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Abstract
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The duodenal mucosa is regularly exposed to acid, digestive enzymes and ingested noxious
agents. It is thus critical to maintain a protective barrier to prevent the development of mucosal
injury and inflammation, which are often observed in situations when barrier function is
impaired. The rate of mucosal bicarbonate secretion, the regulation of epithelial paracellular
permeability and motility are each key components of duodenal barrier function. The hormone
melatonin is present in high levels in the gastrointestinal tract and it has been hypothesized that
melatonin exerts protective properties. This thesis aims to investigate the impact of exogenous
melatonin on the regulation of duodenal barrier function and motility in anesthetized rats in
vivo. In addition, duodenal tissue was examined histologically and the expression levels of tight
junction proteins and melatonin receptors were assessed with qRT-PCR.

It was found that melatonin stimulated mucosal bicarbonate secretion and decreased basal
paracellular permeability. Exposing the duodenal mucosa to the well-characterized barrier
breaker ethanol increased mucosal bicarbonate secretion, paracellular permeability and motility.
Omission of luminal Clˉ abolished, while pretreatment with a nicotinic receptor antagonist
reduced, the ethanol-induced bicarbonate secretion suggesting that the secretory response to
ethanol is meditated via Clˉ/HCO3ˉexchangers and enteric neural pathways.

Melatonin reduced the ethanol-induced increases in paracellular permeability and motility
either when injected intravenously or when administered in drinking water for two weeks. The
actions of melatonin were abolished by the melatonin receptor antagonist luzindole and by
nicotinic acetylcholine receptor inhibition.

Two weeks oral administration of melatonin up-regulated the expression levels of melatonin
receptors, down-regulated the expression of ZO-3 while the expression of ZO-1, ZO-2, claudin
2-4, occludin and myosin light chain kinase were unaffected. Superficial epithelial changes in a
few villi were seen in response to ethanol exposure, an effect that was histologically unchanged
by melatonin pretreatment.

In conclusion, the results suggest that melatonin plays an important role in the neurohumoral
regulation of gastrointestinal mucosal barrier function and motility via receptor- and enteric
neural-dependent pathways in vivo in rats. Melatonin might be a candidate for treatment of
barrier dysfunction in humans.
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Introduction 

The duodenum is the first part of the small intestine and this segment plays 
an important role in the absorption of nutrients, vitamins, electrolytes and 
water. Simultaneously, robust mucosal barrier mechanisms are needed to 
prevent duodenal luminal endogenous and exogenous aggressive agents, 
such as hydrochloric acid (HCl), digestive enzymes, bacteria and toxins, 
from coming into contact with the intestinal tissue, crossing the epithelium 
and entering the blood circulation. Lost integrity of the intestinal mucosa is a 
common clinical finding in inflammatory and autoimmune diseases, and 
thus, it is highly important to perform research in this area to increase the 
knowledge of the physiological regulation of the duodenal barrier. 

Melatonin is well known as “the hormone of darkness” secreted from the 
pineal gland in a circadian pattern. Melatonin has also been found in high 
levels in the gastrointestinal tract, suggesting a local role of melatonin here. 
Studies have indicated that melatonin may have protective effects in the 
gastrointestinal tract, although little is known about the mechanism behind 
these effects. This thesis elucidates the impact of melatonin on duodenal 
mucosal barrier function and its regulation of duodenal motility. 

The duodenum 
The small intestine is the longest segment in the gastrointestinal (GI) tract. It 
stretches between the stomach and the large intestine and is approximately 
five meters in humans and one meter in rats (Miller 1971). The small intes-
tine is further divided into three parts the duodenum, jejunum and ileum. The 
duodenum is the first and shortest segment, stretching from the duodenal 
bulb to the duodenojejunal flexure, where the jejunum begins. The name 
duodenum means “the width of twelve fingers” (Latin, duodecim = twelve) 
and refers to the length of this segment, which is approximately 25 cm in 
humans and 7-10 cm in rats. 

The main function of the duodenum is to enable absorption of nutrients, 
vitamins, electrolytes and fluid. From the stomach chyme, containing partly 
digested food entities and gastric juice, is emptied into the duodenum via the 
pyloric sphincter. In addition, via the sphincter of Oddi bile and pancreatic 
secretions containing bicarbonate and digestive enzymes enter the duode-
num. Bicarbonate, originating from the pancreas, liver and from the duode-
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nal mucosa, increases the pH of the luminal contents, enabling the digestive 
enzymes to operate at their optimal pH and protecting the epithelial lining 
from acid (Ainsworth et al. 1991; Allen and Flemström 2005; Seidler and 
Sjöblom 2012). Specialized cells from the duodenal mucosa “taste” the lu-
minal contents and transmit information to sites that control the rate of mu-
cus secretion, bicarbonate secretion and local blood flow (Akiba and Kaunitz 
2011). 

To facilitate absorption, the surface area of the duodenal epithelium is in-
creased by circular folds, villi, crypts (crypts of Liberkühn) and microvilli. 
The generally held view is that villi mainly have absorptive functions, while 
cells in the cryptal region, to a greater extent, have secretory functions (Hall 
2011). However, this dogma does not to apply for all situations for example 
are Na+-K+-Cl- co-transporters present within both villus and crypt cells 
(McNicholas et al. 1994) and the hypothesis that secretion solely occurs 
from the crypt region has been revised (De Jonge 1975; Jodal and Lundgren 
1996). 

Duodenal morphology 
The wall of the duodenum has a four-layered structure consisting of the mu-
cosa, submucosa, muscularis and serosa. The mucosa includes the epitheli-
um, lamina propria and muscularis mucosae. The epithelium is a monolayer 
of columnar enterocytes with secretory and absorptive functions. 

 
Figure 1. Light micrograph of rat duodenum. 
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Also incorporated in the epithelium are mucus-secreting goblet cells, antimi-
crobial peptide-secreting paneth cells and numerous enteroendocrine cells. 
The cells of the epithelium are interconnected to each other by junctional 
complexes, of which tight junctions are the main structures sealing the 
paracellular space. 

Epithelial cells in the GI tract have a very high turnover rate, approxi-
mately 5-6 days in humans and approximately 2-3 days in rodents. The cells 
proliferate in the crypt region and differentiate as they migrate up the villi 
(Lipkin 1985). During the turnover of epithelial cells, the barrier is kept in-
tact by a fast process known as restitution (Lacy 1988). 

The underlying lamina propria contains connective tissue, glands, nerve 
fibers, capillaries and mucosa-associated lymphoid tissue. The muscularis 
mucosae is a thin layer of smooth muscle cells that separates the mucosa 
from the submucosa. 

In the submucosa connective tissue, blood vessels, lymphatic vessels and 
the submucosal nervous plexus (Meissner’s plexus) are found. Just under-
neath is the muscularis externa, which is composed of two layers of smooth 
muscles responsible for the motor activity in the intestine: the inner circular 
muscle layer and the outer longitudinal muscle layer. 

A second network of nervous cells, the myenteric plexus (Auerbach’s 
plexus), is situated between the circular and longitudinal muscle layers. The 
submucosal nervous plexa and the myenteric nervous plexa constitute the 
main parts of the enteric nervous system. The outermost layer of the duode-
nal wall is the serosa, which consists mainly of connective tissue. 

The enteric nervous system 
The enteric nervous system (ENS) is the nervous system of the GI tract and 
functions as a third division of the autonomic nervous system. In humans, 
the ENS contains an impressive amount of approximately 500 million neu-
rons (Furness 2006) arranged in two nervous plexa in the intestinal wall: the 
submucosal plexus and the myenteric plexus. 

The ENS regulates motility, secretion and blood flow throughout the GI 
tract. Also intestinal paracellular permeability is regulated by neural-
dependent pathways (Nylander et al. 2001; Neunlist et al. 2003). In addition, 
there is a close connection between nerve fibers and immune cells in the 
intestinal mucosa (Ottaway et al. 1987; Chandrasekharan et al. 2013). 

Gastrointestinal motility is primarily controlled by the myenteric plexus, 
while epithelial secretion and local blood flow are controlled mainly by neu-
rons in the submucosal plexus. There are principally three different types of 
neurons in the ENS: sensory neurons (intrinsic primary afferent neurons) 
which receive information from the lumen, secretomotor/motor neurons 
which have the ability to stimulate or inhibit secretion and motility and in-
terneurons which communicate between the two nervous plexa. The three 
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types of neurons can be further divided into approximately 20 functional 
classes (Furness 2006). 

Although the ENS can act independently from the central nervous system 
(CNS), the systems are nevertheless linked via vagal and spinal afferent neu-
rons as well as parasympathetic and sympathetic efferent nerve fibers. 
Thereby the systems communicate and influence each other. Just as in other 
nervous circuits, the activity in the ENS is regulated by neurotransmitters 
and hormones, many of which can be found both in the ENS and the CNS. In 
general parasympathetic signaling increases the activity while sympathetic 
signaling inhibits the activity in the gut. Some important neurotransmitters in 
the ENS are the following: acetylcholine, a stimulator of motoractivity and 
secretion; vasoactive intestinal polypeptide (VIP), an inhibitor of 
motoractivity and a stimulator of epithelial secretion; nitric oxide (NO) a 
relaxator of smooth muscle and serotonin, a modulator of motoractivity se-
creted from enterochromaffin cells (Bertrand et al. 2000; Furness 2006). 

Duodenal barrier function 
The duodenal mucosa requires sufficient protection to resist daily luminal 
challenges, including acid, digestive enzymes, bacteria and other, potentially 
harmful, ingested agents. Despite the harsh milieu, the mucosa remains in-
tact during physiological conditions due to a multilayered duodenal barrier 
that is divided into pre-epithelial, epithelial and sub-epithelial defense mech-
anisms. 

 
Figure 2. Schematic illustration of the pre-epithelial, epithelial and sub-epithelial 
duodenal defense mechanisms (HCO3

-: bicarbonate). Transcellular and paracellular 
transport occur through and in between the epithelial cells, respectively. 
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The pre-epithelial defense constitutes the secretion of mucins (glycoproteins) 
and bicarbonate into the duodenal lumen (Allen and Flemström 2005). In the 
lumen, the secreted mucins react with water and form a mucus gel that co-
vers the epithelium. It is possible for molecules to diffuse through the mu-
cus, although the higher the molecular weight, the more the diffusion rate is 
retarded (Desai et al. 1992). Mucus thus functions both as a physical barrier 
against luminal acid and pepsin and also as a lubricant of the intestinal wall, 
thereby preventing mechanical injury from large particles in the lumen. Bi-
carbonate secreted from the pancreas and liver into the duodenal lumen neu-
tralizes the major part of the acid discharged from the stomach (Ainsworth et 
al. 1991), whereas the duodenal mucosal bicarbonate secretion is a defense 
mechanism that creates a pH-gradient within the mucus gel to maintain a 
neutral epithelial lining (Allen and Flemström 2005; Seidler and Sjöblom 
2012). 

Epithelial cells act as gatekeepers, separating the external environment 
from the internal tissues. The epithelium is composed of a single layer of 
columnar cells connected to each other via junctional complexes. The 
transport of substances across the epithelium can be conducted either 
through the cells, transcellularly, or in between the cells, paracellularly. Lip-
ophilic molecules cross the epithelium via passive diffusion transcellularly, 
while nutrients and larger molecules are actively transported or endocytosed 
transcellularly. 

Small hydrophilic molecules, up to approximately 600 Da, can pass the 
epithelium via the paracellular route (He et al. 1998). The passage of solutes 
and ions by the paracellular route is restricted and is regulated mainly by 
tight junctions (Anderson and Van Itallie 1995). Disruption of the epithelial 
barrier allows an uncontrolled influx of substances from the intestinal lumen 
into the underlying tissue compartments (Powell 1981). 

Sub-epithelial blood flow provides the intestine with immune cells, oxy-
gen for energy-consuming processes and bicarbonate for further secretion 
into the intestinal lumen. The blood flow is also responsible for the transport 
of absorbed nutrients, CO2 and other substances away from the intestine, 
towards the liver. 

Duodenal mucosal paracellular permeability 
The passage of solutes and ions across the epithelium via the paracellular 
pathway is restricted and is regulated by intercellular junctional complexes. 
Tight junctions are the most apical and the main restricting junctional com-
plexes, discriminating the passage of solutes and ions based on the molecular 
sizes and charges, with a preference for cations (Ma et al. 2012). 

In addition to tight junctions, the junctional complexes in between the 
epithelial cells consist of gap junctions, adherens junctions and desmosomes 
(Anderson and Van Itallie 1995). Gap junctions are involved in intercellular 
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communication, while adherens junctions and desmosomes participate in 
cell-cell adhesion and intracellular signaling (Ma et al. 2012). 

Tight junctions are heterogeneous protein complexes that forms 
paracellular pores by the transmembrane proteins occludin, claudins, junc-
tion adhesion molecules (JAM) and, at locations where three epithelial cells 
meet, the transmembrane protein tricellulin (Ikenouchi et al. 2005). Intracel-
lular scaffold proteins from the zona occludens family (ZO-1 – ZO-3) and 
cingulin link the transmembrane components to the actin cytoskeleton in the 
cell, providing structural integrity to the tight junctions (Schneeberger and 
Lynch 2004). 

