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Chapter | Literature survey

1.1 The gastrointestinal tract
1.1.1  Anatomy and functions

The human gastrointestinal tract consists of a 6-9 m long canal from mouth to anus,
and the associated organs that empty their content into the canal (Fig. 1.1). The
gastrointestinal canal consists of the mouth, the upper esophageal sphincter (UES), the
esophagus, the lower esophageal sphincter (LES), the stomach (composed of the cardia,
fundus, corpus and antrum), the pyloric sphincter, the small intestine (composed of the
duodenum, jejunum and ileum), the ileocecal valve, the large intestine (composed of the

cecum, colon and rectum) and the internal and external anal sphincter (Fig. I.1).

Parotid___
gland -
[ — Mouth
5
o C=—————— Sallivary glands
Upper - B
espophageal — i Esophagus
sphincter
(UES)
Lower
__~ esophageal
\_—~1" sphincter
. S (LES)
Liver ___
Il_h.m""‘\--..
Gallbladder ___f
: @&
Pyloric — 2 8§
: _— i~ —-otomach
sphincter Z _. ~~ Pancreas
Duodenum ~ / S -\:--- Transverse colon
Ascending— [ ; ~H:'_'__'"""---Je|'unum
colon ~ /-’ "‘““x.'_lxh' Descending colon
Haustra==" ““‘H lleum
lleocecal .~ | \ Anus
sphincter
Appendix

Internal and external
anal sphincters

Fig. 1.1 Schematic illustration of the anatomy of the gastrointestinal tract (adapted from Boron and Boulpaep,
2009).
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The structural organization throughout the gastrointestinal canal is quite similar and
consists of four layers (Fig. 1.2):

e the inner layer is called the mucosal layer and can be divided into the
epithelium, the lamina propria (a layer of loose connective tissue containing
the mucosal capillaries) and a thin smooth muscle layer, the mucosal muscle
layer;

* the second layer is the submucosa, also consisting of loose connective tissue
and containing the plexus of Meissner or the submucosal nerve plexus;

* the third layer or muscularis externa consists of inner circular and outer
longitudinal smooth muscle layers, with in between the plexus of Auerbach or
the myenteric nerve plexus;

e finally, the adventitia is a thin layer of connective tissue surrounding the tract.
Where the gut lies within the abdominal cavity, the adventitia is referred to

as the serosa or visceral peritoneum.

Visceral peritoneum

INTRINSIC NERVE PLEXUSES

Myenteric nerve plexus
Submucosal nerve plexus

Submucosal glands

MUCOSA

Surface epithelium
Lamina propria
Muscle layer

SUBMUCOSA

MUSCULARIS EXTERNA

Longitudinal muscle layer
Circular muscle layer

\_ SEROSA
(visceral peritoneum)

=
Gland in
mucosa

/] b/ Lumen
Mesentery

Fig. 1.2 Schematic representation of the different layers of the gastrointestinal tract (adapted from Marieb et
al., 2004).

Lymph nodule

20



Chapter |
Literature survey

The major physiologic processes that occur in the gastrointestinal tract are motility,
digestion, secretion, absorption and elimination (Fig. I.3). These processes help to fulfill the
main functions of the gastrointestinal tract: to take in nutrients and to eliminate waste.
Food enters the mouth where it will be reduced in size (mechanical digestion) before
moving to the stomach via the esophagus. The stomach will store the food, mix it with its
secretions containing enzymes, ions and water (chemical digestion) and grind it until the
particles are small enough (mechanical digestion) to pass the pylorus and enter the small
intestine. In the small intestine, enzymes secreted by the pancreas and the intestinal wall
convert the macromolecules into absorbable material (chemical digestion), that will be
absorbed across the epithelium of the small intestine to enter the blood or lymph
(absorption). Finally, undigested rests will reach the colon where water will be resorbed

before the contents leaves the body (elimination).

Food

» Chewing (mouth) Esophagus
» Chumning (stomach)
+ Segmentation ) L
wallowing
(oral pharynx)

{small intestine)
esophagus,
small intestine,
large intestine)
» Segmentation
Y (small intestine)

Secretion

) R\
Small —""""_/
intestine

Large:
intastine

Fig. 1.3 Schematic illustration of the physiological processes that take place in the gastrointestinal tract
(adapted from Marieb et al., 2004).
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The gastrointestinal tract also plays a prominent role in the immune system. The
mucosal immune system, or gut-associated lymphoid tissue (GALT), consists of both
organized (e.g. Peyer’s patches) and diffuse populations (e.g. lymphocytes) of immune cells.
The two primary functions of GALT are to protect against pathogens (bacteria, viruses,
protozoans) and to ensure immunologic tolerance to food components and commensal
bacteria. Other, non-immunologic, mechanisms are also important in protecting against
pathogens and maintaining the intestinal flora and include gastric acid secretion, intestinal

mucin, peristalsis and the epithelial cell permeability barrier (Boron & Boulpaep, 2009).

