ini telah menunjukkan bahawa kepekaan kimia SCFAs 
dalam rongga duodenum dan sistemik tikus mampu mempengaruhi fungsi 
halangan, cecair fluks dan rembesan bikarbonat duodenum pada tikus. Keti-
dakfungsian bagi fungsi halangan atau kepekaan kimia mampu menyumbang 
kepada gejala yang diperhatikan semasa perkembangan terlalu cepat bakteria 
(bacterial overgrowth) di dalam usus kecil atau pengambilan SCFAs pada 
pesakit dengan fungsi dispepsia. 
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Kesimpulan 
Dalam Kajian I, melatonin telah menunjukkan kesan yang penting bagi 
mengurangkan rangsangan terhadap peningkatan kebolehtelapan mukosa. 
Oleh itu, melatonin mungkin mampu untuk terlibat di dalam pendekatan 
terapeutik bagi mengurangkan masalah klinikal yang berkaitan dengan pe-
ningkatan ketelapan usus seperti IBD, gastrik dan ulser duodenum penyakit, 
penyakit celiac dan IBS. Dalam Kajian II, NPS memaparkan kesan GI yang 
mungkin berkaitan dengan fungsi dan keradangan. NPS juga mampu 
meningkatkan cAMP sebagai utusan kedua. Potensi NPS untuk meningkat-
kan cAMP adalah sepuluh kali ganda lebih tinggi untuk varian 107Ile pada 
IBD varian NPSR1 (EC50 107Asn ~ 32 nM vs 107Ile ~ 3.5 nM) 86. Ini 
menunjukkan bahawa individu bervarian 107Ile lebih terdedah kepada keti-
dakfungsian kontraksi usus dan kebolehtelapan mukosa. Mekanisma NPS 
terhadap reaksi imunologi dan keradangan mungkin mampu menghasilkan 
suatu aspek baru mengenai kepentingan neuropeptida di dalam ketidak-
fungsian dan tindak balas keradangan pada saluran GI. Menariknya, dalam 
Kajian III, NPS juga telah ditunjukkan untuk mampu mengurangkan pe-
ningkatan kontraksi otot duodenum yang disebabkan oleh etanol, 
berkemungkinan ianya merupakan ilustrasi fungsi NPS semasa comorbidity 
di dalam subjek IBD dan penyakit hati beralkohol. NPS juga berkeupayaan 
untuk meningkatkan rembesan alkali di dalam rongga duodenum dan meng-
halang fungsi mukosa duodenum semasa perfusi asid yang mana ianya berg-
antung kepada aktiviti nitrergic, berkemungkinan ia menunjukkan tindakan 
NPS di dalam subjek IBD semasa peringkat pos-prandial. Akhir sekali dalam 
Kajian IV, kepekaan kimia SCFAs di dalam rongga duodenum berpotensi 
untuk mengurangkan paracellular mukosa kebolehtelapan, mengurangkan 
transepithelial rembesan cecair fluks dan merangsang rembesan alkali di 
dalam rongga duodenum. Kajian ini berpotensi untuk menyumbang terhadap 
pemahaman peranan fungsi SCFAs dan GLP-2 di dalam pengaturan fungsi 
halangan duodenum seiring dengan mekanisma yang mungkin dapat me-
nyekat penaklukan bakteria di dalam rongga usus pada patogenesis berfungsi 
dispepsia. 



 
 

73

Acknowledgements 

All the works in this thesis were performed in the Department of Neurosci-
ence, Division of Physiology at Biomedical Centre, Uppsala University. 
After many years’ working day and night together with people from various 
excellent academic background and specialty, I would like to express the 
greatest level of  gratitude for the priceless experience and knowledge that I 
gained, particularly to: 
 
Markus Sjöblom; my supervisor with vast experience and knowledge in the 
field of Gastrointestinal Physiology, the greatest mentor who always guide 
with brilliant advice and information every time I met the obstacles in re-
search and study. It’s being honor to be part of your team! 
 
Olle Nylander; my co-supervisor, I would like to thank you for your support 
and dedication, your enthusiasm in science and research really inspiring and 
your invaluable encouragement towards the world class research. 
 
PhD student and colleagues; Anna Sommansson, a colleague in the Gastro-
intestinal Physiology of Markus’s group, for your contribution in teaching 
the surgical techniques and experiments, John Sedin, for your passion in 
research and discussion about research-related issues, Annika Jägare, for 
your contribution in the laboratory set up, demonstration the surgical and 
experimental procedures, Behavioral Neuroendocrinology of Prof Svante’s 
group and students and Molecular Physiology and Neuroscience of Prof 
Bryndis’s group and students, for being wonderful corridor co-workers by 
creating an enjoyable working environment, accompanying in conferences 
and meetings and Karin Nygren for your warm welcome of cake and fika.  
 
Md. Abdul Halim, Dominic-Luc Webb and Per M. Hellström; for the joint 
work and hardship in completing the Study II. 
 
The Animal Department; for providing the best services and good care of 
our animals. 
 



 
 
74 

Department of Neuroscience administrators; Emma Andersson, Cecilia 
Edling, Neil Ormerod, Cecilia Yates and all staffs for your kindness  and 
dedication to make my administration relating issues quick and smooth. 
 
Faculty of Medicine and Health Science (Fakulti Perubatan dan Sains 
Kesihatan), Universiti Malaysia Sabah and Ministry of Higher Education 
(Kementerian Pendidikan Tinggi) Malaysia, for funding my study in Bio-
medical Centre, Uppsala University, Uppsala, Sweden. 
 
Friends in Sweden; Riduan Ahmad and Mona Esa, Fadli Dahlan and Siti 
Maisharah, Shanmuga Suntharan and Jesmin Permala Das, Shirlene 
Lim, Pravech Ajawatanawong, Shahar M Shariffudin, Dalina Johari, 
Alnassr Nassir, Mok Teh, Haji Shamsuddin, Ahmad, Yasmin, Yasri, Yasir 
from Uppsala and to all Malaysian that recognized me in Sweden for the 
great chit-chat and gossiping, for your kindness accepting me to be part of 
the big family here in Sweden and a warm welcome that always makes me 
feel near to Malaysia, Zulkarnain Md Idris, Aida Raz and Johan, from 
Stockholm, for motivating me in marathon and study, Rebecca Lihong, Co-
line V Ak Lihong, PerOliver Wikvist and Uncle Bo from Askersunds for a 
warm and wonderful Swedish’s + Sarawakian’s Chrismas experience, Rosa-
line Anthony from Kista and friends for always inviting me every year to the 
Gawai celebration day in Sweden, and last but not least, Gabor and Judith 
from Hungary, for being the most delightful couple in Sweden, encouraging 
me in study (like big brother and sister), accompanying me in travelling with 
extremely exciting adventures and not forget to mention Goulash, the great-
est soup in Europe! 
 
A special thanks to Wan Saudi Wan Sahak (Baba) and Fauziah Yusoff 
(Mama) for being the greatest parents in the world!! Always pray for my 
success in examination and presentation, Wan SaudiSani, Wan Mohd 
Ismael, Wan Mohd Saifullah and Wan Mohd Salamullah, thank you for 
being the most supportive brothers who always chanting for my victory and 
to all my family members, the greatest gratitude for all the supports and 
enormous sacrifices that you have made on behalf of me completing the 
writing and motivation towards my goal. 
 
Lastly, to the very special person in my life, Ramizah Shaharudin, you are 
completing my life, your patience with up and down roller coaster of a long 
distance relationship are really admiring (~13,260 km driving distance!). It 
takes many years of waiting but you are always being a peanut butter to my 
jelly, a butterfly that I always feel in my belly, every single apple to my pie 
and each of straw to my berry. Saya cintakan kamu! Jag Älskar Dig! I love 
you! 



 
 

75

References 

1. Pastorelli L, De Salvo C, Mercado JR, Vecchi M, Pizarro TT. Central Role of 
the Gut Epithelial Barrier in the Pathogenesis of Chronic Intestinal 
Inflammation: Lessons Learned from Animal Models and Human Genetics. 
Front Immunol 2013;4:280. 

2. Cario E, Gerken G, Podolsky DK. Toll-like receptor 2 controls mucosal 
inflammation by regulating epithelial barrier function. Gastroenterology 
2007;132:1359-1374. 

3. Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev 
Immunol 2009;9:799-809. 