 
Figure 3. Schematic illustration of a tight junction protein complex composed of the 
transmembrane proteins claudin, occludin and JAM (junction adhesion molecule). 
The transmembrane proteins are linked to the actin cytoskeleton by the scaffold 
proteins ZO-1 (zona occludens-1), ZO-2 (zona occludens-2), ZO-3 (zona occludens-
3) and cingulin. 

There is an organ and tissue variety in the “tightness” or “leakiness” of tight 
junctional barriers that at least partly is due to the types of claudins found at 
the specific tight junctions (Colegio et al. 2002). The small intestine is con-
sidered a “leaky” epithelium, where the proximal part has a calculated effec-
tive pore radius of 7-8.5 Å and the more distal parts of the small intestine 
approximately 4 Å (Lindemann and Solomon 1962; Fordtran et al. 1965). 
However, more recent data from the rat jejunum has suggested that there is a 
gradient of pore sizes along the crypt-villus axis, with crypt pores approxi-
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mately 50-60 Å, medium-sized pores at the villous base of 10-15 Å and 
small pores at the tip of the villous of 6 Å (Fihn et al. 2000). 

The intercellular pores created by the tight junction complex were previ-
ously believed to be static structures, but it is now clear that tight junction 
proteins are highly dynamic and that regulation of paracellular permeability 
occurs in response to various stimuli (Anderson and Van Itallie 1995; Nusrat 
et al. 2000; Anderson and Van Itallie 2009). Altered expression or altered 
localization of the proteins in the junctional assembly, via phosphorylation 
of the proteins or cytoskeletal contractions, is events that change the size of 
the paracellular pores (Ma et al. 2012). 

During physiological conditions small amounts of antigens are permitted 
to pass the mucosa to interact with the innate and adaptive immune systems 
(Keita and Söderholm 2010). However, disruption of the tight junction barri-
er allows the influx of hydrophilic luminal agents that would normally be 
excluded from the underlying tissue compartments (Turner 2009). 

Disruption of the intestinal epithelium and increased paracellular permea-
bility are clinical findings in a number of diseased states e.g., alcoholic liver 
disease, Celiac disease, diabetes mellitus and inflammatory bowel disease 
(Schmitz et al. 1999; Parlesak et al. 2000; Neu et al. 2005; Zeissig et al. 
2007; Heap and van Heel 2009). However, there is an ongoing debate 
whether lost intestinal integrity is a cause or a consequence of a pathological 
state in the GI tract. 

There are several ways of studying paracellular permeability. One method 
is to study the clearance of a macromolecule restricted to epithelial 
paracellular transport, e.g., various polymers of PEG, lactulose, mannitol, 
51Cr-labeled ethylenediaminetetraacetate (51Cr-EDTA) or 99mTc-
diethylenetriaminopentaacetate (99mTcDTPA). These probes differ in size 
and detection methods which must be considered when designing the study 
and experimental conditions. There are several options for study design as 
the probes can be administered orally, intravenously (i.v.) or luminally and 
the excretion can be measured in the luminal perfusate, in the blood or in the 
urine (Bjarnason et al. 1995). Alternatively the intestinal permeability can be 
measured by changes in the transepithelial electrical resistance (TER). A 
decrease in intestinal epithelial resistance is a sign of increased paracellular 
permeability. Measuring the TER gives a good reflection of how small ions 
move across the epithelium, although electroneutral movements are not able 
to detect. 

Duodenal mucosal bicarbonate secretion 
The secretion of bicarbonate is considered the main duodenal mucosal de-
fense mechanism against luminal acid (Flemström and Isenberg 2001; 
Seidler and Sjöblom 2012). The secretion of bicarbonate from the duodenal 
mucosa is mainly an active, physiologically regulated mechanism. The abil-
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ity of the mucosa to respond to luminal acid with an increased rate of bicar-
bonate secretion is impaired in patients with acute or chronic duodenal ulcer 
disease (Isenberg et al. 1987). 

Bicarbonate is imported into the enterocytes from the interstitium at the 
basolateral membrane by Na+/HCO3

- cotransport via Slc4a4 (pNBC1) and 
Slc4a7 (NBC1) transporters alternatively enters the cells as CO2 diffuses into 
the cell from the duodenal lumen or from the blood. The secretion of bicar-
bonate from the enterocytes into the duodenal lumen at the apical membrane 
is either facilitated by Cl-/HCO3

- exchangers (Slc26-family) or by the cystic 
fibrosis transmembrane conductance regulator (CFTR) (Isenberg et al. 1993; 
Hogan et al. 1997b; Seidler et al. 1997; Clarke and Harline 1998). 

A number of isoforms of apical Cl-/HCO3
- exchangers have been charac-

terized, including Slc26a6 (PAT1), Slc26a3 (DRA) and Slc4a9 (AE4). These 
transporters have been immunolocalized at the apical membrane of the intes-
tinal epithelium, predominantly along the villous axis (Jacob et al. 2002; Ko 
et al. 2002; Wang et al. 2002; Xu et al. 2003), while CFTR is expressed 
mainly in the crypts and at the base of the villi (Jakab et al. 2010). Bicar-
bonate can also reach the duodenal lumen via intercellular leakage, although 
data from rats and mice suggest that this route has little impact on the total 
luminal alkalinization (Hogan et al. 1997a; Nylander et al. 2001; Pihl et al. 
2008; Singh et al. 2008). 

Several compounds stimulate the secretion of bicarbonate from the duo-
denal mucosa, including VIP, acetylcholine, prostaglandins and cyclic aden-
osine monophosphate (cAMP). For a detailed review, see Seidler and 
Sjöblom 2012. 

Duodenal motility 
Following food intake, the motor activity of the longitudinal and circular 
muscle layer of the small intestine mixes and propels the intestinal content in 
a continuous irregular pattern. The muscle fibers are innervated mainly by 
the neurons of the myenteric plexus. Between meals, a cyclic, more regular 
motility pattern is observed; this is called the migrating motor complex 
(MMC). 

MMCs originate from the distal stomach or the proximal duodenum, with 
a new complex starting approximately every 90 to 120 min in humans 
(Tortora and Derrickson 2006) and approximately every 10 to 15 min in rats 
(Bueno et al. 1978). The MMC-pattern is characterized by three phases: first, 
a period of motor quiescence second, a period of irregular motor activity and 
last a sequence of organized, highly contractile motor activity. This motor 
activity is a “housekeeping” mechanism that moves the remaining luminal 
contents towards the colon and thereby prevents bacterial overgrowth. 
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Figure 4. Fasting motility with migrating motor complexes in the rat duodenum. 

Intestinal dysmotility 
Patients with gastrointestinal dysmotility may suffer from abdominal pain, 
nausea, constipation, bloating and diarrhea, among other symptoms 
(Chapman et al. 2013). Conversely, a fraction of patients with functional 
dyspepsia have gastric and duodenal dysmotility of varying character (Sha et 
al. 2009). Additionally, subgroups of patients with irritable bowel syndrome 
(IBS) suffer from intestinal dysmotility (Husebye 1999). 

After abdominal surgery, a transient episode of impaired intestinal motili-
ty called postoperative ileus occur in many species, including humans and 
rats (Bueno et al. 1978; Boeckxstaens and de Jonge 2009). In humans, the 
postoperative ileus resolves on an average of 2 to 4 days (Delaney 2004). 
Surgically induced ileus is caused by the immediate activation of neural 
reflexes and a later onset of inflammatory processes triggered by the surgical 
procedure. During the inflammatory response, an up-regulation of inducible 
nitric oxide (iNOS) and cyclooxygenase-2 (COX-2) is seen. The release of 
iNOS and COX-2 influences neural pathways that inhibit GI motility 
(Boeckxstaens and de Jonge 2009). During the postoperative ileus not only 
motility is affected, in the duodenum alteration of bicarbonate secretion and 
ability to adjust luminal osmolality are also observed (Pihl and Nylander 
2006). 

COX-inhibition of anesthetized rats subjected to abdominal surgery has 
been shown to restore the fasting motility pattern (Sababi et al. 1996) as well 
as other duodenal parameters (Pihl and Nylander 2006). The restored motili-
ty pattern seen in these rats is similar to the MMC patterns of conscious rats 
(Axelsson et al. 2003) and thus acts as an indication of neural activity in the 
ENS. 

The animals in this thesis were all treated with parecoxib i.v. to reverse 
surgically induced ileus. Parecoxib is a prodrug that is metabolized into the 
selective COX-2 inhibitor valdecoxib in the liver (Gierse et al. 2005), and in 
the doses used (10 mg/kg), it has no negative impact on the GI mucosa (Padi 
et al. 2004). 

time (h:min:s)
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Duodenal net fluid-flux 
The duodenal mucosal net fluid-flux represents the sum of the secretion and 
absorption of fluid across the duodenal mucosa. Oral intake of beverages 
together with the secretion of saliva, gastric juice, pancreatic juice, bile and 
small intestinal fluid secretion constitutes a daily fluid load of approximately 
9 liters in the small intestine. About 7 liters of that volume is absorbed or 
reabsorbed in the small intestine. The mechanism by which fluid crosses the 
epithelium is still not fully understood. The traditional explanation is that 
water moves passively across the intestinal epithelium via the paracellular 
pathway in response to osmotic gradients (Barrett 2006). However, recent 
data suggest that this absorption is not entirely passive, and it seems that at 
least a part of this absorption is physiologically regulated (Pihl et al. 2010b; 
Sedin et al. 2012). The presence of intestinal aquaporins (Laforenza et al. 
2010) and the transcellular co-transport of water and glucose (Wright and 
Loo 2000) have been proposed as additional mechanisms of water transport 
across the epithelium. 

Melatonin 
Melatonin is an indole hormone that was first isolated from the pineal gland 
(Lerner et al. 1958). Melatonin is an endogenous signal of darkness that is 
secreted from the pineal gland in a circadian pattern with a peak during 
darkness. The secretion of melatonin from the pineal gland is influenced by 
neural signals from the retina. The function of melatonin in the regulation of 
the circadian rhythm is well-characterized; in humans elevated melatonin 
levels are associated with sleep (Zawilska et al. 2009). However, this does 
not apply to all species as higher levels of melatonin are found during the 
dark hours regardless of whether the organism is active at daytime or 
nighttime (Vanecek 1998). 

Since the discovery of melatonin, it has been established that melatonin is 
also synthesized and secreted from several other tissues in addition to the 
pineal gland. Despite the high levels of melatonin in the extra-pineal tissues 
its role in these tissues is not fully understood. Examples of extra-pineal 
sources of melatonin are the retina, liver and GI tract (Bubenik et al. 1977; 
Bubenik et al. 1978). The GI tract is in fact the largest source of melatonin, 
with a total amount at least 400 times greater than the amount found in the 
pineal gland at any time of the day (Huether 1993). The reported daytime 
levels of melatonin in the GI tract of rats are 80-2000 ng, compared to 0.2-
4.5 ng in the pineal gland (Huether et al. 1992). Large amounts of melatonin 
have been shown to be released by the duodenal mucosa in response to cen-
tral nervous administration of the α1-adrenoceptor agonist phenylephrine 
(Sjöblom and Flemström 2004). 
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Melatonin is synthesized from the amino acid tryptophan via several biosyn-
thetic steps, and the most direct precursor of melatonin is serotonin. Seroto-
nin is converted to melatonin by the enzymes N-acetyltransferase (NAT) and 
hydroxyindole-O-methyltransferase (HIOMT) (Sugden 1989). The 
enterochromaffin cells are the most likely source of melatonin in the GI tract 
as serotonin, NAT and HIOMT have been localized in these cells. 
Enterochromaffin cells are a type of enteroendocrine cell found in the intes-
tinal epithelium, predominantly in the crypt region, that are in close contact 
with the ENS (Lundberg et al. 1978). 

Melatonin is released directly after its biosynthesis, both into the intesti-
nal lumen and into the circulation (Raikhlin and Kvetnoy 1976). Due to its 
lipophilicity, melatonin easily crosses cell membranes. Melatonin production 
in the GI tract does not follow the light/dark cycle (Bubenik et al. 2000). 
However, higher levels of melatonin are found in the GI tract during dark-
ness, which most likely is a consequence of that melatonin is accumulated 
from the circulation. In addition, the intermittent discharge of bile into the 
duodenum is most likely a significant source of intestinal intraluminal mela-
tonin as bile from humans, rats, pigs and rabbits contain considerable 
amounts of melatonin (Tan et al. 1999; Messner et al. 2001). 

The elimination half-life of melatonin in the blood is 40-50 min in hu-
mans (Vakkuri et al. 1985; Mallo et al. 1990) and approximately 20 min in 
rats (Yeleswaram et al. 1997). Melatonin is metabolized to 6-
hydroxymelatonin by the liver and then conjugated and excreted into the 
urine. A small fraction of melatonin is excreted unchanged in the urine 
(Dubocovich et al. 2010). 