1.1.2  Gastrointestinal motility

Esophagus. Swallowing is the process by which food is transported from the mouth
to the stomach via the esophagus. It is a complex process; its initiation can be voluntarily
controlled, but it proceeds automatically once started. The striated muscles of the oral
cavity, tongue, pharynx, UES, and the cervical esophagus are under conscious control,
whereas the smooth muscles of the lower two thirds of the esophagus and the LES are not
under conscious control. Under resting conditions (in between swallows), muscles of the
swallowing passages are generally relaxed, except for those of the esophageal sphincters.
Swallowing initiates relaxation of the UES and propagating contractions of the muscles along
the esophagus; in the meantime, the LES has already relaxed. The result of the advancing

contractile wave is propulsion of the food bolus toward the stomach.

Stomach. Upon the ingestion of a meal, the stomach accommodates to receive and
store large amounts of food, without major changes in the intraluminal pressure. This
accommodation capacity of the stomach is mainly mediated by its proximal part (i.e. the
fundus and the proximal part of the corpus). The proximal stomach maintains a high basal
muscle tone in between meals, but once food is swallowed, a reflex is initiated that
decreases the proximal gastric tone, allowing for increased storage capacity. This
mechanism, called receptive relaxation, thus prepares the stomach to receive food, that is
not yet in the stomach. When the food bolus reaches the stomach, gastric relaxation is
maintained by another reflex, called adaptive relaxation, and it is characterized by moment-
to-moment adjustments of the stomach wall to its content. Food that entered the stomach
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will leave to the small intestine by the process of gastric emptying. This is due to contractile
waves progressing in the distal part of the stomach (i.e. the distal part of the corpus and
antrum) towards the pylorus at a frequency of 3 waves/min. Gastric content pushed to the
pylorus but still too large in particle size to be emptied via the pylorus will be retropulsed

and further grinded before it can be emptied.

Small intestine. The two processes involved in small intestinal motility are called
peristalsis and segmentation. Peristalsis ensures progression of the contents throughout the
tract by coordinated waves of relaxation of the smooth muscle layers in front of the bolus
and contraction of the smooth muscle layers distally of the bolus. In segmentation, non-
adjacent segments of the intestine alternately contract and relax; because the active
segments are separated by inactive regions, segmentation moves the food onward and then
backward, mixing the food rather than propelling it forward, in this way allowing optimal

digestion and absorption (Fig. 1.4).
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Fig. 1.4 In peristalsis, adjacent segments of the alimentary canal alternately contract and relax, moving food
distally along the gastrointestinal tract. In segmentation, non-adjacent segments of the intestine alternately
contract and relax; because the active segments are separated by inactive regions, segmentation moves the
food onward and then backward, mixing the food rather than propelling it forward (adapted from Marieb et
al., 2004).

Large intestine. About 2 | of small intestinal effluent reaches the colon daily, but the
absorptive mechanisms of the large intestine reduce the volume to about 200 ml per day.
The colonic motility plays a pivotal role in this process of water absorption. Indeed, when
stool moves too quickly, not enough water is absorbed, resulting in diarrhea; however,
when the motility of the colon is too low, the colon can absorb too much water, resulting in
hard stool and constipation. As the fecal material moves along the colon and water is
absorbed, it becomes progressively harder and thicker; the colonic motor activity must thus
be able to propel and mix semisolid to solid contents, which may require contractions of

large amplitude and long duration. The colonic motility is therefore regulated via 3 types of
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contractions: (1) individual phasic contractions, (2) peristaltic reflexes and (3) giant
migrating contractions (GMC). The individual phasic contractions are poorly coordinated and
occur independently, resulting in back and forward movement of the content, in this way
exposing it to the mucosa for optimal absorption. Peristaltic reflexes propel the colonic
content over a short distance, but the major mass movement of colonic content occurs via
GMCs, which are powerful peristaltic contractions that propel the content aborally over a
large part of the colon. In this way, GMCs bring an important mass of feces into the rectum,

where it will be stored until it is emptied by the defecation process.