4. Avraham, Regina. The Digestive System: Chelsea House, 2000:52. 
5. Danbury CT. Intestine. Encyclopedia Americana: Grolier, 1999:323. 
6. Hasler WL. Small Intestinal Motility. In: Johnson LR, ed. Physiology of the 

Gastrointestinal Tract. 4th ed. Burlington, MA: Elsevier Academic Press, 2006. 
7. van Gijn J, Gijselhart JP. [Treitz and his ligament]. Ned Tijdschr Geneeskd 

2011;155:A2879. 
8. Soderholm JD, Peterson KH, Olaison G, Franzen LE, Westrom B, Magnusson 

K, Sjodahl R. Epithelial permeability to proteins in the noninflamed ileum of 
Crohn's disease. Gastroenterology, 1999;117:65-72. 

9. Fox SI. The digestive system. Human Physiology. 12th ed. New York: 
McGraw-Hill, 2011:614-615. 

10. Furness JB. The Enteric Nervous System. Blackwell, 2006. 
11. Nylander O, Hällgren A, Sababi M. COX inhibition excites enteric nerves that 

affect motility, alkaline secretion, and permeability in rat duodenum. Am J 
Physiol Gastrointest Liver Physiol 2001;281:G1169-1178. 

12. Sababi M, Nylander O. Comparative study of the effects of nitric oxide 
synthase and cyclo-oxygenase inhibition on duodenal functions in rats 
anaesthetized with inactin, urethane or alpha-chloralose. Acta Physiol Scand 
1996;158:45-52. 

13. Nylander O. The impact of cyclooxygenase inhibition on duodenal motility and 
mucosal alkaline secretion in anaesthetized rats. Acta Physiol (Oxf) 
2011;201:179-192. 

14. McConalogue K, Furness JB. Gastrointestinal neurotransmitters. Baillieres 
Clin Endocrinol Metab 1994;8:51-76. 

15. Flemström G. Gastroduodenal mucosal secretion of bicarbonate and mucus. 
Physiologic control and stimulation by prostaglandins. Am J Med 1986;81:18-
22. 

16. Knutson L, Flemström G. Duodenal mucosal bicarbonate secretion in man. 
Stimulation by acid and inhibition by the alpha 2-adrenoceptor agonist 
clonidine. Gut 1989;30:1708-1715. 



 
 
76 

17. Seidler U, Sjöblom M. Gastroduodenal Bicarbonate Secretion. In: Johnson LR, 
ed. Physiology of the Gastrointestinal Tract. London: Elsevier Inc., 2012:1311-
1339. 

18. Larhed AW, Artursson P, Gråsjö J, Björk E. Diffusion of drugs in native and 
purified gastrointestinal mucus. J Pharm Sci 1997;86:660-665. 

19. Cereijido M. Evolution of ideas on the tight junction. In: Cereijido M, ed. Tight 
Junctions. Boca Raton: CRC Press, 1992:1. 

20. Flemström G, Garner A, Nylander O, Hurst BC, Heylings JR. Surface 
epithelial HCO3(-) transport by mammalian duodenum in vivo. Am J Physiol 
1982;243:G348-G358. 

21. Allen A, Flemström G. Gastroduodenal mucus bicarbonate barrier: protection 
against acid and pepsin. Am J Physiol Cell Physiol 2005;288:C1-19. 

22. Seidler UE. Gastrointestinal HCO3- transport and epithelial protection in the 
gut: new techniques, transport pathways and regulatory pathways. Curr Opin 
Pharmacol 2013;13:900-908. 

23. Flemström G, Sjöblom M. Duodenal defence mechanisms: role of mucosal 
bicarbonate secretion. InflammoPharmacology 2002;10:327-332. 

24. Isenberg JI, Selling JA, Hogan DL, Koss MA. Impaired proximal duodenal 
mucosal bicarbonate secretion in patients with duodenal ulcer. N Engl J Med 
1987;316:374-379. 

25. Barrett KE, Myers CP, Hogan D, Pratha V, Isenberg JI. Mast cells and 
duodenal bicarbonate secretion. In: Hunt RH, Tytgat SH, Guido, eds. 
Helicobacter pylori. Basic Mechanisms to Clinical Cure. Netherlands: 
Springer, 1998:188-194. 

26. Balda MS, Matter K. Tight junctions at a glance. J Cell Sci 2008;121:3677-
3682. 

27. Mariano C, Sasaki H, Brites D, Brito MA. A look at tricellulin and its role in 
tight junction formation and maintenance. Eur J Cell Biol 2011;90:787-796. 

28. Zahraoui A, Louvard D, Galli T. Tight junction, a platform for trafficking and 
signaling protein complexes. J Cell Biol 2000;151:F31-36. 

29. Tsukita S, Furuse M. Pores in the wall: claudins constitute tight junction 
strands containing aqueous pores. J Cell Biol 2000;149:13-16. 

30. Buzza MS, Netzel-Arnett S, Shea-Donohue T, Zhao A, Lin CY, List K, Szabo 
R, Fasano A, Bugge TH, Antalis TM. Membrane-anchored serine protease 
matriptase regulates epithelial barrier formation and permeability in the 
intestine. Proc Natl Acad Sci U S A 2010;107:4200-4205. 

31. Fanning AS, Mitic LL, Anderson JM. Transmembrane proteins in the tight 
junction barrier. J Am Soc Nephrol 1999 10:1337-1345. 

32. Knipp GT, Ho NF, Barsuhn CL, Borchardt RT. Paracellular diffusion in Caco-
2 cell monolayers: effect of perturbation on the transport of hydrophilic 
compounds that vary in charge and size. J Pharm Sci 1997;86:1105-1110. 

33. Pappenheimer JR, Reiss KZ. Contribution of solvent drag through intercellular 
junctions to absorption of nutrients by the small intestine of the rat. J Membr 
Biol 1987;100:123-136. 

34. Jenkins RT, Bell RA. Molecular radii of probes used in studies of intestinal 
permeability. Gut 1987;28:110-1. 

35. Ma TY, Hollander D, Erickson RA, Truong H, Nguyen H, Krugliak P. 
Mechanism of colonic permeation of inulin: is rat colon more permeable than 
small intestine? Gastroenterology 1995;108:12-20. 



 
 

77

36. Leiper JB. Intestinal water absorption--implications for the formulation of 
rehydration solutions. Int J Sports Med 1998;19:S129-132. 

37. Darnell JE, Lodish H, Berk A, Zipursky L, Matsudaira P, Baltimore D. 
Osmosis, Water Channels, and the Regulation of Cell Volume. In: Freeman 
WH, ed. Molecular Cell Biology. 4th ed. New York: Media connected, 2000. 

38. Zeuthen T. Water-transporting proteins. J Membr Biol 2010;234:57-73. 
39. Zeuthen T, Meinild AK, Loo DD, Wright EM, Klaerke DA. Isotonic transport 

by the Na+-glucose cotransporter SGLT1 from humans and rabbit. J Physiol 
2001;531:631-644. 

40. Szurszewski JH. A migrating electric complex of canine small intestine. Am J 
Physiol 1969;217:1757-1763. 

41. Vantrappen G, Janssens J, Hellemans J, Ghoos Y. The interdigestive motor 
complex of normal subjects and patients with bacterial overgrowth of the small 
intestine. J Clin Invest 1977;59:1158-1166. 

42. Bormans V, Peeters TL, Janssens J, Pearce D, Vandeweerd M, Vantrappen G. 
In man, only activity fronts that originate in the stomach correlate with motilin 
peaks. Scand J Gastroenterol 1987;22:781-784. 

43. Dooley CP, Di Lorenzo C, Valenzuela JE. Variability of migrating motor 
complex in humans. Dig Dis Sci 1992;37. 

44. Ariga H, Tsukamoto K, Chen C, Mantyh C, Pappas TN, Takahashi T. 
Endogenous acyl ghrelin is involved in mediating spontaneous phase III-like 
contractions of the rat stomach. Neurogastroenterol Motil 2007;19:675-680. 

45. Itoh Z. Motilin and clinical application. Peptides 1997;18:593-608. 
46. Janssens J, Vantrappen G, Peeters TL. The activity front of the migrating 

motor complex of the human stomach but not of the small intestine is motilin-
dependent. Regul Pept 1983;6:363-369. 

47. Tatewaki M, Harris M, Uemura K, Ueno T, Hoshino E, Shiotani A, Pappas 
TN, Takahashi T. Dual effects of acupuncture on gastric motility in conscious 
rats. Am J Physiol Regul Integr Comp Physiol 2003;285:R862-872. 

48. Zheng J, Ariga H, Taniguchi H, Ludwig K, Takahashi T. Ghrelin regulates 
gastric phase III-like contractions in freely moving conscious mice. 
Neurogastroenterol Motil 2009;21:78-84. 