Melatonin receptors 
In mammals melatonin exerts its actions via two high-affinity G-protein-
coupled membrane receptors, the melatonin 1-receptor (MT1) and the mela-
tonin 2-receptor (MT2), which modulate several intracellular messenger sys-
tems, including cAMP, cyclic guanosine monophosphate (cGMP) and [Ca2+] 
(Dubocovich et al. 2010). Both receptor subtypes are present throughout the 
GI tract (Lee and Pang 1993; Sallinen et al. 2005; Stebelova et al. 2010), 
although the site of highest binding depends on the species (Lee and Pang 
1993). Melatonin has been demonstrated to increase duodenal bicarbonate 
secretion via a MT2-mediated mechanism (Sjöblom and Flemström 2003). 
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Figure 5. Melatonin acts via binding to the melatonin receptors MT1 and MT2 and is 
also a potent antioxidant (cAMP: cyclic adenosine monophosphate; cGMP: cyclic 
guanosine monophosphate; MT1: melatonin receptor 1; MT2: melatonin receptor 2; 
ROS: reactive oxygen species and TJ: tight junction). 

The so-called MT3 receptor is not a membrane-bound G-protein-coupled 
receptor instead, it has been suggested that this melatonin-binding protein is 
the enzyme quinone reductase 2 (Nosjean et al. 2000). In addition, melatonin 
has been reported to bind to receptors from the retinoid-related orphan nu-
clear hormone receptor family RZR/RORα and RZR/RORβ (Becker-Andre 
et al. 1994; Steinhilber et al. 1995). 

In addition to the receptor-mediated effects, the molecular structure of 
melatonin has an electron-rich aromatic ring system, making it an electron 
donor and thereby a very potent anti-oxidant (Allegra et al. 2003). Several in 
vivo studies have reported that melatonin facilitates ulcer healing and pre-
vents damage to the gastrointestinal mucosa induced by a range of aggres-
sive factors. The proposed mechanism in these studies is melatonin’s ability 
to scavenge free radicals, to induce antioxidative enzymes, to block the re-
duction of blood flow caused by serotonin (Cho et al. 1989) and to reduce 
lipid peroxidation (Brzozowski et al. 1997; Kato et al. 1998; Sileri et al. 
2004; Monobe et al. 2005; Nosal'ova et al. 2007; Akcan et al. 2008; Al-
Ghoul et al. 2010; Onal et al. 2011; Tahan et al. 2011). 
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Ethanol 
Alcoholic beverages are widely consumed throughout the world (WHO 
2011), and they can be considered as either tonics or toxins, depending on 
the quantity consumed. After chronic use or when ingested in excessive 
amounts, ethanol is a known irritant of the GI mucosa. Examples of GI reac-
tions associated with alcohol consumption are nausea, dyspepsia, diarrhea 
and malnutrition (Rajendram and Preedy 2005). 

Ethanol is a small lipophilic molecule that easily crosses cell membranes 
via passive diffusion. Due to its physical properties, the absorption of etha-
nol starts as soon as an alcoholic beverage is ingested. The amount of etha-
nol absorbed in the stomach depends on the presence of food and the rate of 
gastric emptying. Data from humans shows that in a fasting state, 10% of the 
ingested ethanol is absorbed in the stomach, while 90% is absorbed mainly 
in the duodenum and, to some extent, also in the jejunum. When alcoholic 
beverages are combined with a meal, the fraction of ethanol absorbed in the 
stomach increases to approximately 30% of the ingested ethanol while still 
over 60% of the ethanol is absorbed in the proximal small intestine (Levitt et 
al. 1997). 

In humans, the reported mean peak levels of ethanol concentration in the 
duodenal lumen after an intragastric infusion of 45 g of ethanol (14 cl of 
80% whisky) vary between 8 and 12% (Millan et al. 1980). 

After an acute administration of high ethanol concentrations (≥ 40%) 
structural changes were observed in the upper small intestines of both ani-
mals (Beck and Dinda 1981) and humans (Tarnawski et al. 1981). These 
changes included hemorrhagic erosions, submucosal blebbing and the infil-
tration of inflammatory cells (Beck and Dinda 1981). Less is known about 
the acute effects of moderate ethanol intake. Ma and colleagues demonstrat-
ed in vitro that ethanol at low noncytotoxic concentrations (≤ 10%) increased 
the mucosal permeability, not by cell damage or cell death, but by a func-
tional opening of the tight junction barrier (Ma et al. 1999). 
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Aim 

The overall aim was to study the regulation of duodenal barrier function and 
motility in rats in vivo with an emphasis on investigating the impact of mela-
tonin. 

The specific aims were as follows: 
 

• to investigate the effects of luminally and intravenously administered 
melatonin on the physiological regulation of duodenal mucosal 
paracellular permeability, bicarbonate secretion, motor activity and net 
fluid-flux 
 

• to study melatonin receptor-mediated and neural-mediated pathways in 
the effects induced by melatonin in the duodenal segment 
 

• to study the effects of luminal ethanol, wine and hydrochloric acid on 
duodenal mucosal barrier function and motility 
 

• to study the effects of melatonin on ethanol-, wine- and acid-induced 
alterations of duodenal barrier function and motor activity 
 

• to investigate the duodenal mucosal bicarbonate secretion in response to 
luminal ethanol 
 

• to study the effect of long-term oral administration of melatonin on eth-
anol-induced changes of duodenal barrier function and motility 

 
• to investigate the expression levels of certain tight junction-associated 

proteins and melatonin receptors after long-term melatonin administra-
tion 
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Materials and methods 

Animals 
All experiments were approved by the Uppsala Ethics Committee for exper-
iments with Animals. Male outbreed Sprague-Dawley rats weighing 230-
350 g were placed in the Animal Department under standardized temperature 
and light conditions (21-22˚C, 12:12 h light-dark cycle). The animals were 
allowed to acclimatize for at least one week before the experiments were 
performed. The rats were kept in cages in groups of two or more and had 
access to tap water and pelleted food ad libitum. In Study IV all animals were 
allowed to acclimatize for one week in the Animal Department before they 
were divided into the following six groups: 2 weeks control, 2 weeks 
0.1 mg/ml melatonin in tap water, 2 weeks 0.5 mg/ml melatonin in tap water, 
4 weeks control, 4 weeks 0.1 mg/ml melatonin in tap water or 0.5 mg/ml 
melatonin in tap water. Melatonin was dissolved in a minimum volume of 
ethanol, with a final ethanol concentration between 0.1 and 0.6% in the ani-
mals’ water bottles. Before the experiments, the rats were deprived of food 
overnight (16 h) but had free access to drinking water, with or without mela-
tonin as assigned. 

Surgical procedure 
The experiments were performed as described previously (Nylander et al. 
1989) and are illustrated in Fig. 6. 

On the day of the experiment the rats were anaesthetized with 
thiobutabarbital sodium (Inactin®) 120 mg/kg body weight intraperitoneally 
(i.p.). To minimize preoperative stress, anesthesia was performed within the 
Animal Department by the person who had previously handled the animals. 
The rats were then rapidly transported to the lab via the elevator. When ar-
riving to the lab, the rats were placed on a heating pad controlled by a rectal 
thermistor probe to maintain their body temperatures at 37-38˚C. 

The surgical procedure then began by providing the rats with a tracheal 
tube to facilitate spontaneous breathing. The carotid and/or the femoral ar-
tery and one or both of the femoral veins were catheterized with PE-50 poly-
ethylene catheters (Becton, Dickinson & Co., Franklin Lakes, NJ, USA). 
The arterial catheters contained 20 IU/ml heparin isotonic saline and were 
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used for blood sampling and continuous recordings of systemic arterial pres-
sure by connecting the catheter to a pressure transducer operating on a 
PowerLab system (AD Instruments, Hastings, UK). The vein catheter was 
used for drug injection and for the continuous infusion of saline and the 
permeability marker 51Cr-EDTA at a rate of 1.0 ml/h. Saline infusion was 
given to compensate for fluid loss during the experiment. 

 
Figure 6. Experimental set-up. The rat was anaesthetized and a duodenal segment 
was isolated and perfused with saline. The collected perfusate was later analyzed. 
The blood pressure, body temperature and the duodenal motility were continuously 
recorded. Illustration by Nylander and Sedin, with permission. 

A laparotomy was performed by opening the abdominal cavity along the 
Linea alba. To prevent bile and pancreatic secretions from entering the duo-
denum, the common bile duct was catheterized with a PE-10 polyethylene 
tubing close to its entrance to the duodenum. Soft tubing (Silastic®, Dow 
Corning, 1 mm ID) was introduced through the mouth and gently pushed via 
the esophagus and stomach into the duodenum, where it was secured by 
ligatures 2-5 mm distal to the pylorus. Approximately 3 cm distal to the py-
lorus, PE-320 tubing was inserted into the duodenum and secured by liga-
tures. The proximal duodenal tubing was connected to a peristaltic pump 
(Gilson minipuls 3, Villiers, Le Bel, France), and the duodenal segment was 
perfused with isotonic saline at a rate of 0.4 ml/min. 

The abdominal cavity was closed with sutures and covered with plastic 
foil to prevent fluid loss from the wound. 30 min after surgery, parecoxib 
10 mg/kg was given i.v. to reverse the surgery-induced paralysis of the intes-
tine (Nylander 2011). After the completion of the surgery, the animals were 
allowed to recover for at least 60 min to stabilize their cardiovascular, res-
piratory and gastrointestinal functions. 
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Measurement of duodenal permeability 
The paracellular permeability was assessed by the blood to lumen clearance 
of 51Cr-EDTA. After completion of surgery, 51Cr-EDTA was administered 
i.v., diluted in saline as a bolus of approximately 75 µCi, followed by a con-
tinuous infusion of approximately 50 µCi/h at a rate of 1.0 ml/h. 

51Cr-EDTA is a hydrophilic molecule that has a radius of 6.8 Å (Jenkins 
and Bell 1987). 51Cr-EDTA is neither metabolized nor taken up by the cells 
(Volf et al. 1971; Bjarnason et al. 1985). 51Cr-EDTA diffuses across the ca-
pillary wall without restriction and is rapidly and equally distributed in the 
blood and in the interstitial space. The intestinal epithelia, specifically the 
tight junctions, are the limiting structures when 51Cr-EDTA crosses the intes-
tinal wall. 

Between 30 and 60 min was permitted for the tissue equilibration of 51Cr-
EDTA before the experimental protocol was started. Two blood samples, 
approximately 0.3 ml each, were collected during the experiment; the first 
was collected ten minutes before starting the experiment, and the second was 
collected after ending the experiment. The blood volume loss was compen-
sated for by an intraarterial (i.a.) injection of 0.3 ml of 7% bovine albumin 
solution. The blood samples were centrifuged, and thereafter, 50 µl of the 
plasma was used to measure the radioactivity. 

According to the experimental protocol, the duodenal segment was per-
fused with saline or other solutions at a rate of 0.4 ml/min, and the perfusate 
was collected at 10-min intervals. The luminal perfusate and the blood plas-
ma were analyzed for 51Cr-activity in a gamma counter (1282 Compugamma 
CS, Pharmacia, Uppsala, Sweden). A linear regression analysis of the plas-
ma samples was made to obtain a corresponding plasma value for each 
perfusate sample. 

The clearance of 51Cr-EDTA from the blood-to-lumen was calculated as 
described previously by Nylander et al. and is expressed as ml per min per 
100 g of wet tissue (ml·min¯1·100 g¯1) (Nylander et al. 1989). 

 

 
  

51 Cr-EDTA clearance = 
effluent (cpm ml-1) x perfusion rate (ml min -1)

plasma (cpm ml-1) x tissue weight (g)
x 100 
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Measurement of mucosal bicarbonate secretion 
The duodenum was perfused 0.4 ml/min with either saline or other solutions 
as described in the corresponding experimental protocol, and the perfusate 
was collected every 10 min. The rate of luminal alkalinization was deter-
mined by the back titration of the collected perfusate to pH 4.90 with 10 mM 
HCl under continuous gassing (100% N2) using pH-stat equipment 
(Autoburette ABU 901 and pH-stat controller PHM 290, Radiometer, Co-
penhagen, Denmark). The pH electrode was routinely calibrated with stand-
ard buffers before the start of the titration. The amount of titrated HCl was 
considered equivalent to the secretion of the duodenal mucosal bicarbonate. 
The rates of luminal alkalinization are expressed as micromoles of base se-
creted per centimeter of intestine per hour (µmol·cm¯1·h¯1). 

Measurement of duodenal motility 
Measuring the changes in intraluminal pressure allowed the assessment of 
the duodenal wall contractions. The inlet perfusion tubing was connected, 
via a T-tube, to a pressure transducer, and the intraluminal pressure was rec-
orded on an IBM PC-compatible computer. The outlet tubing was positioned 
at the same level as the inlet tubing. An upward deflection of at least 
2 mmHg above baseline was defined as a motor response. The changes in 
intraluminal pressure were recorded, via a digitizer, on a computer using 
PowerLab® and the software Labchart7 (AD Instruments Ldt. Hastings, East 
Sussex, UK). The duodenal motility was assessed at sample intervals of 
10 min by planimetry, i.e., the total area under the pressure curve (area under 
the curve, AUC) during the sample period. 

Measurement of duodenal net fluid-flux 
The difference in weight of collection vials with and without perfusate was 
used to measure the net fluid-flux over a 10 min interval. Perfusate volumes 
were determined after correcting for density for each solution. The density of 
isotonic saline was arbitrarily set to 1.0. The duodenum was perfused with 
saline or other solutions according to the experimental protocol at a rate of 
0.4 ml/min. 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 is ex-
pressed as ml of fluid per gram of wet tissue weight per hour (ml·g¯1·h¯1). 
The peristaltic pump volume was determined from the mean of two 10-min 
samples, which were taken immediately after termination of each experi-
ment. 
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Experimental protocols 
In all experiments, the duodenal mucosal permeability, bicarbonate secre-
tion, motor activity and net fluid-flux were measured. In addition, the sys-
temic arterial blood pressure (mmHg) and body temperature (°C) were moni-
tored continuously and recorded at 10 min intervals. 

 
Figure 7. Example of an experimental protocol. Initial basal period with duodenal 
perfusion of saline, followed by a test period during which a test-solution was 
luminally perfused. Finally the “after” period consisted of the reperfusion of saline. 

Study I 
Control: Control experiments were performed by measuring the parameters 
above for 110 min during the perfusion of the duodenal segment with isoton-
ic saline (154 mM NaCl) at a rate of ~0.4 ml/min. 

 
Animals exposed to luminal melatonin: The experiments started with saline 
perfusion of the duodenum for 30 min to collect basal data. Thereafter, the 
duodenum was perfused for 30 min with either 10 µM or 50 µM melatonin 
in saline. The experiment was terminated after another 50 min perfusion 
with saline. 

 
Animals exposed to i.v. melatonin: The experimental protocol was exactly 
the same as the control experiment protocol, except that melatonin was ad-
ministered i.v. at 30 min and 60 min at a dose of 0.5 mg/kg, 10 mg/kg or 
20 mg/kg. 

 
Animals exposed to luminal luzindole: The experiments started with saline 
perfusion of the duodenum for 30 min to collect basal data. Thereafter, the 
duodenum was perfused for 30 min with either 50 µM or 100 µM luzindole 
in saline. The experiment was terminated after another 60 min perfusion 
with saline. 

 

start
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Animals exposed to i.v. luzindole: The experimental protocol was the same 
as that of the control experiment protocol, except that luzindole was admin-
istered i.v. at 30 min and 60 min at a dose of 0.17 mg/kg. 

 
Animals exposed to i.v. luzindole and luminal melatonin: The experiments 
started with the perfusion of the duodenum for 30 min with saline. At 
20 min, luzindole was administered i.v. at a dose of 0.17 mg/kg. 10 min after 
the luzindole administration, the duodenum was perfused for 30 min with 
50 µM melatonin in saline. The experiment was terminated after another 
50 min of duodenal perfusion with saline.  

 
Animals exposed to luminal mecamylamine and melatonin: The experiments 
started with the perfusion of the duodenum for 30 min with saline to collect 
basal data. Then, the duodenum was perfused for 30 min with 0.10 mM 
mecamylamine in saline, 30 min with 0.10 mM mecamylamine and 50 µM 
melatonin in saline and 20 min with 0.10 mM mecamylamine in saline. The 
experiment was terminated after another 50 min duodenal perfusion with 
saline. 

Study II 

Control: See Study I 
 

Animals exposed to ethanol luminally: The experiments started with the per-
fusion of the duodenum with saline for 30 min to collect basal data. Thereaf-
ter, the duodenum was perfused for 30 min with either a 10%- or a 15%-
ethanol solution that was made isotonic with sodium chloride. The experi-
ment was terminated after another 50 min perfusion with saline. 

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

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

 
Animals pretreatment with hexamethonium and exposed to ethanol 
luminally: The experiments were the same as above, except that the nicotinic 
acetylcholine receptor antagonist hexamethonium was administered i.v. as a 
bolus dose of 10 mg/kg 10 min before the start of the ethanol perfusion, fol-
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lowed by a continuous hexamethonium infusion of 10 mg·kg¯1·h¯1 through-
out the experiment. 

 
Animals pretreated with melatonin and nicotinic-receptor blocker and ex-
posed to ethanol luminally: In the first series of experiments the protocol 
was the same as above except that melatonin was administered i.v. as a bolus 
dose of 20 mg/kg 10 min before the administration of hexamethonium. In the 
next series of experiments another nicotinic acetylcholine receptor antago-
nist, mecamylamine, was tested. The experiments started with the perfusion 
of the duodenum for 30 min with saline to collect basal data. Thereafter, 
mecamylamine was added to the luminal perfusate to a concentration of 
10 mM and perfused for another 30 min. The duodenum was then perfused 
for 30 min with isotonic 15%-ethanol-solution containing 10 mM 
mecamylamine. 10 min before the ethanol exposure, melatonin was adminis-
tered i.v. as a bolus dose of 20 mg/kg. After ethanol perfusion, the experi-
ment was terminated after completing another 50 min perfusion with saline. 

 
Animals pretreated with capsazepine and exposed to ethanol luminally: The 
experiments started with the perfusion of the duodenum with saline for 
40 min to collect basal data. Thereafter, capsazepine was added to the lu-
minal perfusate at a concentration of 0.25 mM and perfused for another 
10 min. The duodenum was then perfused for 30 min with an isotonic 15%-
ethanol solution containing 0.25 mM capsazepine. After ethanol perfusion, 
the experiment was terminated after completing another 60 min perfusion 
with saline. 

 
Animals exposed to wine luminally: The experiments started with the perfu-
sion of the duodenum with saline for 30 min to collect basal data. Thereafter, 
the duodenum was perfused for 30 min with red wine (Shiraz Mourvédre 
Viognier, Robertson Winery, South Africa, 2009, 14.5%). The experiment 
was terminated after another 50 min perfusion with saline. 

 
Animals pretreated with melatonin and exposed to wine luminally: The ex-
perimental protocol was exactly the same as above, except that melatonin 
was administered i.v. as a bolus dose of 20 mg/kg 10 min before the start of 
the wine perfusion. 

 
Animals exposed to luminal HCl: The experiments started with the perfusion 
of the duodenum with saline for 30 min to collect basal data. Thereafter, the 
duodenum was perfused for 5 min with 25 mM, 50 mM or 100 mM HCl. 
The experiment was terminated after completing another 60 min perfusion 
with saline. 
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Animals pretreated with melatonin and exposed to luminal HCl: The exper-
imental protocol was the same as that of “Animals exposed to luminal HCl” 
except that melatonin was administered i.v. as a bolus dose of 20 mg/kg 
10 min before the start of the HCl perfusion. 

Study III 

Control: See Study I 

Animals exposed to ethanol luminally: See Study II 
 
Animals exposed to luminal ethanol and CFTR inhibition: The experimental 
protocol was exactly the same as that in the above section “Animals exposed 
to ethanol luminally” except that the CFTR inhibitor CFTRinh-172 was admin-
istered either i.v. 2.0 mg/kg or i.p. 2.0 mg/kg 60 min before the start of the 
experiment.  
 
Animals exposed to luminal ethanol during Cl‾-free conditions: The experi-
ments started with the saline perfusion of the duodenum for 30 min to collect 
basal data. Thereafter, the segment was perfused with an isotonic Cl‾-free 
solution (150 mM sodium gluconate) for another 30 min, followed by the 
perfusion of a Cl‾-free 15%-ethanol-solution for 30 min. The experiment 
was terminated after completing another 50 min perfusion with saline. 
 
Animals exposed to nicotinic receptor antagonist pretreatment: The experi-
ments started with the perfusion of the duodenum for 40 min with saline to 
collect basal data. After that, the nicotinic acetylcholine receptor antagonist 
hexamethonium was administered i.v. as a bolus dose of 10 mg/kg followed 
by a continuous i.v. infusion of 10 mg·kg¯1·h¯1 throughout the experiment.  
 
Animals exposed to luminal ethanol and nicotinic receptor antagonist pre-
treatment: The experiments was the same as above for the “Animals exposed 
to ethanol luminally” protocol except that the nicotinic acetylcholine recep-
tor antagonist hexamethonium was administered i.v. as a bolus at a dose of 
10 mg/kg 10 min before the start of the ethanol perfusion followed by a con-
tinuous i.v. infusion of 10 mg·kg¯1·h¯1 throughout the experiment. 
 
Animals exposed to luminal ethanol and capsazepine: The experimental 
protocol was exactly the same as above for the “Animals exposed to ethanol 
luminally” except that 0.25 mM capsazepine was perfused luminally 10 min 
before the start of the 30 min luminal perfusion of 0.25 mM capsazepine and 
15% ethanol. 
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Study IV 
In the Animal Department, the rats were given six different treatments be-
fore the experiments commenced as follows: 2 weeks control (tap water), 2 
weeks 0.1 mg/ml melatonin in tap water, 2 weeks 0.5 mg/ml melatonin in 
tap water, 4 weeks control (tap water), 4 weeks 0.1 mg/ml melatonin in tap 
water or 0.5 mg/ml melatonin in tap water. Melatonin was dissolved in a 
minimum volume of ethanol with a final ethanol concentration between 0.1 
and 0.6% in the animals’ water bottles. 

The experiments started with the perfusion of the duodenum for 60 min 
with saline at a rate of ~0.4 ml/min to collect basal data. Thereafter, the duo-
denum was perfused for 30 min with a 15%-ethanol-solution reaching a final 
sodium chloride concentration of 154 mM (a solution isotonic with the blood 
plasma). The experiment was terminated after a recovery period of 30 min, 
during which where the segment was perfused with saline only. 

Histology 

In Study II specimens from the duodenal segment were examined histologi-
cally in three separate sets of experiments: 

 
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 then 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 the start of the experiment. 

 
After the experiments the duodenum was immediately fixated in 10% neutral 
buffered formalin solution. After fixation, 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. Duodenal morphology was assessed under light microscopy by an 
experienced pathologist who was uninformed of the treatment regimes. All 
villi in each section were evaluated. 

Quantitative Real Time PCR 
In Study IV the duodenal tissue specimens were harvested immediately after 
the termination of the experiments, placed into RNAlater to prevent the deg-
radation of the RNA by RNas and stored at -20˚C. 

The duodenal tissue samples were homogenized by mechanical disruption 
using the Bullet Blender (Next Advance, USA). RNA isolation was per-
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formed using the Absolutely RNA Miniprep Kit (Agilent Technologies, 
USA) with DNAse treatment. RNA concentrations were measured using a 
NanoDrop1 ND-1000 spectrophotometer (NanoDrop1 Technologies, USA). 
For cDNA synthesis, 1 µg of each RNA sample was incubated with 2xRT 
reaction mix and RT enzyme mix (Invitrogen, Sweden) in accordance with 
the manufacturer’s protocol. Reactions were incubated at 25°C for 10 min, 
then at 37°C for 30 min and at 85°C for 5 min. E.coli RNase H was added to 
reactions, and incubation at 37°C for 20 min was completed. 

The assay was carried out on a MyiQ thermal cycler (Bio-Rad Laborato-
ries, Sweden) using 96-well plates. The tight junction proteins zona 
occludens-1 (ZO-1), zona occludens-2 (ZO-2), zona occludens-3 (ZO-3), 
occludin (OCLD), claudin-2 (CLDN2), claudin-3 (CLDN3), claudin-4 
(CLDN4), melatonin receptor 1 (MT1) and melatonin receptor 2 (MT2), as 
well as the enzyme myosin light chain kinase (MLCK), were amplified. We 
also amplified three reference genes: glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), histone H3b (H3b) and succinate dehydrogenase (SDHA). 

The reactions of ZO-1, ZO-3, occludin, claudin-2, claudin-4 and MLCK 
were performed in a final volume of 20 μl containing 2 μl of cDNA 
(10.0 ng/μl), 0.05 μl of each primer (100 pmol/μl), 1 μl of DMSO, 0.5 μl of 
SYBR GREEN I (1:50000; Invitrogen, Sweden) in TE buffer (pH 7.8), 
0.2 μl of 25 mM dNTP mix (Fermentas, Sweden), 2 μl of 10× buffer, 1.6 μl 
of 50 mM MgCl2 and 0.08 μl of Taq DNA polymerase (Biotools, Spain). 
The cycling conditions were as follows: 30 seconds initial denaturation step 
at 94°C and 40 cycles of 94°C for 10 seconds, 30 seconds at 54-62°C (opti-
mal annealing temperature of primers) and 30 seconds at 72°C. 