49. Livingston EH, Passaro EP. Postoperative ileus. Dig Dis Sci 1990;35:121-131. 
50. Wouters MM, Boeckxstaens GE. Neuroimmune mechanisms in functional 

bowel disorders. Neth J Med 2011;69:55-61. 
51. Türler A, Kalff JC, Moore BA, A. HR, Billiar TR, Simmons RL, Bauer AJ. 

Leukocyte-derived inducible nitric oxide synthase mediates murine 
postoperative ileus. Ann Surg 2006;244:220-229. 

52. Schwarz NT, Kalff JC, Türler A, Engel BM, Watkins SC, Billiar TR, Bauer 
AJ. Prostanoid production via COX-2 as a causative mechanism of rodent 
postoperative ileus. Gastroenterology 2001;121:1354-1371. 

53. Sedin J, Sjöblom M, Nylander O. The selective cyclooxygenase-2 inhibitor 
parecoxib markedly improves the ability of the duodenum to regulate luminal 
hypertonicity in anaesthetized rats. Acta Physiol (Oxf) 2012;205:433-451. 

54. Hardeland R. Melatonin, hormone of darkness and more: occurrence, control 
mechanisms, actions and bioactive metabolites. Cell Mol Life Sci 
2008;65:2001-2018. 

55. Brown GM. Light, melatonin and the sleep-wake cycle. J Psychiatry Neurosci 
1994;19:345-353. 



 
 
78 

56. Herxheimer A, Petrie KJ. Melatonin for the prevention and treatment of jet lag. 
Cochrane Database Syst Rev 2002;2:CD001520. 

57. Oldani A, Ferini-Strambi L, Zucconi M, Stankov B, Fraschini F, Smirne S. 
Melatonin and delayed sleep phase syndrome: ambulatory polygraphic 
evaluation. Neuroreport 1994;6:132-134. 

58. Ellis CM, Lemmens G, Parkes JD. Melatonin and insomnia. J Sleep Res 
1996;5:61-65. 

59. Rastmanesh R. Potential of melatonin to treat or prevent age-related macular 
degeneration through stimulation of telomerase activity. Med Hypotheses 
2011;76:79-85. 

60. Yi C, Pan X, Yan H, Guo M, Pierpaoli W. Effects of melatonin in age-related 
macular degeneration. Ann N Y Acad Sci 2005;1057. 

61. Khezri MB, Merate H. The effects of melatonin on anxiety and pain scores of 
patients, intraocular pressure, and operating conditions during cataract surgery 
under topical anesthesia. Indian J Ophthalmol 2013;61:319-324. 

62. van Heukelom RO, Prins JB, Smits MG, Bleijenberg G. Influence of melatonin 
on fatigue severity in patients with chronic fatigue syndrome and late 
melatonin secretion. Eur J Neurol 2006;13:55-60. 

63. Knook L, Kavelaars A, Sinnema G, Kuis W, Heijnen CJ. High nocturnal 
melatonin in adolescents with chronic fatigue syndrome. J Clin Endocrinol 
Metab 2000;85:3690-3692. 

64. Quera Salva MA, Hartley S, Barbot F, Alvarez JC, Lofaso F, Guilleminault C. 
Circadian rhythms, melatonin and depression. Curr Pharm Des 2011;17:1459-
1470. 

65. Norman TR. Agomelatine, melatonin and depressive disorder. Expert Opin 
Investig Drugs 2013;22:407-410. 

66. Konturek SJ, Konturek PC, Brzozowski T, Bubenik GA. Role of melatonin in 
upper gastrointestinal tract. J Physiol Pharmacol 2007;58:23-52. 

67. Mozaffari S, Rahimi R, Abdollahi M. Implications of melatonin therapy in 
irritable bowel syndrome: a systematic review. Curr Pharm Des 2010;16:3646-
3655. 

68. Kvetnoy IM. Extrapineal melatonin: location and role within diffuse 
neuroendocrine system. Histochem J 1999;31:1-12. 

69. Venegas C, García JA, Escames G, Ortiz F, López A, Doerrier C, García-
Corzo L, López LC, Reiter RJ, Acuña-Castroviejo D. Extrapineal melatonin: 
analysis of its subcellular distribution and daily fluctuations. J Pineal Res 
2012;52:217-227. 

70. Bubenik GA. Gastrointestinal melatonin: localization, function, and clinical 
relevance. Dig Dis Sci 2002;47:2336-2348. 

71. Huether G. The contribution of extrapineal sites of melatonin synthesis to 
circulating melatonin levels in higher vertebrates. Experientia 1993;49:665-
670. 

72. Huether G, Poeggeler B, Reimer A, George A. Effect of tryptophan 
administration on circulating melatonin levels in chicks and rats: evidence for 
stimulation of melatonin synthesis and release in the gastrointestinal tract. Life 
Sci 1992;51:945-953. 

73. von Gall C, Stehle JH, Weaver DR. Mammalian melatonin receptors: 
molecular biology and signal transduction. Cell Tissue Res 2002;309:151-162. 



 
 

79

74. Barrett P, Messager S, Schuster C, Moar KM, Mercer JG, Morgan PJ. Pituitary 
adenylate cyclase-activating polypeptide acts as a paracrine regulator of 
melatonin-responsive cells of the ovine pars tuberalis. Endocrinology 
2002;143:2366-2375. 

75. Bubis M, Zisapel N. Involvement of cGMP in cellular melatonin responses. 
Biol Cell 1999;91:45-49. 

76. Tsim ST, Wong JT, Wong YH. Calcium ion dependency and the role of 
inositol phosphates in melatonin-induced encystment of dinoflagellates. J Cell 
Sci 1997;110:1387-1393. 

77. Lee PP, Pang SF. Melatonin and its receptors in the gastrointestinal tract. Biol 
Signals 1993;2:181-193. 

78. Stebelová K, Anttila K, Mänttäri S, Saarela S, Zeman M. 
Immunohistochemical definition of MT(2) receptors and melatonin in the 
gastrointestinal tissues of rat. Acta Histochem 2010;112:26-33. 

79. Chen CQ, Fichna J, Bashashati M, Li YY, Storr M. Distribution, function and 
physiological role of melatonin in the lower gut. World J Gastroenterol 
2011;17:3888-3898. 

80. Sjöblom M, Flemström G. Melatonin in the duodenal lumen is a potent 
stimulant of mucosal bicarbonate secretion. J Pineal Res 2003;34:288-293. 

81. Reiter RJ, Tan DX, Mayo JC, Sainz RM, Leon J, Czarnocki Z. Melatonin as an 
antioxidant: biochemical mechanisms and pathophysiological implications in 
humans. Acta Biochim Pol 2003;50:1129-1146. 

82. Pieri C, Moroni F, Marra M, Marcheselli F, Recchioni R. Melatonin is an 
efficient antioxidant. Arch Gerontol Geriatr 1995;20:159-165. 

83. Al-Ghoul WM, Abu-Shaqra S, Park BG, Fazal N. Melatonin plays a protective 
role in postburn rodent gut pathophysiology. Int J Biol Sci 2010;6:282-293. 

84. Chojnacki C, Wisniewska-Jarosinska M, Walecka-Kapica E, Klupinska G, 
Jaworek J, Chojnacki J. Evaluation of melatonin effectiveness in the adjuvant 
treatment of ulcerative colitis. J Physiol Pharmacol 2010;62:327-334. 

85. Elsenbruch S. Melatonin: a novel treatment for IBS? Gut 2005;54:1353-1354. 
86. Reinscheid RK, Xu YL, Okamura N, Zeng J, Chung S, Pai R, Wang Z, Civelli 

O. Pharmacological Characterization of Human and Murine Neuropeptide S 
Receptor Variants. J Pharmacol Exp Ther 2005;315:1338-1345. 

87. Xu YL, Reinscheid RK, Huitron-Resendiz S, Clark SD, Wang Z, Lin SH, 
Brucher FA, Zeng J, Ly NK, Henriksen SJ, de Lecea L, Civelli O. 
Neuropeptide S: a neuropeptide promoting arousal and anxiolytic-like effects. 
Neuron 2004;43:487-497. 

88. Sato S, Shintani Y, Miyajima N, Yoshimura K. Novel G protein-coupled 
receptor protein and DNA thereof. World Intelectual Property Organization. 
Volume WO 02/31145 A1, 2002. 

89. Laitinen T, Polvi A, Rydman P, Vendelin J, Pulkkinen V, Salmikangas P, 
Makela S, Rehn M, Pirskanen A, Rautanen A, Zucchelli M, Gullsten H, Leino 
M, Alenius H, Petays T, Haahtela T, Laitinen A, Laprise C, Hudson TJ, 
Laitinen LA, Kere J. Characterization of a common susceptibility locus for 
asthma-related traits. Science 2004;304:300-304. 