The reactions of the low-expressed proteins, ZO-2, claudin-3, MT1 and 
MT2 were performed in 12.5 μl that contained 2 μl of cDNA (10 ng/μl), 0.05 
μl of each primer (100 pmol/μl) and 6.25 μl of B-R SYBR Green SuperMix 
for IQ (2x) (Quanta BioScience, USA). The cycling conditions were as fol-
lows: 3 min initial denaturation step at 95°C, 40 cycles of 95°C for 10 se-
conds and 45 seconds at 54-58°C (optimal annealing temperature of primers) 
and a final elongation for 5 minutes at 72°C. 

Fluorescence was measured after the elongation phase. A total of 81 cy-
cles at 10 second intervals at 55°C, with increasing increments of 0.5°C per 
cycle were performed for the melting curve analysis. A negative control for 
each pair of primers was included on each plate. All samples were run in 
triplicate. MyiQ software v 1.04 (Bio-Rad Laboratories, Sweden) was used 
to process real-time polymerase chain reaction (PCR) data and to determine 
threshold cycle (Ct) values. Melting curve analysis was performed to con-
firm that only one product was amplified. LinRegPCR was used to calculate 
the PCR efficiencies for each sample. Outliers were excluded, and the aver-
age PCR efficiency for each primer pair was calculated using Grubbs’ test 
for outliers (GraphPad, USA). Relative quantities with standard deviations 
were calculated using the delta Ct method. Normalization was performed 
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with a normalization factor, calculated as the geometrical mean using the 
expression levels of GAPDH, H3b and SDHA. 

Chemicals 
51chromium-labeled ethylenediaminetetraacetate was purchased from Perkin 
Elmer Life Sciences Boston, MA, USA. Bovine albumin, capsazepine, d-
gluconic acid sodium salt, dimethyl sulfoxide (DMSO), hexamethonium 
chloride, hydrochloric acid, mecamylamine, melatonin, sodium chloride, 
RNAlater®, SYBR®-Green I nucleic acid gel stain, the anesthetic 5-ethyl-5-
(1’-methyl-propyl)-2-thiobarbiturate (Inactin®) and Tween 80 were pur-
chased from Sigma-Aldrich, St. Louis, MO, USA. Ethanol 95.5 vol-% (Etax 
A®) was purchased from Solveco Chemicals AB, Täby, Sweden, and 50 mM 
MgCl2 magnesium was purchased from Biotools, Spain. Dinucleotide tri-
phosphates dNTP were obtained from Fermentas, Lithuania. Lidocaine 
(Xylocain®) and parecoxib (Dynastat®) were obtained from Apoteket AB, 
Uppsala, Sweden. Shiraz Mourvédre Viognier 14.5 vol-%, Robertson Win-
ery, South Africa, 2009 (nr 6031) was purchased at Systembolaget, Sweden. 
N-Acetyl-2-benzyltryptamine (Luzindole) and 4-[[4-Oxo-2-thioxo-3-[3-
trifluoromethylphenyl]-5-thiazolidinylidene]methyl]benzoic acid 
(CFTRinh172) was obtained from Tocris Bioscience, Ellisville, MO, USA. 

Statistics 
Descriptive statistics are expressed as means ± S.E.M, with the number of 
experiments given in parentheses. To test the differences within a group, a 1-
factor repeated measures analysis of variance (ANOVA) followed by the 
Tukey post-hoc test or Student’s t-test (two-tailed test) was used, as appro-
priate. Between the groups, a 2-way repeated measures ANOVA was used, 
followed by the Bonferroni post-hoc test. The statistical significance of the 
PCR data was assessed by Student’s t-test. 

All statistical analyses were performed on an IBM-compatible computer 
using GraphPad Prism 5.03 software (San Diego, CA, USA). A p-value less 
than 0.05 was considered significant. 
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Results 

Study I 
In the first study of this thesis, Study I, the mechanisms of action of lu-
minally and i.v.-administered melatonin on duodenal barrier function and 
motility were investigated in the anaesthetized rat in vivo. In addition, for 
this investigation we used the potent melatonin receptor antagonist luzindole 
as well as nicotinic acetylcholine receptor blockers. 

In control animals, in which the duodenal lumen was perfused with saline 
alone, all parameters including blood pressure and body temperature, were 
stable throughout the experiments. Luminal perfusion with 10 µM melatonin 
for 30 min did not alter the parameters. However, increasing the concentra-
tion to 50 µM melatonin significantly increased the basal duodenal bicar-
bonate secretion and decreased the basal duodenal paracellular permeability 
(Fig. 8). 

 
Figure 8. 50 µM luminal melatonin increased the duodenal bicarbonate secretion 
(A) and decreased the paracellular permeability (B). * indicates a significant 
(p<0.05) increase compared to the control period in the same group and # indicates a 
significant decrease compared to the control period in the same group. 
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Figure 9. The melatonin receptor antagonist luzindole abolished the melatonin-
induced increase of duodenal bicarbonate secretion (A) and reduced the melatonin-
induced decrease in paracellular permeability (B). * indicates a significant (p<0.05) 
increase compared to the control period in the same group and # indicates a signifi-
cant decrease compared to the control period in the same group. 

Melatonin administered as i.v. bolus injections in doses of 10 mg/kg and 
20 mg/kg increased duodenal bicarbonate secretion transiently but did not 
influence the paracellular permeability. The melatonin receptor antagonist 
luzindole was used to block melatonin receptors. In the first step, we showed 
that luzindole did not influence any of the parameters studied, except that the 
highest luminal dose tested (100 µM) increased the net fluid-flux. This selec-
tive antagonist was then used to characterize the response to luminal mela-
tonin. When luzindole was administered i.v. 10 min before luminal perfusion 
with melatonin, luzindole significantly reduced the effects of melatonin on 
bicarbonate secretion and permeability (Fig. 9). 

It has previously been shown that the ENS plays a key role in the regula-
tion of duodenal mucosal bicarbonate secretion and paracellular permeabil-
ity. Thus, it was of interest to study the effects of luminal melatonin in ani-
mals pre-treated with the nicotinic receptor antagonist mecamylamine. Lu-
minally perfusing with mecamylamine alone (0.10 mM) did not alter the 
duodenal bicarbonate secretion, 51Cr-EDTA clearance or motility; however it 
did decrease the net fluid-flux i.e. had a proabsorptive action. When meca-
mylamine was perfused in combination with melatonin, the melatonin-
induced increase of duodenal bicarbonate secretion was abolished, and the 
melatonin-induced decrease of paracellular permeability was significantly 
reduced (Fig. 10). 
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Figure 10. The nicotinic acetylcholine receptor antagonist mecamylamine abolished 
the melatonin-induced increase of duodenal bicarbonate secretion, except at the time 
point of 60 min (A). Mecamylamine reduced the melatonin-induced decrease of 
paracellular permeability (B). * indicates a significant (p<0.05) increase compared 
to the control period in the same group and # indicates a significant decrease com-
pared to the control period in the same group. 
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Study II 
The results obtained in Study I inspired us to investigate the effects of mela-
tonin on the regulation of duodenal permeability and motility during experi-
mental conditions in which the mucosal barrier was challenged by well-
characterized barrier breakers. Study II investigated the effects of melatonin 
on duodenal barrier functions when the duodenal lumen was being perfused 
with either ethanol or HCl. Additionally in this study, the possible mecha-
nisms of melatonin’s actions were studied using the melatonin receptor an-
tagonist luzindole and neural blockers. 

In control animals (duodenal perfusion with saline), all parameters, in-
cluding blood pressure and body temperature, were stable throughout the 
experiments. The luminal perfusion of ethanol 10% and 15% increased duo-
denal paracellular permeability (Fig. 11A) and motility (Fig. 11B and 13B). 
The effects were dose-dependent. 

 
Figure 11. Luminal ethanol increased the paracellular permeability (A) and motor 
activity (B) in the duodenum. * indicates a significant (p<0.05) increase compared to 
the control period in the same group and # indicates a significantly larger increase 
compared to the 10% ethanol-treated animals. 

 
Figure 12. Melatonin pretreatment reduced the ethanol-induced increase in 
paracellular permeability (A) and motor activity (B). * indicates a significant 
(p<0.05) increase compared to the control period in the same group and # indicates a 
significant decrease compared to the control period in the same group. 
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Figure 13. Duodenal motility pattern in rat. A: control, B: luminal perfusion with 
15% ethanol and C: 20 mg/kg i.v. melatonin pretreatment followed by luminal per-
fusion with 15% ethanol. 

Pretreatment with melatonin i.v. (10 mg/kg and 20 mg/kg) reduced the etha-
nol-induced increases in permeability (Fig. 12A) and motility (Fig. 12B and 
13C). The melatonin antagonist luzindole, 0.17 mg/kg injected i.v., did not 
alter the ethanol-induced duodenal changes. 

The nicotinic acetylcholine receptor antagonist hexamethonium adminis-
tered i.v. caused an instant decrease in the mean arterial blood pressure and 
abolished the duodenal motility (Fig. 14B). On the contrary, hexamethonium 
did not influence the ethanol-induced increase in paracellular permeability. 

When hexamethonium was given in combination with melatonin and the 
duodenum was perfused with ethanol, hexamethonium abolished the mela-
tonin-induced reduction of permeability (Fig. 14A). The nicotinic receptor 
antagonist mecamylamine was administered luminally and did not cause any 
reduction in blood pressure; however similar to hexamethonium, the effect 
of melatonin on the ethanol-induced increases in permeability and motility 
was reduced. The vanilloid receptor-1 antagonist capsazepine abolished the 
ethanol-induced motility increase but did not affect the permeability in-
crease. 
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Figure 14. The nicotinic acetylcholine receptor antagonist hexamethonium did not 
affect the ethanol-induced increase of paracellular permeability but did abolish the 
effects of melatonin (A). Hexamethonium per se abolished the duodenal motility, 
which was unaffected by melatonin (B). * indicates a significant (p<0.05) increase 
compared to the control period in the same group, # indicates a significant reduced 
increase compared to the hexamethonium-treated groups and § indicates a signifi-
cant reduced motility compared to the melatonin- and 15% ethanol-treated group. 

Similar to ethanol, luminal perfusion with red wine (14.5% alcohol) induced 
an increase in permeability that was reduced by melatonin pretreatment. 
Luminal red wine did not increase duodenal motility. 

In the next series of experiments the duodenal segment was perfused with 
another known barrier breaker. In concentrations of 25 mM, 50 mM and 
100 mM, HCl dose-dependently increased the paracellular permeability and 
reduced the motor activity. In contrast to ethanol, melatonin pretreatment did 
not influence the changes induced by HCl. 

The histological examination of duodenal specimens revealed a normal 
morphological appearance in animals where the duodenum had been per-
fused with saline for 60 min (group I). Perfusion of the duodenal segment 
with 15% ethanol for 30 min (group II) caused mild villus tip damage, which 
was observed as edema and the beginning of desquamation in a few villi 
tips. The administration of melatonin 20 mg/kg i.v. 10 min before perfusion 
of the duodenal segment with 15% ethanol (group III) caused minor degen-
erative changes at the villi tips. No histological differences were found be-
tween group II and III (Fig. 15). 
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Figure 15. Histology of the duodenal mucosa. A: group I, luminal perfusion with 
saline, B: group II, luminal perfusion with 15% ethanol and C: group III, melatonin 
20 mg/kg i.v. pretreatment followed by luminal perfusion with 15% ethanol. Group I 
had a normal morphological appearance, while groups II and III had minor changes 
at the tip of the villi. 
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Study III 
The main stimulant of duodenal mucosal bicarbonate secretion is HCl in the 
duodenal lumen. However, it has been shown previously that other non-
acidic fluids can also increase the alkaline secretion. In Study III we investi-
gated the effect of luminal ethanol on duodenal bicarbonate secretion and net 
fluid-flux. 

Duodenal bicarbonate secretion, net fluid-flux, blood pressure and body 
temperature were all stable in the control group. Perfusing the duodenal 
segment with ethanol (10% or 15%) increased the duodenal bicarbonate 
secretion in a concentration-dependent manner, while the net fluid-flux re-
mained unaffected. The bicarbonate secretion returned to its basal level after 
the removal of the luminal ethanol. 

Pre-treating the animals with an inhibitor of the epithelial ion-channel 
cystic fibrosis transmembrane conductance regulator (CFTRinh172) i.p. or i.v. 
did not influence the secretory response to ethanol. The fluid-flux also re-
mained unaltered except in the group treated with CFTRinh172 i.v. where the 
fluid secretion increased after the removal of luminal ethanol (Fig. 16). 

Perfusing the duodenum with a Cl‾-free solution (150 mM sodium glu-
conate) decreased basal duodenal bicarbonate secretion while the net fluid-
flux remained unchanged. When 15% ethanol was perfused under Cl‾-free 
conditions, the bicarbonate secretory response was abolished. However, a 
potent increase in duodenal bicarbonate secretion was observed when Cl- 
was introduced into the perfusate after ethanol exposure (Fig. 17A). 