90. Gupte J, Cutler G, Chen J, Tian H. Elucidation of signaling properties of 
vasopressin receptor-related receptor 1 by using the chimeric receptor 
approach. Proc Natl Acad Sci U S A 2004;101:1508-1513. 



 
 
80 

91. Scherer SW, Cheung J, MacDonald JR, Osborne LR, Nakabayashi K, Herbrick 
JA, Carson AR, Parker-Katiraee L, Skaug J, Khaja R, Zhang J, Hudek AK, Li 
M, Haddad M, Duggan GE, Fernandez BA, Kanematsu E, Gentles S, 
Christopoulos CC, Choufani S, Kwasnicka D, Zheng XH, Lai Z, Nusskern D, 
Zhang Q, Gu Z, Lu F, Zeesman S, Nowaczyk MJ, Teshima I, Chitayat D, 
Shuman C, Weksberg R, Zackai EH, Grebe TA, Cox SR, Kirkpatrick SJ, 
Rahman N, Friedman JM, Heng HH, Pelicci PG, Lo-Coco F, Belloni E, Shaffer 
LG, Pober B, Morton CC, Gusella JF, Bruns GA, Korf BR, Quade BJ, Ligon 
AH, Ferguson H, Higgins AW, Leach NT, Herrick SR, Lemyre E, Farra CG, 
Kim HG, Summers AM, Gripp KW, Roberts W, Szatmari P, Winsor EJ, 
Grzeschik KH, Teebi A, Minassian BA, Kere J, Armengol L, Pujana MA, 
Estivill X, Wilson MD, Koop BF, Tosi S, Moore GE, Boright AP, Zlotorynski 
E, Kerem B, Kroisel PM, Petek E, Oscier DG, Mould SJ, Döhner H, Döhner K, 
Rommens JM, Vincent JB, Venter JC, Li PW, Mural RJ, Adams MD, Tsui LC. 
Human chromosome 7: DNA sequence and biology. Science 2003;300:767-
772. 

92. Okazaki Y, Furuno M, Kasukawa T, Adachi J, Bono H, Kondo S, Nikaido I, 
Osato N, Saito R, Suzuki H, Yamanaka I, Kiyosawa H, Yagi K, Tomaru Y, 
Hasegawa Y, Nogami A, Schönbach C, Gojobori T, Baldarelli R, Hill DP, Bult 
C, Hume DA, Quackenbush J, Schriml LM, Kanapin A, Matsuda H, Batalov S, 
Beisel KW, Blake JA, Bradt D, Brusic V, Chothia C, Corbani LE, Cousins S, 
Dalla E, Dragani TA, Fletcher CF, Forrest A, Frazer KS, Gaasterland T, 
Gariboldi M, Gissi C, Godzik A, Gough J, Grimmond S, Gustincich S, 
Hirokawa N, Jackson IJ, Jarvis ED, Kanai A, Kawaji H, Kawasawa Y, 
Kedzierski RM, King BL, Konagaya A, Kurochkin IV, Lee Y, Lenhard B, 
Lyons PA, Maglott DR, Maltais L, Marchionni L, McKenzie L, Miki H, 
Nagashima T, Numata K, Okido T, Pavan WJ, Pertea G, Pesole G, Petrovsky 
N, Pillai R, Pontius JU, Qi D, Ramachandran S, Ravasi T, Reed JC, Reed DJ, 
Reid J, Ring BZ, Ringwald M, Sandelin A, Schneider C, Semple CA, Setou M, 
Shimada K, Sultana R, Takenaka Y, Taylor MS, Teasdale RD, Tomita M, 
Verardo R, Wagner L, Wahlestedt C, Wang Y, Watanabe Y, Wells C, Wilming 
LG, Wynshaw-Boris A, Yanagisawa M, et al. Analysis of the mouse 
transcriptome based on functional annotation of 60,770 full-length cDNAs. 
Nature 2002;420:563-573. 

93. Ruggeri B, Braconi S, Cannella N, Kallupi M, Soverchia L, Ciccocioppo R, 
Ubaldi M. Neuropeptide S Receptor Gene Expression in Neuropeptide S 
Receptor Gene Expression in Postdependent Rats. Alcohol Clin Exp Res 
2010;34:90-97. 

94. Leonard SK, Ring RH. Immunohistochemical Localization of the Neuropeptide 
S receptor in the Rat Central Nervous System. Neuroscience 2011;172:153-
163. 

95. Pietras CO, Vendelin J, Anedda F, Bruce S, Adner M, Sundman L, Pulkkinen 
V, Alenius H, D'Amato M, Soderhall C, Kere J. The asthma candidate gene 
NPSR1 mediates isoform specific downstream signalling. BMC Pulm Med 
2011;11:39. 

96. Pulkkinen V, Majuri ML, Wang G, Holopainen P, Obase Y, Vendelin J, Wolff 
H, Rytilä P, Laitinen LA, Haahtela T, Laitinen T, Alenius H, Kere J, Rehn M. 
Neuropeptide S and G protein-coupled receptor 154 modulate macrophage 
immune responses. Hum Mol Genet 2006;15:1667-1679. 



 
 

81

97. Jüngling K, Seidenbecher T, Sosulina L, Lesting J, Sangha S, Clark SD, 
Okamura N, Duangdao DM, Xu YL, Reinscheid RK, Pape HC. Neuropeptide 
S-mediated control of fear expression and extinction: role of intercalated 
GABAergic neurons in the amygdala. Neuron 2008;59:298-310. 

98. Peng YL, Han RW, Chang M, Zhang L, Zhang RS, Li W, Han YF, Wang R. 
Central Neuropeptide S inhibits food intake in mice through activation of 
Neuropeptide S receptor. Peptides 2010;31:2259-2263. 

99. Kormann MS, Carr D, Klopp N, Illig T, Leupold W, Fritzsch C, Weiland SK, 
von Mutius E, Kabesch M. G-Protein-coupled receptor polymorphisms are 
associated with asthma in a large German population. Am J Respir Crit Care 
Med 2005;171:1358-1362. 

100. Melén E, Bruce S, Doekes G, Kabesch M, Laitinen T, Lauener R, Lindgren 
CM, Riedler J, Scheynius A, van Hage-Hamsten M, Kere J, Pershagen G, 
Wickman M, Nyberg F, PARSIFAL Genetics Study Group. Haplotypes of G 
proteincoupled receptor 154 are associated with childhood allergy and asthma. 
Am J Respir Crit Care Med 2005;171:1089-1095. 

101. Malerba G, Lindgren CM, Xumerle L, Kiviluoma P, Trabetti E, Laitinen T, 
Galavotti R, Pescollderungg L, Boner AL, Kere J, Pignatti PF. Chromosome 7p 
linkage and GPR154 gene association in Italian families with allergic asthma. 
Clin Exp Allergy 2007;37:83-89. 

102. Feng Y, Hong X, Wang L, Jiang S, Chen C, Wang B, Yang J, Fang Z, Zang T, 
Xu X, Xu X. G protein-coupled receptor 154 gene polymorphism is associated 
with airway hyperresponsiveness to methacholine in a Chinese population. J 
Allergy Clin Immunol. 2006;117:612-617. 

103. Sundman L, Saarialho-Kere U, Vendelin J, Lindfors K, Assadi G, Kaukinen K, 
Westerholm-Ormio M, Savilahti E, Maki M, Alenius H, D'Amato M, 
Pulkkinen V, Kere J, Saavalainen P. Neuropeptide S receptor 1 expression in 
the intestine and skin--putative role in peptide hormone secretion. 
Neurogastroenterol Motil 2010;22:79-87. 

104. D'Amato M, Bruce S, Bresso F, Zucchelli M, Ezer S, Pulkkinen V, Lindgren 
C, Astegiano M, Rizzetto M, Gionchetti P, Riegler G, Sostegni R, Daperno M, 
D'Alfonso S, Momigliano-Richiardi P, Torkvist L, Puolakkainen P, 
Lappalainen M, Paavola-Sakki P, Halme L, Farkkila M, Turunen U, Kontula 
K, Lofberg R, Pettersson S, Kere J. Neuropeptide S Receptor 1 Gene 
Polymorphism Is Associated With Susceptibility to Inflammatory Bowel 
Disease. Gastroenterology 2007;133:808-817. 

105. Camilleri M, Carlson P, Zinsmeister AR, McKinzie S, Busciglio I, Burton D, 
Zucchelli M, D'Amato M. Neuropeptide S receptor induces neuropeptide 
expression and associates with intermediate phenotypes of functional 
gastrointestinal disorders. Gastroenterology 2010;138:98-107. 