The nicotinic acetylcholine receptor antagonist hexamethonium adminis-
tered i.v. reduced the basal bicarbonate secretion and the net fluid-flux. Pre-
treatment with hexamethonium before the duodenal lumen was perfused 
with 15% ethanol reduced the increase in bicarbonate secretion in response 
to ethanol, while the net fluid-flux was not influenced (Fig. 18). The vanil-
loid receptor-1 antagonist capsazepine did not alter the response to luminal 
ethanol. 
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Figure 16. Luminal ethanol 15% increased the duodenal bicarbonate secretion and 
was unaltered by a CFTR inhibitor (A). The net fluid-flux was not altered by lu-
minal ethanol but did increase after i.v. CFTR inhibition (B). For * indication, see 
Fig. 18. 

 
Figure 17. Luminal ethanol 15% in a Cl--free solution abolished the ethanol-induced 
increase of duodenal bicarbonate secretion (A) the fluid-flux remained unaltered (B). 
For * and § indication see Fig. 18. 

 
Figure 18. Hexamethonium reduced basal duodenal bicarbonate and ethanol-
induced bicarbonate secretions (A) and net fluid-flux (B). * indicates a significant 
(p<0.05) increase compared to baseline in the same group, # indicates a significant 
decrease compared to baseline in the same group and § indicates a significantly 
lower value compared to the corresponding time point in the other group. 
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Study IV 
Because the acute administration of melatonin luminally decreased duodenal 
basal paracellular permeability in Study I and the i.v. administration of mela-
tonin reduced the ethanol-induced increase in permeability and motility in 
Study II, it was of interest to study the effects of long-term melatonin admin-
istration. In Study IV the aim was to investigate the effect of long-term ad-
ministration of melatonin in the drinking water to healthy rats for two or four 
weeks. The impact of melatonin pretreatment on basal duodenal functions, 
as well as on ethanol-induced changes of duodenal mucosal functions and 
motility, was investigated. 

The mean basal bicarbonate secretion during the first 60 min was signifi-
cantly lower in animals treated with 0.1 mg/ml melatonin in the drinking 
water for two and four weeks compared to controls. Two weeks of melatonin 
administration also resulted in lower basal 51Cr-EDTA clearance compared 
to control animals. However, in contrast to the two week-treated group, the 
basal paracellular permeability was not significantly lower than controls 
among the animals administered melatonin for four weeks. 

In control animals, perfusion with 15% ethanol increased the duodenal bi-
carbonate secretion, paracellular permeability and motility, similarly to the 
effects observed in Study II. 

The administration of melatonin for two weeks reduced the ethanol-
induced increases in paracellular permeability and abolished the increases in 
motility (Fig. 19). Four weeks of melatonin pretreatment abolished the etha-
nol-induced increase in motility but did not significantly reduce the ethanol-
induced increase in permeability (Fig. 20). 
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Figure 19. Two weeks of melatonin administration decreased the basal paracellular 
permeability and reduced the ethanol-induced increase in paracellular permeability 
(B) and motility (C). * indicates a significant (p<0.05) increase compared to baseline 
in the same group. 

 
Figure 20. Four weeks of melatonin administration resulted in an absence of etha-
nol-induced increases of motility (C). The net fluid-flux was significantly reduced 
during the ethanol exposure in animals exposed to 0.5 mg/ml melatonin. * indicates 
a significant (p<0.05) increase compared to baseline in the same group and # indi-
cates a significant decrease compared to baseline in the same group. 
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Because it has been shown previously that tight junction proteins and MLCK 
are critical components regulating paracellular permeability, the expression 
of these proteins in duodenal specimens were analyzed by PCR. In addition 
the expression levels of MT1 and MT2 were investigated. 

Quantitative real-time PCR demonstrated that the expression of ZO-3 was 
significantly down-regulated by 26% in animals treated with 0.5 mg/ml mel-
atonin for two weeks compared to the control group (p<0.05). MT2 expres-
sion was significantly lower by 780% (p<0.05), in animals treated with 
0.5 mg/ml melatonin compared to animals treated with 0.1 mg/ml melatonin 
for two weeks. The expression level of MT2 was higher than the level of the 
control group, but this difference did not obtain statistical significance 
(p=0.068). The expression of MT1 in animals treated with 0.1 mg/ml mela-
tonin for two weeks was the highest of the treatment combinations observed, 
but this high expression did not significantly vary from the expression levels 
of controls or animals treated with 0.5 mg/ml melatonin (p=0.076 and 
p=0.063, respectively) (Fig. 21). 

 
Figure 21. Expression of ZO-3 (zona occludens-3), MT1 (melatonin receptor-1) and 
MT2 (melatonin receptor-2) after two weeks of melatonin administration. In the 
graph, values are normalized to the control. * indicates a significant (p<0.05) differ-
ence. 

The expression level of claudin-2 was significantly (p<0.05) up-regulated by 
39% in animals that were treated with 0.1 mg/ml melatonin for four weeks in 
comparison with the control group. The expression level of ZO-3 was 26% 
lower in animals treated with 0.5 mg/ml melatonin compared to animals 
treated with 0.1 mg/ml for four weeks (p<0.05). After four weeks of treat-
ment, the expression of ZO-1 was highest in the animals that received 
0.1 mg/ml melatonin, 27% higher than the expression of animals receiving 
0.5 mg/ml melatonin. Still, this difference was not significant (p=0.051) 
(Fig. 22). The expressions of ZO-2, claudin-3, claudin-4, occludin and 
MLCK did not vary with any of the treatments. 



46 

 
Figure 22. Expression of ZO-1 (zona occludens-1), ZO-3 (zona occludens-3) and 
CLDN2 (claudin-2) after four weeks of melatonin administration. In the graph, the 
values are normalized to the control. * indicates a significant (p<0.05) difference. 
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Discussion 

Duodenal barrier function is essential for mucosal protection against harmful 
intraluminal agents in the duodenal segment. The duodenum is repeatedly 
subjected to challenges of both endogenous and exogenous origin e.g., acid, 
digestive enzymes and ingested noxious agents. It is of great importance to 
understand the regulation of the multilayered duodenal barrier because dys-
function enables pathological events, such as injury and inflammation, to 
take place. 

This thesis aims to investigate the regulation of the duodenal mucosal bar-
rier and motility, in particular the impact of melatonin on these parameters. 
In some of our studies, we use ethanol, wine or HCl as an experimental 
model to challenge the barrier function to evaluate the effect of melatonin on 
the duodenal segment. Melatonin has been shown to have effects that might 
be beneficial to the duodenal mucosal barrier, both during basal conditions 
and after challenging the duodenum with luminal ethanol. 

Importance of the duodenal barrier function 
During physiological conditions small amounts of antigens are permitted to 
cross the intestinal mucosa to interact with the innate and adaptive immune 
systems (Keita and Söderholm 2010). However, the disruption or dysfunc-
tion of the mucosal barrier enables an uncontrolled infiltration of antigens 
and noxious agents. Disruption of the intestinal epithelium is a common 
finding in alcoholic liver disease, Celiac disease, diabetes mellitus and in-
flammatory bowel disease (Schmitz et al. 1999; Parlesak et al. 2000; Neu et 
al. 2005; Zeissig et al. 2007; Heap and van Heel 2009). 

The major rate-limiting pathway for the passive flow of solutes and fluid 
across the intestinal epithelium is the paracellular route. Epithelial cells are 
closely linked together by apical junctional protein complexes, known as 
tight junctions, which can alter the paracellular permeability by various 
physiological and external stimuli (Anderson and Van Itallie 1995; Nusrat et 
al. 2000; Anderson and Van Itallie 2009) thereby constituting a relevant drug 
target. In addition, a dysfunctional mucosal barrier may contribute to patho-
physiological ion and water transport, which results in leak flux-induced 
diarrhea. 

The importance of duodenal bicarbonate secretion is well established and 
considered the main defense mechanism against luminal acid (Flemström 
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and Isenberg 2001; Seidler and Sjöblom 2012). The transport of bicarbonate 
is mainly an active, physiologically regulated mechanism, in which the ex-
trude from the enterocytes to the lumen at the apical membrane is either 
facilitated by Cl-/HCO3

- exchangers or the CFTR-channel (Isenberg et al. 
1993; Hogan et al. 1997b; Seidler et al. 1997; Clarke and Harline 1998). 

Intestinal motility is dependent on enteric neural activity and is crucial to 
propel the chyme at a pace optimal for digestion and absorption of nutrients, 
salt and water. Motility is also important to facilitate the removal of patho-
genic bacteria and noxious agents between meals (Hall 2011). 

Melatonin influences basal barrier function 
Study I revealed that the presence of melatonin in the duodenal lumen de-
creased basal paracellular permeability and increased duodenal bicarbonate 
secretion. In the doses tested, melatonin did not alter the duodenal motility 
or net fluid-flux. 

When the duodenum was perfused with 50 µM melatonin, the decrease in 
the clearance of 51Cr-EDTA was immediate, and the permeability remained 
low as long as melatonin was present in the lumen. However, the lower dose 
of melatonin tested (10 µM) did not alter the duodenal paracellular permea-
bility. This observation proposes a dose-related action of melatonin. The i.v. 
administration of melatonin transiently increased duodenal bicarbonate se-
cretion but did not reduce the paracellular permeability. The ability to in-
crease duodenal bicarbonate secretion corresponded with previous reports in 
which continous i.v. infusions of melatonin in rats gave the same response. 
Still, after single injections of melatonin in Study I the increase in bicar-
bonate secretion was transient; only the continuous infusion of melatonin 
had a lasting effect on the stimulation of bicarbonate secretion (Sjöblom et 
al. 2001; Sjöblom and Flemström 2003). Luminal melatonin induced a high-
er rate of duodenal bicarbonate secretion than that observed after a bolus 
injection of melatonin. 

The different effects of melatonin in response to the route and duration of 
administration might be explained by melatonin’s short half-life (20-30 min 
in plasma) and rapid elimination from the body (Yeleswaram et al. 1997). It 
is reasonable that less melatonin reaches the duodenal mucosa when injected 
i.v. compared to when it is perfused luminally through the duodenum. This 
observation is in line with the proposal that endogenous gastrointestinal mel-
atonin acts as an intraluminal hormone (Bubenik et al. 1999). 

As many duodenal activities are under the control of the ENS, it was of 
interest to investigate the involvement of neural pathways in the actions of 
melatonin. The intraluminal administration of the vanilloid receptor 1 ago-
nist capsaicin to rats increase duodenal alkaline secretion in a dose-
dependent manner (Takeuchi et al. 1993) and the nicotinic receptor antago-
nist hexamethonium is known to reduce duodenal bicarbonate secretion 
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(Jönson et al. 1986; Nylander et al. 1987). Furthermore, blocking of the 
nicotinic receptors has been shown to inhibit hypotonicity-induced increase 
in duodenal permeability suggesting that nicotinergic receptors mediate this 
hypotonicity-induced rise in permeability (Nylander et al. 2003). 

In Study I, mecamylamine, a nicotinic acetylcholine receptor antagonist, 
abolished the melatonin-induced changes in the duodenal permeability and 
reduced the stimulatory effect on bicarbonate secretion. Thus melatonin ac-
tivates a nicotinic acetylcholine receptor-dependent pathway that influences 
duodenal barrier functions. 

Melatonin receptors 
The melatonin receptors, MT1 and MT2, are expressed throughout the GI 
tract (Lee and Pang 1993; Sallinen et al. 2005; Stebelova et al. 2010), and it 
is possible that binding of melatonin to these receptors mediates the actions 
observed in the duodenum. To investigate the involvement of melatonin 
receptors, the melatonin receptor antagonist luzindole was used. Luzindole is 
a nonspecific antagonist to MT1 and MT2, although it has eighteen times 
higher affinity for MT2 (Dubocovich 1988). 

The administration of luzindole did not influence the basal parameters in 
the duodenum. The dose of luzindole chosen in Study I (0.17 mg/kg i.v.) has 
previously been reported to inhibit acid-induced increased duodenal bicar-
bonate secretion, but has been shown not to affect basal duodenal bicar-
bonate secretion (Sjöblom et al. 2001). Because luzindole failed to influence 
the basal physiology the endogenous release of melatonin may not be crucial 
in the regulation of basal duodenal paracellular permeability and bicarbonate 
secretion.  

When pretreating the animals with luzindole before luminal perfusion 
with melatonin, the melatonin-induced increase in duodenal bicarbonate 
secretion was abolished, and the corresponding decrease in permeability was 
reduced. This result strongly suggests that the actions of melatonin, at least 
in part, are mediated via binding to melatonin receptors. The binding of mel-
atonin to its G-protein-coupled receptors activates cascades of intracellular 
signaling, in which the level of cAMP is decreased and the concentration of 
intracellular Ca2+ is increased (Dubocovich et al. 2010). 