106. Vendelin J, Pulkkinen V, Rehn M, Pirskanen A, Raisanen-Sokolowski A, 
Laitinen A, Laitinen LA, Kere J, Laitinen T. Characterization of GPRA, a 
novel G protein-coupled receptor related to asthma. Am J Respir Cell Mol Biol 
2005;33:262-70. 

107. Yao Y, Su J, Yang G, Zhang G, Lei Z, Zhang F, Li X, Kou R, Liu Y, Liu J. 
Effects of neuropeptide S on the proliferation of splenic lymphocytes, 
phagocytosis, and proinflammatory cytokine production of pulmonary alveolar 
macrophages in the pig. Peptides 2011;32:118-24. 



 
 
82 

108. Anedda F, Zucchelli M, Schepis D, Hellquist A, Corrado L, D'Alfonso S, 
Achour A, McInerney G, Bertorello A, Lordal M, Befrits R, Bjork J, Bresso F, 
Torkvist L, Halfvarson J, Kere J, D'Amato M. Multiple polymorphisms affect 
expression and function of the neuropeptide S receptor (NPSR1). PLoS One 
2011;6:e29523. 

109. Topping DL, Clifton PM. Short-chain fatty acids and human colonic function: 
roles of resistant starch and nonstarch polysaccharides. Physiological Reviews 
2001;81:1031-1064. 

110. Cummings JH, Englyst HN. Fermentation in the human large intestine and the 
available substrates. The American Journal of Clinical Nutrition 1987;45:1243-
1255. 

111. Cummings JH, Macfarlane GT. The control and consequences of bacterial 
fermentation in the human colon - a review. . Journal of Applied Bacteriology 
1991;70:443-459. 

112. Bergman EN. Energy contributions of volatile fatty acids from the 
gastrointestinal tract in various species. Physiological Reviews 1990;70:567-
590. 

113. Mortensen PB, Clausen MR. Short-chain fatty acids in the human colon: 
relation to gastrointestinal health and disease. Scandinavian Journal of 
Gastroenterology Supplement 1996;216:132-148. 

114. Høverstad T, Bjørneklett A, Midtvedt T, Fausa O, Bøhmer T. Short-chain fatty 
acids in the proximal gastrointestinal tract of healthy subjects. Scand J 
Gastroenterol 1984;19:1053-1058. 

115. Briscoe C, Brown A, Jenkinson S, Stoddart L. Free fatty acid receptors, 
introductory chapter. 19/02/2009 ed: IUPHAR database, 2009. 

116. Cuche G, Malbert CH. Short-chain fatty acids present in the ileum inhibit 
fasting gastrointestinal motility in conscious pigs. Neurogastroenterol Motil 
1999;11:219-225. 

117. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E, 
Cameron J, Grosse J, Reimann F, Gribble FM. Short-chain fatty acids stimulate 
glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2. 
Diabetes 2012;61:364-371. 

118. Vinolo MA, Ferguson GJ, Kulkarni S, Damoulakis G, Anderson K, Bohlooly-
Y M, Stephens L, Hawkins PT, Curi R. SCFAs induce mouse neutrophil 
chemotaxis through the GPR43 receptor. PLoS One 2011;6:e21205. 

119. Le Poul E, Loison C, Struyf S, Springael JY, Lannoy V, Decobecq ME, 
Brezillon S, Dupriez V, Vassart G, Van Damme J, Parmentier M, Detheux M. 
Functional characterization of human receptors for short chain fatty acids and 
their role in polymorphonuclear cell activation. The Journal of Biological 
Chemistry 2003;278:25481-25489. 

120. Kles KA, Chang EB. Short-chain fatty acids impact on intestinal adaptation, 
inflammation, carcinoma, and failure. Gastroenterology 2006;130:S100-105. 

121. Karaki S, Mitsui R, Hayashi H, Kato I, Sugiya H, Iwanaga T, Furness JB, 
Kuwahara A. Short-chain fatty acid receptor, GPR43, is expressed by 
enteroendocrine cells and mucosal mast cells in rat intestine. Cell Tissue Res 
2006;324:353-360. 

122. Feinle-Bisset C, Vozzo R, Horowitz M, Talley NJ. Diet, food intake, and 
disturbed physiology in the pathogenesis of symptoms in functional dyspepsia. 
Am J Gastroenterol 2004;99:170-181. 



 
 

83

123. Akiba Y, Inoue T, Kaji I, Higashiyama M, Narimatsu K, Iwamoto K, 
Watanabe M, Guth PH, Engel E, Kuwahara A, Kaunitz JD. Short-chain fatty 
acid sensing in rat duodenum. J Physiol 2015;593:585-599. 

124. Kaji I, Iwanaga T, Watanabe M, Guth PH, Engel E, Kaunitz JD, Akiba Y. 
SCFA transport in rat duodenum. Am J Physiol Gastrointest Liver Physiol 
2015;308:188-197. 

125. Mayo KE, Miller LJ, Bataille D, Dalle S, Göke B, Thorens B, Drucker DJ. 
International Union of Pharmacology. XXXV. The glucagon receptor family. 
Pharmacological Reviews 2003;55:167-194. 

126. Burrin DG, Petersen Y, Stoll B, Sangild P. Glucagon-like peptide 2: a nutrient-
responsive gut growth factor. Journal of Nutrition 2001;131:709-712. 

127. Guan X, Karpen HE, Stephens J, Bukowski JT, Niu S, Zhang G, Stoll B, 
Finegold MJ, Holst JJ, Hadsell D, Nichols BL, Burrin DG. GLP-2 receptor 
localizes to enteric neurons and endocrine cells expressing vasoactive peptides 
and mediates increased blood flow. Gastroenterology 2006;130:150-164. 

128. Yusta B, Huang L, Munroe D, Wolff G, Fantaske R, Sharma S, Demchyshyn 
L, Asa SL, Drucker DJ. Enteroendocrine localization of GLP-2 receptor 
expression in humans and rodents. Gastroenterology 2000;119:744-755. 

129. Thompson RP. Measuring the damage--ethanol and the liver. Gut 1986;27:751-
755. 

130. Harper C, Matsumoto I. Ethanol and brain damage. Curr Opin Pharmacol 
2005;5:73-78. 

131. Nelson M. The Barbarian's Beverage: A History of Beer in Ancient Europe. 
Taylor & Francis Ltd, 2005. 

132. Bode C, Bode JC. Alcohol's role in gastrointestinal tract disorders. Alcohol 
Health Res World 1997;21:76-83. 

133. Saferstein R. Forensic Science Handbook Volume III. Regents/Prentice Hall, 
1993. 

134. Singer MV, Brenner D. Alcohol and the Gastrointestinal Tract. Karger Medical 
and Scientific Publishers, 2006. 

135. Bode C, Bode JC. Effect of alcohol consumption on the gut. Best Pract Res 
Clin Gastroenterol 2003;17:575-592. 

136. Garthwaite J, Charles SL, Chess-Williams R. Endothelium-derived relaxing 
factor release on activation of NMDA receptors suggests role as intercellular 
messenger in the brain. Nature 1988;336:385-388. 

137. Cannon ROr. Role of nitric oxide in cardiovascular disease: focus on the 
endothelium. Clin Chem 1998;44:1809-1819. 

138. Hakim TS, Sugimori K, Camporesi EM, Anderson G. Half-life of nitric oxide 
in aqueous solutions with and without haemoglobin. Physiol Meas 
1996;17:267-277. 

139. Hashida-Okumura A, Nagai K, Okumura N, Nakagawa H. Activation of 
neuronal nitric oxide synthase by flavin adenine dinucleotide. Biochem Mol 
Biol Int 1995;35:1339-1348. 

140. Miller RT, Hinck AP. Characterization of hydride transfer to flavin adenine 
dinucleotide in neuronal nitric oxide synthase reductase domain: geometric 
relationship between the nicotinamide and isoalloxazine rings. Arch Biochem 
Biophys 2001;395:129-135. 



 
 
84 

141. Liu XD, Mazumdar T, Xu Y, Getzoff ED, Eissa NT. Identification of a flavin 
mononucleotide module residue critical for activity of inducible nitrite oxide 
synthase. J Immunol 2009;183:5977-5982. 

142. Li W, Chen L, Lu C, Elmore BO, Astashkin AV, Rousseau DL, Yeh SR, Feng 
C. Regulatory role of Glu546 in flavin mononucleotide-heme electron transfer 
in human inducible nitric oxide synthase. Inorg Chem 2013;52:4795-4801. 

143. Tonnessen BH, Severson SR, Hurt RD, Miller VM. Modulation of nitric-oxide 
synthase by nicotine. J Pharmacol Exp Ther 2000;295:601-606. 

144. Varathan V, Shigenaga Y, Takemura M. Nitric oxide synthase/nicotinamide 
adenine dinucleotide phosphate-diaphorase in the brainstem trigeminal nuclei 
after transection of the masseteric nerve in rats. J Neurosci Res 2001;66:428-
438. 

145. Wei CC, Wang ZQ, Meade AL, McDonald JF, Stuehr DJ. Why do nitric oxide 
synthases use tetrahydrobiopterin? J Inorg Biochem 2002;91:618-624. 

146. Landmesser U, Dikalov S, Price SR, McCann L, Fukai T, Holland SM, Mitch 
WE, Harrison DG. Oxidation of tetrahydrobiopterin leads to uncoupling of 
endothelial cell nitric oxide synthase in hypertension. J Clin Invest 
2003;111:1201-1209. 

147. Hoang HH, Padgham SV, Meininger CJ. L-arginine, tetrahydrobiopterin, nitric 
oxide and diabetes. Curr Opin Clin Nutr Metab Care 2013;16:76-82. 

148. Tejero J, Stuehr DJ. Tetrahydrobiopterin in nitric oxide synthase. IUBMB Life 
2013;65:358-365. 

149. Tejero J, Santolini J, Stuehr DJ. Fast ferrous heme-NO oxidation in nitric oxide 
synthases. FEBS J 2009;276:4505-4514. 

150. Chen Y, Panda K, Stuehr DJ. Control of Nitric Oxide Synthase Dimer 
Assembly by a Heme-NO-Dependent Mechanism. Biochemistry 
2002;41:4618-4625. 

151. Flavahan NA. Atherosclerosis or lipoprotein-induced endothelial dysfunction. 
Potential mechanisms underlying reduction in EDRF/ nitric oxide activity. 
Circulation 1992;85:1927-1938. 

152. Bredt DS, Hwang PM, Snyder SH. Localization of nitric oxide synthase 
indicating a neural role for nitric oxide. Nature 1990;347:768-770. 

153. Bitterman N, Bitterman H. L-arginine-NO pathway and CNS oxygen toxicity. J 
Appl Physiol (1985) 1985;84:1633-1638. 

154. Bode-Böger SM, Böger RH, Alfke H, Heinzel D, Tsikas D, Creutzig A, 
Alexander K, Frölich JC. L-arginine induces nitric oxide-dependent 
vasodilation in patients with critical limb ischemia. A randomized, controlled 
study. Circulation 1996;93:85-90. 

155. Moncada S, Higgs A. The L-arginine-nitric oxide pathway. N Engl J Med 
1993;329:2002-2012. 

156. Hattenbach LO, Allers A, Klais C, Koch F, Hecker M. L-Arginine-nitric oxide 
pathway-related metabolites in the aqueous humor of diabetic patients. Invest 
Ophthalmol Vis Sci 2000;41:213-217. 

157. Lowenstein CJ, Glatt CS, Bredt DS, Snyder SH. Cloned and expressed 
macrophage nitric oxide synthase contrasts with the brain enzyme. Proceedings 
of the National Academy of Sciences of the United States of America 
1992;89:6711-6715. 



 
 

85

158. Janssens SP, Shimouchi A, Quertermous T, Bloch DB, Bloch KD. Cloning and 
expression of a cDNA encoding human endotheliumderived relaxing 
factor/nitric oxide synthase. J Biol Chem 1992;267:22694. 

159. Xie QW, Cho HJ, Calaycay J, Mumford RA, Swiderek KM, Lee TD, Ding A, 
roso T, C. N. Cloning and characterization of inducible nitric oxide synthase 
from mouse macrophages. Science 1992;256:225-228. 

160. Mungrue IN, Bredt DS. nNOS at a glance: implications for brain and brawn. J 
Cell Sci 2004;117:2627-2629. 

161. Wang Y, Newton DC, Marsden PA. Neuronal NOS: gene structure, mRNA 
diversity, and functional relevance. Crit Rev Neurobiol 1999;13:21-43. 

162. Zhou L, Zhu DY. Neuronal nitric oxide synthase: Structure, subcellular 
localization, regulation, and clinical implications. Nitric Oxide 2009;20:223-
230. 

163. McConell GK, Bradley SJ, Stephens TJ, Canny BJ, Kingwell BA, Lee-Young 
RS. Skeletal muscle nNOS mu protein content is increased by exercise training 
in humans. Am J Physiol Regul Integr Comp Physiol 2007;293:R821-828. 

164. Sander M, Chavoshan B, Harris SA, Iannaccone ST, Stull JT, Thomas GD, 
Victor RG. Functional muscle ischemia in neuronal nitric oxide synthase-
deficient skeletal muscle of children with Duchenne muscular dystrophy. 
Proceedings of the National Academy of Sciences of the United States of 
America 2000;97:13818-13823. 

165. Mees B, Wagner S, Ninci E, Tribulova S, Martin S, van Haperen R, Kostin S, 
Heil M, de Crom R, Schaper W. Endothelial nitric oxide synthase activity is 
essential for vasodilation during blood flow recovery but not for arteriogenesis. 
Arterioscler Thromb Vasc Biol 2007;27:1926-1933. 

166. Bruning RS, Santhanam L, Stanhewicz AE, Smith CJ, Berkowitz DE, Kenney 
WL, Holowatz LA. Endothelial nitric oxide synthase mediates cutaneous 
vasodilation during local heating and is attenuated in middle-aged human skin. 
J Appl Physiol (1985) 2012;112:2019-2026. 

167. Lechner M, Lirk P, Rieder J. Inducible nitric oxide synthase (iNOS) in tumor 
biology: the two sides of the same coin. Semin Cancer Biol 2005;15:277-289. 

168. Serbina NV, Salazar-Mather TP, Biron CA, Kuziel WA, Pamer EG. 
TNF/iNOS-producing dendritic cells mediate innate immune defense against 
bacterial infection. Immunity 2003;19:59-70. 

169. Vig M, Srivastava S, Kandpal U, Sade H, Lewis V, Sarin A, George A, Bal V, 
Durdik JM, Rath S. Inducible nitric oxide synthase in T cells regulates T cell 
death and immune memory. J Clin Invest 2004;113:1734-1742. 

170. Heinzel FR, Gres P, Boengler K, Duschin A, Konietzka I, Rassaf T, 
Snedovskaya J, Meyer S, Skyschally A, Kelm M, Heusch G, Schulz R. 
Inducible Nitric Oxide Synthase Expression and Cardiomyocyte Dysfunction 
During Sustained Moderate Ischemia in Pigs. Circ Res 2008;103:1120-1127. 

171. Mungrue IN, Gros R, You X, Pirani A, Azad A, Csont T, Schulz R, Butany J, 
Stewart DJ, Husain M. Cardiomyocyte overexpression of iNOS in mice results 
in peroxynitrite generation, heart block, and sudden death. J Clin Invest 
2002;109:735-743. 

172. Dijkstra G, van Goor H, Jansen PL, Moshage H. Targeting nitric oxide in the 
gastrointestinal tract. Curr Opin Investig Drugs 2004;5:529-536. 

  



 
 
86 

173. Young HM, Furness JB, Shuttleworth CW, Bredt DS, Snyder SH. Co-
localization of nitric oxide synthase immunoreactivity and NADPH diaphorase 
staining in neurons of the guinea-pig intestine. Histochemistry. 1992;97:375-
378. 

174. Saffrey MJ, Hassall CJ, Hoyle CH, Belai A, Moss J, Schmidt HH, Förstermann 
U, Murad F, Burnstock G. Colocalization of nitric oxide synthase and 
NADPH-diaphorase in cultured myenteric neurones. Neuroreport 1992;3:333-
336. 

175. Gallego D, Clavé P, Donovan J, Rahmati R, Grundy D, Jiménez M, Beyak MJ. 
The gaseous mediator, hydrogen sulphide, inhibits in vitro motor patterns in 
the human, rat and mouse colon and jejunum. Neurogastroenterol Motil 
2008;20:1306-1316. 

176. Mutafova-Yambolieva VN, Hwang SJ, Hao X, Chen H, Zhu MX, Wood JD, 
Ward SM, Sanders KM. Beta-nicotinamide adenine dinucleotide is an 
inhibitory neurotransmitter in visceral smooth muscle. Proc Natl Acad Sci U S 
A 2007;104:16359-16364. 