Duodenal response to ethanol 
Ethanol modulates several intestinal functions in vivo such as motility, 
paracellular permeability, the rate of gastric acid secretion and pancreatic 
exocrine secretion (Draper et al. 1983; Krishnamra and Boonpimol 1986; 
Tsai et al. 1991). When drinking alcohol, a high ethanol concentration is 
reached in the upper gastrointestinal tract, and the main absorption of etha-
nol takes place in the duodenum and jejunum (Levitt et al. 1997). In several 
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species, chronic exposure to ethanol is associated with morphological altera-
tions in the upper small intestine, including bleb formation and the detach-
ment of the epithelium from the lamina propria (Vaquera et al. 2002). The 
effects of moderate ethanol concentrations on duodenal barrier function and 
motility are less well understood. 

In Study II and Study III the duodenum was perfused for 30 min with 10% 
or 15% ethanol. The luminal exposure to ethanol increased the duodenal 
bicarbonate secretion, paracellular permeability and motility without altering 
the net fluid-flux. The changes were dose-dependent as larger alterations 
were seen during exposure to 15% ethanol. When the ethanol perfusion was 
replaced with saline perfusion, bicarbonate secretion, permeability and mo-
tility returned to their basal levels. 

A possible explanation as to why ethanol triggers an increased secretion 
of bicarbonate is that this response is part of a defense mechanism that fol-
lows the presence of a potentially harmful agent in the duodenal lumen. It 
may in fact also be argued that an acute increase in paracellular permeability 
is an epithelial protective mechanism. The increased size of tight junction 
pores, together with an increased capillary filtration pressure would increase 
the passive fluid secretion and remove aggressive factors from the epithelial 
surface. However, since there was no increased net fluid secretion during the 
period of the increased permeability in response to ethanol, a protective ef-
fect of the increased permeability seems to be less likely. 

Another possibility for this phenomenon is that the increased permeability 
is caused by a damaged epithelium. However, histological examinations of 
the duodenal segment in Study II after perfusion of 15% ethanol for 30 min 
revealed only superficial epithelial changes in a few villi, and these minor 
changes were limited to the tip of the villi. Similarly, hypotonic solutions 
also induce mild villous tip damage in the rat duodenum, but this type of 
superficial injury contributed very little to an increased blood to lumen 
clearance of 51Cr-EDTA (Pihl et al. 2008). Furthermore, the concentration 
and time of exposure to luminal ethanol in the present study have previously 
been reported not to give rise to epithelial injury but only effect minor epi-
thelial changes in the small intestine (Baraona et al. 1974). In addition, in 
Study II the paracellular permeability returned rapidly to baseline levels after 
the removal of the aggressive factors. 

Together, these data strongly indicate that the increased permeability was 
due to a physiologically regulated change that was most likely mediated by 
the alteration of the tight junction structure rather than by a damaged epithe-
lium. A highly speculative thought is that the increase in permeability re-
flects a facilitated pathway for blood-borne substances, such as glutamine 
(Jian et al. 1999), to enter the duodenal lumen. Moderate concentrations of 
ethanol in vitro have been reported to increase paracellular permeability by 
displacement and disruptions of tight junction proteins, and they re-closed in 
the same manner when the ethanol was removed (Ma et al. 1999).  
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Increased permeability − impact of melatonin 
In Study II we aimed to elucidate whether melatonin had any effect on the 
regulation of paracellular permeability and motor activity when the duodenal 
barrier function was challenged. In addition to the ethanol response, the duo-
denal response to wine and HCl was elucidated. Luminal perfusion with 
wine and HCl increased the duodenal paracellular permeability and altered 
the duodenal motility, presenting findings that were consistent with previous 
data, showing that ethanol and HCl increase paracellular permeability 
(Nylander et al. 1989; Hällgren et al. 1997; Ma et al. 1999). 

Pretreatment with melatonin i.v. dose dependently reduced the ethanol- 
and wine-induced, but not the acid-induced, increases in the duodenal 
paracellular permeability. As ethanol has been suggested to induce oxidative 
damage (Banan et al. 2000), it is possible that the antioxidant properties of 
melatonin contributed to the permeability-reducing effects of the ethanol-
induced changes. However, consistent with the results from Study I, the ef-
fects of melatonin were abolished by the administration of hexamethonium 
i.v. or mecamylamine luminally, which further support that enteric neural 
pathways involving nicotinic receptors were crucial in the permeability regu-
lating mechanisms of melatonin. Furthermore, melatonin also inhibited etha-
nol-induced increases in duodenal motility. 

The HCl-induced increase in paracellular permeability was not reduced 
by the administration of melatonin, suggesting that HCl and ethanol induced 
increases in paracellular permeability via different mechanisms. To further 
challenge the barrier functions, 10 mg/ml pepsin was added to the HCl solu-
tions. This addition caused greater permeability increases compared to the 
HCl treatment alone; however, melatonin failed to influence also this in-
crease (unpublished observations). In one of the concentrations tested 
(50 mM HCl for 5 min), melatonin inhibited the acid-induced reduction of 
duodenal motor activity, but it had no effect on the other acid-concentrations 
tested. 

Ethanol-increased motility − impact of melatonin 
Interdigestive small intestinal motility propels the remaining luminal content 
in a cyclic pattern of MMCs (Tortora and Derrickson 2006). The 
intraduodenal perfusion of 15% ethanol induced an increase of the duodenal 
motor activity, which could be abolished by capsaicin receptor blockade, as 
seen in Study II. The function of this motor response to ethanol may be part 
of a general alarm reaction towards potentially harmful substances, where an 
increased motility shortens the time of exposure of the substances to the 
intestine. 

The role of melatonin in the regulation of gastrointestinal motility is com-
plex. Melatonin has been described as inhibiting the preprandial and post-
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prandial irregular spiking activity of intestinal motility, promoting an MMC 
pattern (Merle et al. 2000); this suggests that melatonin has the capacity to 
harmonize intestinal motility. The effect of melatonin has also been reported 
to be dose-dependent as low doses (1 or 10 µg/kg) injected i.p. increased but 
higher doses (100 or 1000 µg/kg) decreases the intestinal transit time in rats 
(Drago et al. 2002). 

In Study I neither melatonin nor luzindole altered the duodenal motility in 
vivo. By contrast, in Study II an ethanol-induced increase in motility was 
abolished by melatonin administered i.v. Similarly, in Study IV pretreatment 
with melatonin in the drinking water abolished the ethanol-induced increase 
in motility. Whether it is desirable to inhibit ethanol-induced motility as long 
as ethanol is present in the lumen remains up for debate, but the ability of 
melatonin to reduce small intestinal motor activity could be beneficial in 
other situations. 

Ethanol-increased bicarbonate secretion 
In Study III we aimed to investigate the mechanism of the observed ethanol-
induced increase in bicarbonate secretion. It is possible that bicarbonate 
could have leaked across the intestinal epithelium, either paracellularly or 
via ethanol-induced epithelial damage. However, as mentioned previously in 
Study II the histological examination of the duodenum did not indicate any 
gross damage to the epithelium that might explain such a leakage. In addi-
tion, the ethanol-induced bicarbonate secretion was reduced or abolished by 
changing the conditions of the epithelial bicarbonate transporters. This as-
sumption was further supported by previous data indicating that bicarbonate 
secretion via the paracellular pathway has little impact on the total luminal 
alkalinization (Hogan et al. 1997a; Nylander et al. 2001; Singh et al. 2008). 

Another possibility is that the 15% ethanol-solution, since it is hyperos-
molar per se, caused an increase of the net fluid-flux and via solvent drag 
moved bicarbonate from the mucosa into the lumen. However, no increase 
was observed in fluid secretion, indicating that the ethanol-induced increase 
in luminal alkalinization is an electroneutral process, independent of in-
creased fluid movement into the lumen. 

Metabolically active duodenal mucosal bicarbonate transport is either fa-
cilitated by apical Cl-/HCO3

- exchangers or by the CFTR channel (Isenberg 
et al. 1993; Hogan et al. 1997b; Seidler et al. 1997; Clarke and Harline 
1998). In Study III it was shown that the CFTR inhibitor did not influence 
the secretory response to ethanol. It has previously been shown that the same 
CFTR-inhibitor is an effective inhibitor of CFTR-mediated bicar-
bonate/chloride transport (Akiba et al. 2005; Singh et al. 2013). In Study III a 
corresponding dose, species and strain were used to ensure this inhibitory 
effect of CFTRinh-172 on the CFTR pathway. Although the data in Study III 
are clear, it should be noted that we were unable to inhibit VIP or forskolin-
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induced duodenal bicarbonate secretion with CFTRinh-172 (unpublished ob-
servations from our laboratory). Supporting our conclusions is the fact that if 
the ethanol-induced increase in bicarbonate secretion was CFTR-dependent, 
the ion transport would have been accompanied by an increase in net fluid-
flux (Hogan et al. 1997a). However no increase in the net fluid-flux during 
ethanol exposure was observed. Consequently, the accumulated data speak 
against a CFTR dependency of the ethanol-induced increase of duodenal 
mucosal bicarbonate secretion. 

Instead, when subjecting the duodenum to a Cl--free luminal solution, ba-
sal bicarbonate secretion decreased. This finding confirmed previous in vivo 
data indicating that the absence of Cl--ions decreased the luminal 
alkalinization by preventing the efflux of bicarbonate via apical Cl-/HCO3

- 

exchangers (Isenberg et al. 1993; Pihl et al. 2010a). When perfusing the du-
odenal lumen with 15% ethanol during Cl--free conditions, the ethanol-
induced increase in bicarbonate secretion was abolished. These observations 
strongly suggest that apical Cl-/HCO3

- exchangers and the presence of Cl--
ions in the lumen are crucial to the evocation of an increase in bicarbonate 
secretion in response to ethanol. After the removal of the Cl--free solution 
and replacement for luminal perfusion with isotonic saline, the duodenal 
bicarbonate secretion markedly increased again. During the same experi-
mental protocol, there was no change in the net fluid-flux compared to the 
basal period, during which the duodenum was perfused with isotonic saline. 

In Study III the vanilloid receptor 1 antagonist capsazepine did not affect 
ethanol-induced bicarbonate secretion, suggesting that the stimulation of 
vanilloid receptors was not involved in the ethanol-induced stimulation. 
However, pretreating the animals with hexamethonium did reduce the etha-
nol-induced increase in bicarbonate secretion, indicating that in addition to 
Cl-/HCO3

- exchangers, a neural pathway involving nicotinic receptors was 
activated within the secretory response to ethanol. 

In this context, it is interesting to note that the ethanol-induced increase in 
mucosal permeability was unaffected by hexamethonium or by Cl--free con-
ditions. This suggests that the ethanol-induced increase in bicarbonate secre-
tion and mucosal permeability are mediated via completely different mecha-
nisms. 

Long-term melatonin 
In Study IV the effect of long-term oral administration of melatonin to rats in 
their drinking water for two or four weeks was elucidated. Melatonin was 
dissolved in a minimum volume of ethanol, giving a final ethanol concentra-
tion between 0.1 and 0.6% in the animals’ water bottles. The low ethanol 
concentration is unlikely to affect the rats. 

The ingestion of 0.1 mg/ml melatonin in the drinking water for up to two 
weeks decreased the basal duodenal paracellular permeability and reduced 
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the ethanol-induced increase in paracellular permeability. In addition, mela-
tonin also abolished the ethanol-induced increase in motility. These findings 
are well in line with the results from Study I and Study II. 

Surprisingly, there was a different outcome for two weeks versus four 
weeks of melatonin administration. Four weeks continuous administration of 
melatonin also abolished the ethanol-induced increase in duodenal motility, 
but had less of an effect on the ethanol-induced increase in permeability. A 
potential reason as to why the responses differed depending on the treat-
ment’s duration is that some sort of physiological adaptation to melatonin 
may have occurred within four weeks, involving a reduced expression of 
melatonin receptors; see the next section. Melatonin treatment for 4 months 
has been reported to reduce body weight gain (Terron et al. 2013), although 
neither melatonin treatment for two nor four weeks altered the weight gain 
of the rats in Study IV. 

Protein expression 
To investigate a possible molecular mechanism for the permeability-
decreasing effects of melatonin in the duodenum, the expressions of the tight 
junction proteins ZO-1, ZO-2, ZO-3, claudin-2, claudin-3, claudin-4, 
occludin and the tight junction regulating enzyme MLCK were measured in 
the duodenum. It was expected that a decrease in paracellular permeability 
would be associated with an increase in the “tightening” proteins such as 
occludin and claudin-4, or a decrease in the “leaky” proteins, such as 
claudin-2. Still, that might be a simplified model since some inflammatory 
mediators, like IL-13, increase the pore pathway (cutoff 4 Å) without affect-
ing the leak pathway (50-60 Å pores) (Weber et al. 2010). 

Even though some differences in protein expression were detected for 
ZO-3 and claudin-2, the expression levels of the investigated tight junction 
proteins did not reveal any clear alterations that could explain the observed 
changes in paracellular permeability, although any interpretation of data 
should be made with care due to the small sample sizes. Nevertheless, it 
appears that the decreased permeability in response to melatonin was not a 
result of altered expression levels of the investigated proteins, but rather, it 
was the result of a different mechanism. A more likely explanation for the 
melatonin-induced effects on the regulation of intestinal permeability is that 
melatonin does not increase or decrease tight junction protein expression 
levels but instead influences the protein arrangement in the tight junctions 
and/or the enteric nervous control of the permeability. 