177. Yamaji M, Ohta M, Yamazaki Y, Fujinami K, Fujita A, Takeuchi T, Hata F, 
Takewaki T. A possible role of neurotensin in NANC relaxation of longitudinal 
muscle of the jejunum and ileum of Wistar rats. Br J Pharmacol 2002;137:629-
636. 

178. Bult H, Boeckxstaens GE, Pelckmans PA, Jordaens FH, Van Maercke YM, 
Herman AG. Nitric oxide as an inhibitory non-adrenergic non-cholinergic 
neurotransmitter. Nature 1990;345:346-347. 

179. Burnstock G, Cocks T, Paddle B, Staszewska-Barczak J. Evidence that 
prostaglandin is responsible for the 'rebound contraction' following stimulation 
of non-adrenergic, non-cholinergic ('purinergic') inhibitory nerves. Eur J 
Pharmacol 1975;31:360-362. 

180. Meile T, Glatzle J, Habermann FM, Kreis ME, Zittel TT. Nitric oxide synthase 
inhibition results in immediate postoperative recovery of gastric, small 
intestinal and colonic motility in awake rats. Int J Colorectal Dis 2006;21:121-
129. 

181. Matsuda NM, Miller SM. Non-adrenergic non-cholinergic inhibition of 
gastrointestinal smooth muscle and its intracellular mechanism(s). Fundam 
Clin Pharmacol 2010;24:261-268. 

182. Lanas A. Role of nitric oxide in the gastrointestinal tract. Arthritis Res 
2008;10:S4. 

183. Gierse JK, Zhang Y, Hood WF, Walker MC, Trigg JS, Maziasz TJ, Koboldt 
CM, Muhammad JL, Zweifel BS, Masferrer JL, Isakson PC, Seibert K. 
Valdecoxib: assessment of cyclooxygenase-2 potency and selectivity. J 
Pharmacol Exp Ther 2005;312:1206-1212. 

184. Pihl L, Nylander O. Products of cyclooxygenase-2 depress duodenal function 
in rats subjected to abdominal surgery. Acta Physiol (Oxf) 2006;186:279-290. 

185. Volf V, Vladar M, Seidel A. Distribution of labelled calcium-, yttriumand 
chromium-chelates of EDTA in rats. Arch Int Pharmacodyn Ther 
1971;190:110-23. 

186. Bjarnason I, Smethurst P, Levi AJ, Peters TJ. Intestinal permeability to 51Cr-
EDTA in rats with experimentally induced enteropathy. Gut 1985;26:579-85. 

187. Nylander O, Kvietys P, Granger DN. Effects of hydrocloric acid on duodenal 
and jejunal mucosal permeability in the rat. Am J Physiol 1989;257:G653-660. 



 
 

87

188. Hällgren A, Flemström G, Sababi M, Nylander O. Effects of nitric oxide 
inhibition on duodenal function in rat: involvement of neural mechanisms. Am 
J Physiol 1995;269:G246-254. 

189. Sommansson A, Saudi WS, Nylander O, Sjöblom M. Melatonin inhibits 
alcohol-induced increases in duodenal mucosal permeability in rats in vivo. 
Am J Physiol Gastrointest Liver Physiol 2013;305:G95-G105. 

190. Sommansson A, Wan Saudi WS, Nylander O, Sjöblom M. The ethanol-
induced stimulation of rat duodenal mucosal bicarbonate secretion in vivo is 
critically dependent on luminal Cl-. PLoS One 2014;9:e102654. 

191. Wan Saudi WS, Halim MA, Rudholm-Feldreich T, Gillberg L, Rosenqvist E, 
Tengholm A, Sundbom M, Karlbom U, Näslund E, Webb DL, Sjöblom M, 
Hellström PM. Neuropeptide S inhibits gastrointestinal motility and increases 
mucosal permeability through nitric oxide. Am J Physiol Gastrointest Liver 
Physiol. 2015;Epub ahead of print. 

192. Bugaut M, Bentejac M. Biological effects of short-chain fatty acids in 
nonruminant mammals. Annu Rev Nutr 1993;13:217-241. 

193. Tappenden KA, McBurney MI. Systemic short-chain fatty acids rapidly alter 
gastrointestinal structure, function, and expression of early response genes. Dig 
Dis Sci 1998;43:1526-1536. 

194. Camilleri M, Madsen K, Spiller R, Greenwood-Van Meerveld B, Verne GN. 
Intestinal barrier function in health and gastrointestinal disease. 
Neurogastroenterol Motil 2012;24:503-512. 

195. Farhadi A, Banan A, Fields J, Keshavarzian A. Intestinal barrier: an interface 
between health and disease. J Gastroenterol Hepatol 2003;18:479-497. 

196. DeMeo MT, Mutlu EA, Keshavarzian A, Tobin MC. Intestinal permeation and 
gastrointestinal disease. J Clin Gastroenterol 2002;34:385-396. 

197. Sjöblom M, Flemström G. Central nervous alpha1-adrenoceptor stimulation 
induces duodenal luminal release of melatonin. J Pineal Res 2004;36:103-108. 

198. Ma TY, Nguyen D, Bui V, Nguyen H, Hoa N. Ethanol modulation of intestinal 
epithelial tight junction barrier. Am J Physiol Gastrointest Liver Physiol 
1999;276:G965–G974. 

199. Sommansson A, Nylander O, Sjöblom M. Melatonin decreases duodenal 
epithelial paracellular permeability via a nicotinic receptor-dependent pathway 
in rats in vivo. J Pineal Res 2013;54:282-291. 

200. Mei Q, Diao L, Xu JM, Liu XC, Jin J. A protective effect of melatonin on 
intestinal permeability is induced by diclofenac via regulation of mitochondrial 
function in mice. Acta Pharmacol Sin 2011;32:495-502. 

201. Monobe M, Hino M, Sumi M, Uzawa A, Hirayama R, Ando K, Kojima S. 
Protective effects of melatonin on gamma-ray induced intestinal damage. Int J 
Radiat Biol 2005;81:855-860. 

202. Onal C, Kayaselcuk F, Topkan E, Yavuz M, Bacanli D, Yavuz A. Protective 
effects of melatonin and octreotide against radiation-induced intestinal injury. 
Dig Dis Sci 2011;56:359-367. 

203. Akcan A, Kucuk C, Sozuer E, Esel D, Akyildiz H, Akgun H, Muhtaroglu S, 
Aritas Y. Melatonin reduces bacterial translocation and apoptosis in 
trinitrobenzene sulphonic acid-induced colitis of rats. World J Gastroenterol 
2008;14:918-924. 

204. Nosal'ova V, Zeman M, Cerna S, Navarova J, Zakalova M. Protective effect of 
melatonin in acetic acid induced colitis in rats. J Pineal Res 2007;42:364-370. 



 
 
88 

205. Sileri P, Sica GS, Gentileschi P, Venza M, Benavoli D, Jarzembowski T, 
Manzelli A, Gaspari AL. Melatonin reduces bacterial translocation after 
intestinal ischemia-reperfusion injury. Transplant Proc 2004;36:2944-2946. 

206. Tahan G, Gramignoli R, Marongiu F, Aktolga S, Cetinkaya A, Tahan V, Dorko 
K. Melatonin expresses powerful anti-inflammatory and antioxidant activities 
resulting in complete improvement of acetic-acid-induced colitis in rats. Dig 
Dis Sci 2011;56:715-720. 

207. Drago F, Macauda S, Salehi S. Small doses of melatonin increase intestinal 
motility in rats. Dig Dis Sci 2002;47. 

208. Flavahan NA, Vanhoutte PM. Threshold phenomena and interactions between 
receptors. J Cardiovasc Pharmacol 1988;11 Suppl 1:S67-72. 

209. Zhang X, Hintze TH. cAMP signal transduction cascade, a novel pathway for 
the regulation of endothelial nitric oxide production in coronary blood vessels. 
Arterioscler Thromb Vasc Biol 2001;21:797-803. 

210. Makhlouf GM, Murthy KS. Signal transduction in gastrointestinal smooth 
muscle. Cell Signal 1997;9:269-276. 

211. Margolis KG, Gershon MD. Neuropeptides and inflammatory bowel disease. 
Curr Opin Gastroenterol 2009;25:503-511. 

212. Takeuchi K, Ukawa H, Furukawa O, Kawauchi S, Araki H, Sugimoto Y, 
Ishikawa A, Ushikubi F, Narumiya S. Prostaglandin E receptor subtypes 
involved in stimulation of gastroduodenal bicarbonate secretion in rats and 
mice. J Physiol Pharmacol 1999;50:155-167. 