In addition to the tight junction-associated proteins, the expression levels 
of MT1 and MT2 in the duodenum were investigated. In animals treated with 
0.1 mg/ml melatonin for two weeks, MT2 expression was higher than that in 
animals treated with 0.5 mg/ml melatonin. In comparison with the control 
group, the expression of MT1 and MT2 was high, but there were no statisti-
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cally significant differences. The groups treated with melatonin for four 
weeks generally had a lower expression of the melatonin receptors than the 
control groups; however in this case as well there were no statistically signif-
icant differences. The lack of statistical strength in these results could either 
be a correct reflection of the true situation or a result of low-expressed pro-
teins and small sample sizes. However, it could be speculated that different 
expressions of the melatonin receptors are part of the explanation for the 
effect of melatonin in the duodenum. In addition to the results from Study I 
and Study II in which melatonin receptors are involved in the effects seen by 
melatonin treatment, it has previously been shown that melatonin increases 
duodenal bicarbonate secretion via melatonin receptors (Sjöblom and 
Flemström 2003). 

Clinical relevance 
Taken together, the results from Studies I, II and IV show that melatonin has 
the ability to regulate basal paracellular permeability and ethanol-induced 
increases in permeability. These are valuable characteristics, and it would be 
interesting to investigate whether melatonin has the ability to relieve barrier 
dysfunction in humans. 

The accumulated data are in line with previous reports, suggesting a 
gastroprotective role of melatonin. For instance, it has been demonstrated 
that melatonin ameliorates diclofenac-induced permeability changes and 
improves tight junction structures in vitro (Mei et al. 2011). Melatonin has 
also been shown to ameliorate radiotherapy-induced intestinal damage 
(Monobe et al. 2005; Onal et al. 2011); to reduce gastric lesions provoked by 
stress, ischemia-reperfusion and water immersion restraint stress 
(Brzozowski et al. 1997; Kato et al. 1998); to protect against post-burn gut 
inflammation (Al-Ghoul et al. 2010) and to reduce bacterial translocation in 
colitis and after ischemia-reperfusion injury in vivo (Sileri et al. 2004; 
Nosal'ova et al. 2007; Akcan et al. 2008; Tahan et al. 2011). 

It should be remembered that the results in this thesis originate from 
in vivo experiments performed in anaesthetized rats, and it remains to be 
elucidated whether the characteristics of melatonin apply also in the human 
GI tract. A few human trials have been carried out in which patients with 
irritable bowel syndrome experienced improvements in their symptoms after 
melatonin treatment (Lu et al. 2005; Saha et al. 2007). In particular patients 
with constipation-predominant IBS seem to experience a significant im-
provement in their symptoms after melatonin treatment (Chojnacki et al. 
2013). 
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Conclusions 

This thesis provides new information on the regulation of duodenal barrier 
function and motility. The conclusions are based on studies in the rat duode-
num in vivo. The main findings are as follows: 

 
• Melatonin increases the basal duodenal mucosal bicarbonate secretion 

and decreases the basal level of paracellular permeability. 
 

• Melatonin-induced alterations of permeability and bicarbonate secretion 
were reduced by the melatonin receptor antagonist luzindole and abol-
ished by the nicotinic acetylcholine receptor antagonists mecamylamine 
and hexamethonium, suggesting that melatonin exerts its actions via a 
melatonin receptor- and enteric neural-dependent pathway involving 
nicotinic receptors. 
 

• Ethanol in the duodenal lumen increased paracellular permeability, bi-
carbonate secretion and duodenal motility. Wine and hydrochloric acid 
in the duodenal lumen increased paracellular permeability and either 
prevented the increase in, or reduced, the duodenal motility. 
 

• Ethanol increased duodenal bicarbonate secretion in a Cl--dependent 
manner via Cl-/HCO3

- exchangers, a mechanism that also involves an en-
teric neural pathway with nicotinic receptors. 
 

• Long-term melatonin administration in tap water for two weeks reduced 
basal paracellular permeability and bicarbonate secretion, while four 
weeks administration decreased basal bicarbonate secretion. 

 
• Two weeks of melatonin administration reduced the ethanol-induced 

increase of paracellular permeability and motility, while four weeks of 
melatonin pretreatment reduced only the ethanol-induced increase in 
motility. 
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• Oral melatonin administration for two weeks decreased the expression of 
ZO-3 and increased the expression of MT2 in the duodenum. Oral mela-
tonin administration for four weeks decreased the expression of ZO-3 
and increased the expression of claudin-2 in the duodenum. 
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Populärvetenskaplig sammanfattning på 
svenska 

Tolvfingertarmen, duodenum, är en viktig plats för upptag av födoämnen, 
vatten och salter, men samtidigt som dessa processer ska ske måste tarm-
slemhinnan skyddas från skadliga ämnen som kan finnas i tarmen. Duode-
num är den första delen av tunntarmen och det är i detta segment som mag-
säckens mycket sura innehåll av ofullständigt nedbruten föda töms, för att 
sedan genomgå vidare nedbrytning och upptag. I duodenum höjs tarminne-
hållets pH för att inte syran ska skada tarmslemhinnan samt för att skapa en 
miljö där nedbrytningsenzymer kan verka. Från bukspottskörteln och levern 
utsöndras bikarbonat till duodenum vilket snabbt ökar pH-värdet av tarmens 
innehåll. Samtidigt sker det en utsöndring av bikarbonat från själva duode-
nums slemhinna, vilket är nödvändigt för att hålla tarmslemhinnans yta vid 
ett neutralt pH. Utsöndringen av bikarbonat är en av flera mekanismer i duo-
denum som syftar till att skapa en barriär mellan skadliga ämnen och krop-
pens inre vävnader. 

Upptag från tarmen till blodcirkulationen sker antingen via transcellulär 
transport, genom cellerna, eller via paracellulär transport, mellan cellerna. 
Epitelceller är tarmslemhinnans ytligaste celler som sitter sammanfogade 
med täta fogar, så kallade tight junctions. Dessa täta sammanfogningar regle-
rar den paracellulära transporten och utgör tillsammans med epitelcellerna 
ytterligare en barriär mot kroppens inre vävnader. Om cellerna skadas eller 
om de täta sammanfogningarna inte kan upprätthålla barriären inträffar ett 
tillstånd där skadliga substanser fritt kan ta sig in i kroppen och orsaka skada 
och/eller inflammation. 

En annan viktig funktion i magtarmkanalen är motorik. Vid födointag har 
motoriken till uppgift att blanda och driva fram tarminnehållet och mellan 
måltiderna sker den viktiga fastemotoriken; den håller tarmen fri från kvar-
varande matrester och döda celler och förhindrar på så sätt skadlig bakterie-
överväxt i tarmen. 

Hormonet melatonin är känt för sin roll i regleringen av vår dygnsrytm. 
Utsöndringen av melatonin från hjärnans tallkottskörtel fungerar som en 
signal om mörker till kroppen. Melatonin finns även i stora mängder i mag-
tarmkanalen, men vad melatonin har för roll i denna del av kroppen vet man 
mycket litet om. De få studier som har gjorts har visat att melatonin har vissa 
skyddande egenskaper i magtarmkanalen. 
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Den här avhandlingen ämnar studera regleringen av duodenums ovan nämn-
da barriärfunktion och motorik, samt undersöka effekten av melatonin på 
dessa funktioner. I studierna har råttor använts som försöksmodell. 

Delarbete I 
I delarbete I undersöktes hur melatonin påverkar de basala barriärfunktio-
nerna i duodenum. Luminal tillförsel (direkt i tarmen) av melatonin ökade 
utsöndringen av bikarbonat samt minskade den paracellulära genomsläpplig-
heten. Intravenösa injektioner av melatonin gav övergående ökningar av 
bikarbonatutsöndringen men hade ingen effekt på tarmens genomsläpplighet. 
Melatoninreceptor antagonisten luzindole hade ingen egen effekt på de pa-
rametrar som studerades, men minskade däremot effekten som melatonin 
utövade. Samtidig behandling med melatonin och mecamylamine, en anta-
gonist till nikotinerga receptorer, tog bort effekten av melatonin. Nikotinerga 
receptorer finns i tarmväggens eget nervsystem, det så kallade enteriska 
nervsystemet. 

Sammanfattningsvis fann vi att melatonin ökar bikarbonatutsöndringen 
samt minskar den paracellulära genomsläppligheten i duodenum via en me-
latoninreceptor-beroende mekanism där även neuronala banor är inblandade. 

Delarbete II 
Delarbete II ämnade att undersöka hur slemhinnebarriären i duodenum för-
ändras av alkohol och saltsyra samt vidare studera om melatonin kan påver-
ka dessa förändringar. 

Alkohol i duodenum orsakade en ökad paracellulär genomsläpplighet 
samt en ökad motorik. Även vin och saltsyra ökade genomsläppligheten men 
gav, tvärtemot den rena alkoholen, en minskad motorik i duodenum. Vid 
förbehandling med melatonin uteblev förändringarna som orsakats av ren 
alkohol samt av vin, men däremot påverkades inte effekten av saltsyra. Då 
nikotinerga receptorer blockerades uteblev effekten av melatonin på de alko-
holinducerade förändringarna. 

Slutsatsen är att melatonin förstärker slemhinnebarriären i duodenum 
även i en påfrestande situation som när tarmen utsätts för alkohol, däremot 
har inte melatonin någon effekt på förändringar orsakade av saltsyra. Effek-
ten av melatonin vid etanolinducerade förändringar involverar enteriska 
nervbanor med nikotinerga receptorer. 

Delarbete III 
Som ett sidospår till delarbete II studerades i delarbete III hur den duodenala 
bikarbonatutsöndringen och nettoflödet av vätska över tarmväggen påverkas 
av alkoholnärvaro i tarmen. 15% alkohol gav en ökad bikarbonatutsöndring 
men förändrade inte nettoflödet av vätska i duodenum. 

Bikarbonat transporteras från epitelcellerna till lumen via CFTR-kanaler 
(cystic fibrosis transmembrane conductance regulator) eller via klorid-
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bikarbonatutbytare. För att studera mekanismen av den observerade ökning-
en av bikarbonatutsöndring användes därför dels en antagonist till CFTR-
kanaler och dels kloridfria lösningar, i samband med närvaro av alkohol i 
duodenum. 

Antagonisten till CFTR-kanaler hade ingen effekt på den alkoholinduce-
rade ökningen av bikarbonatutsöndring, däremot uteblev ökningen då klorid-
fria lösningar användes. Slutsatsen är att alkoholinducerad utsöndring av 
bikarbonat från duodenums slemhinna är beroende av Cl--joner i tarmlumen 
och sker via klorid-bikarbonatutbytare. 

Delarbete IV 
Då delarbete I och delarbete II visat att akut administrering av melatonin 
påverkar barriärfunktionen i duodenum ämnade delarbete IV att undersöka 
om även långtidsbehandling med melatonin har effekt på alkoholinducerade 
förändringar. 

Råttor behandlades med melatonin i dricksvattnet i två eller fyra veckor. 
De obehandlade kontrolldjuren svarade på alkoholexponering i tarmen med 
ökad bikarbonatutsöndring, paracellulär genomsläpplighet och motorik. Två 
veckors förbehandling med melatonin reducerade den basala permeabiliteten 
samt den alkoholinducerade ökningen i paracellulär genomsläpplighet och 
motorik. Även efter fyra veckors förbehandling med melatonin uteblev ök-
ningen av motorik till följd av alkoholexponering, däremot minskade inte 
den alkoholinducerade genomsläpplighetssänkningen. 

I delarbete IV undersöktes även uttrycket av ett flertal tight junction-
proteiner samt uttrycket av melatoninreceptorer i duodenum. Efter långtids-
behandlingen med melatonin fanns vissa förändringar i uttrycket av de un-
dersökta proteinerna, bland annat en ökad mängd av melatoninreceptorer 
samt en minskad mängd av tight junction-proteinet ZO-3. Dock kunde dessa 
förändringar inte fullständigt förklara de resultat som erhölls från heldjurs-
modellen. 

Slutsats 
Melatonin har positiv verkan på duodenums barriärfunktion hos råtta då det 
sänker den paracellulära genomsläppligheten och ökar bikarbonatutsönd-
ringen. Vidare minskar både akut administrering och långtidsbehandling 
med melatonin de förändringar i duodenums barriär som sker vid exponering 
av alkohol genom att minska ökningen av den paracellulära genomsläpplig-
heten och motoriken. 

Effekten av melatonin i duodenum medieras genom att melatonin binds 
till melatoninreceptorer samt aktiverar enteriska neuronala banor som invol-
verar nikotinerga receptorer. Resultaten i avhandlingen ger stöd till tidigare 
studier som visat att melatonin har en skyddande effekt i magtarmkanalen 
och bidrar med information kring hur melatonin verkar. 
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