213. Wapnir RA, Wingertzahn MA, Teichberg S. L-arginine in low concentration 
improves rat intestinal water and sodium absorption from oral rehydration 
solutions. Gut 1997;40:602-607. 

214. Maher MM, Gontarek JD, Jimenez RE, Cahill PA, Yeo CJ. Endogenous nitric 
oxide promotes ileal absorption. J Surg Res 1995;58:687-692. 

215. Schirgi-Degen A, Beubler E. Significance of nitric oxide in the stimulation of 
intestinal fluid absorption in the rat jejunum in vivo. Br J Pharmacol. 
1995;114:13-18. 

216. Schirgi-Degen A, Beubler E. Involvement of K+ channel modulation in the 
proabsorptive effect of nitric oxide in the rat jejunum in vivo. Eur J Pharmacol 
1996;316:257-262. 

217. Mourad FH, O'Donnell LJ, Andre EA, Bearcroft CP, Owen RA, Clark ML, 
Farthing MJ. L-Arginine, nitric oxide, and intestinal secretion: studies in rat 
jejunum in vivo. Gut 1996;39:539-544. 

218. Turvill JL, Mourad FH, Farthing MJ. Proabsorptive and prosecretory roles for 
nitric oxide in cholera toxin induced secretion. Gut 1999;44:33-39. 

219. Mourad FH, Turvill JL, Farthing MJ. Role of nitric oxide in intestinal water 
and electrolyte transport. Gut 1999;44:143-147. 

220. Mazzanti R, Jenkins WJ. Effect of chronic ethanol ingestion on enterocyte 
turnover in rat small intestine. Gut 1987;28:52-55. 

221. Barona E, Pirola RC, Leiber CS. Small intestinal damage and changes in cell 
population produced by ethanol ingestion in the rat. Gastroenterology 
1974;66:226-234. 

222. Sommansson A, Yamskova O, Schiöth HB, Nylander O, Sjöblom M. Long-
term oral melatonin administration reduces ethanol-induced increases in 
duodenal mucosal permeability and motility in rats. Acta Physiol (Oxf) 
2014;212:152-165. 



 
 

89

223. López Soto EJ, Gambino LO, Mustafá ER. Free fatty acid receptor 3 is a key 
target of short chain fatty acid. What is the impact on the sympathetic nervous 
system? Channels (Austin) 2014;8:169-171. 

224. Kimura I, Inoue D, Maeda T, Hara T, Ichimura A, Miyauchi S, Kobayashi M, 
Hirasawa A, Tsujimoto G. Short-chain fatty acids and ketones directly regulate 
sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc 
Natl Acad Sci USA 2011;108:8030-8035. 

225. Nøhr MK, Pedersen MH, Gille A, Egerod KL, Engelstoft MS, Husted AS, 
Sichlau RM, Grunddal KV, Poulsen SS, Han S, Jones RM, Offermanns S, 
Schwartz TW. GPR41/FFAR3 and GPR43/FFAR2 as cosensors for short-chain 
fatty acids in enteroendocrine cells vs FFAR3 in enteric neurons and FFAR2 in 
enteric leukocytes. Endocrinology 2013;154:3552-3564. 

226. Won YJ, Lu VB, Puhl HLr, Ikeda SR. β-Hydroxybutyrate modulates N-type 
calcium channels in rat sympathetic neurons by acting as an agonist for the G-
protein-coupled receptor FFA3. J Neurosci. 2013;33:19314-19325. 

227. Wang JH, Inoue T, Higashiyama M, Guth PH, Engel E, Kaunitz JD, Akiba Y. 
Umami Receptor Activation Increases Duodenal Bicarbonate Secretion via 
Glucagon-Like Peptide-2 Release in Rats. J Pharmacol Exp Ther 
2011;339:464-473. 

228. Suzuki T, Yoshida S, Hara H. Physiological concentrations of short-chain fatty 
acids immediately suppress colonic epithelial permeability. Br J Nutr 
2008;100:297-305. 

229. Mariadason JM, Barkla DH, Gibson PR. Effect of short-chain fatty acids on 
paracellular permeability in Caco-2 intestinal epithelium model. Am J Physiol 
1997;272:G705-712. 

230. Ohata A, Usami M, Miyoshi M. Short-chain fatty acids alter tight junction 
permeability in intestinal monolayer cells via lipoxygenase activation. 
Nutrition 2005;21:838-847. 

231. Benjamin MA, McKay DM, Yang PC, Cameron H, Perdue MH. Glucagon-like 
peptide-2 enhances intestinal epithelial barrier function of both transcellular 
and paracellular pathways in the mouse. Gut 2000;47:112-119. 

232. Yajima T. Contractile effect of short-chain fatty acids on the isolated colon of 
the rat. J Physiol 1985;368:667-678. 

233. Mitsui R, Ono S, Karaki S, Kuwahara A. Neural and non-neural mediation of 
propionate-induced contractile responses in the rat distal colon. 
Neurogastroenterol Motil 2005;17:585-594. 

234. Masliah C, Cherbut C, Bruley des Varannes S, Barry JL, Dubois A, Galmiche 
JP. Short-chain fatty acids do not alter jejunal motility in man. Dig Dis Sci 
1992;37:193-7. 

235. Cuche G, Cuber JC, Malbert CH. Ileal short-chain fatty acids inhibit gastric 
motility by a humoral pathway. Am J Physiol Gastrointest Liver Physiol 
2000;279:G925-930. 

236. Psichas A, Sleeth ML, Murphy KG, Brooks L, Bewick GA, Hanyaloglu AC, 
Ghatei MA, Bloom SR, Frost G. The short chain fatty acid propionate 
stimulates GLP-1 and PYY secretion via free fatty acid receptor 2 in rodents. 
Int J Obes (Lond) 2015;39:424-429. 

237. Bozkurt A, Näslund E, Holst JJ, Hellström PM. GLP-1 and GLP-2 act in 
concert to inhibit fasted, but not fed, small bowel motility in the rat. Regul Pept 
2002;107:129-135. 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1144

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-264405

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2015


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Small intestinal morphology
	Enteric nervous system
	Duodenal mucosal barrier function
	Mucosal bicarbonate secretion
	Mucosal paracellular permeability
	Mucosal net fluid flux

	Duodenal motility
	Melatonin
	Neuropeptide S
	Short chain fatty acids
	Ethanol
	Nitric oxide

	Aims
	Study I
	Study II
	Study III
	Study IV

	Materials and methods
	Animals and patients
	Anesthesia
	Surgery
	Measurement of duodenal bicarbonate secretion
	Measurement of duodenal permeability
	Measurement of duodenal motility
	Measurement of duodenal net fluid flux
	Experimental protocols
	Study I
	Study II
	Study III
	Study IV

	Chemicals and drugs
	Data analyses

	Results
	Study I
	Effect of luminal ethanol
	Effect of i.v. melatonin on the luminal ethanol
	Nicotinic receptor inhibition abolish the effect of i.v. melatonin on the luminal ethanol
	Sensory neural action on the effect of luminal ethanol
	Effect of luminal wine
	Effect of luminal hydrochloric acid
	Histopathological observation in the effect of i.v. melatonin on luminal ethanol

	Study II
	Effect of i.v. NPS on small intestinal myoelectrical activity
	Effect of i.v. NPS on intestinal motility and mucosal permeability
	Nitrergic neural action in the effect of i.v. NPS on intestinal motility and mucosal permeability
	Effect of i.v. NPS on colonic motility
	Localization of NPS
	Plasma concentration of NPS
	Effect of i.v. NPS on inflammatory markers expression
	Effect of NPS on gastrointestinal muscle strips

	Study III
	Effects of i.v. NPS
	Effects of i.v. NPS during luminal ethanol
	Nitrergic neural activity on effects of i.v. NPS during luminal acid

	Study IV
	Effects of luminal acetate and propionate
	Effects of i.v. acetate and propionate
	Effects of i.v. GLP-2
	Effects of co-administration of luminal propionate and i.v. GLP-2


	Discussion
	Melatonin reduces duodenal mucosal permeability
	Melatonin inhibits stimulated duodenal motility
	Neuropeptide S reduces basal intestinal motility
	Neuropeptide S increases basal duodenal mucosal permeability
	Neuropeptide S reduces basal duodenal bicarbonate secretion
	Neuropeptide S reduces stimulated duodenal motility
	Neuropeptide S influences duodenal barrier function
	Short chain fatty acids enhance the barrier function
	Short chain fatty acids change the MMC patterns
	Clinical relevance

	Conclusions
	Ringkasan Saintifik dalam Bahasa Malaysia
	Acknowledgements
	References