In the period between meals (or fasting), a specific motor activity occurs, called the
migrating motor complex (MMC). The MMC is a cyclic, recurring motility pattern, moving
distally along the gastrointestinal tract from the corpus of the stomach to the ileocecal
sphincter; feeding will disrupt this MMC cycle. The MMC can be divided in four phases:
phase | is quiescent with virtually no contractions, phase Il is characterized by intermittent,
irregular low-amplitude contractions, phase Ill consists of short bursts of rhythmic high-
amplitude contractions and phase IV represents a short transition period back to the
guiescence of phase I. In the human body, phase Il occurs with an interval of approximately
90 minutes; about half of all phase Ill onsets is located in the stomach and the other half in
the duodenum. MMCs have an important role as “intestinal housekeeper” in the
interdigestive period, and especially phase Il contributes to mechanical cleaning of the
gastrointestinal tract in preparation for the next food bolus (Sarna, 1991; Olsson &
Holmgren, 2001; Marieb et al., 2004; Mashimo & Goyal, 2006; Curro et al., 2008; Boron &
Boulpaep, 2009; Deloose et al., 2012).

1.1.3  Neuronal control of gastrointestinal motility

The different functions of the gastrointestinal tract are controlled by two principle
types of mechanisms: hormonal and neuronal. These control mechanisms allow for a
continuous optimal adjustment in secretion, motility and absorption in response to a meal.
This section will concentrate on the neuronal control of gastrointestinal motility.

The motility of the gastrointestinal tract is controlled via both extrinsic and intrinsic
pathways. The extrinsic pathway, that receives input from the central nervous system (CNS),
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can be subdivided into a parasympathetic and sympathetic branch. The intrinsic pathway,
also known as the enteric nervous system (ENS), is located within the wall of the
gastrointestinal tract and includes the submucosal nerve plexus (Meissner) and the

myenteric nerve plexus (Auerbach).

Extrinsic innervation. The parasympathetic nervous system innervating the
gastrointestinal tract consists of the vagus nerve and the pelvic nerves. The vagus nerve
innervates the esophagus, stomach, gallbladder, pancreas, small intestine, cecum and the
proximal part of the colon. The pelvic nerves innervate the distal part of the colon, rectum
and the anal canal. Sensory nerve endings in the gut respond to a wide range of chemical
and mechanical stimuli. Parasympathetic afferent fibers transmit information from these
sensory nerve endings to the CNS, either through cell bodies in the nodose ganglia, which
have a central projection terminating in the nucleus of the tractus solitarius in the brainstem
(vagus), or through cell bodies in the dorsal root ganglia (pelvic). In the CNS, the sensory
neurons connect to the parasympathetic efferent fibers. Originating from the preganglionic
nerve cell bodies in the brainstem (vagus) or the sacral spinal cord (pelvic), these efferent
fibers run within respectively the vagus and pelvic nerves to the wall of the gut (Fig. I.5),
where they synapse with postganglionic, enteric neurons of the ENS. These enteric neurons
can be excitatory cholinergic neurons, or inhibitory non-adrenergic non-cholinergic (NANC)
neurons.

The sympathetic nervous system innervating the gastrointestinal tract transfers
sensory information from the gut to the CNS by neurons that have their endings in the gut
wall and their cell bodies in the dorsal root ganglia. These sensory neurons are nociceptors,
sensing high-intensity mechanical, chemical and thermal stimuli that threaten or damage
the tissue. Sympathetic efferent fibers have their preganglionic cell bodies in the thoraco-
lumbar part of the spinal cord. These nerve fibers are cholinergic and make nicotinic
synapses in the paravertebral and/or prevertebral ganglia, from where postganglionic
noradrenergic neurons innervate the upper (celiac ganglion), middle (superior mesenteric
ganglion) and lower (inferior mesenteric ganglion) part of the gastrointestinal tract (Fig. I.5).
The regulation of motility is not mediated via a direct action of the postganglionic

noradrenergic neurons on the gastrointestinal smooth muscle, except for the sphincter
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regions, but via inhibition of the release of excitatory neurotransmitters from

parasympathetic neurons or enteric neurons.
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Fig. 1.5 The extrinsic innervation of the gastrointestinal tract. The sympathetic nervous system is illustrated
on the left, the parasympathetic nervous system on the right (NTS, nucleus of the tractus solitarius in the
brainstem; CG, celiac ganglion; SMG, superior mesenteric ganglion; IMG, inferior mesenteric ganglion)
(Blackshaw & Gebhart, 2002).

The parasympathetic nervous system generally results in the activation of
physiological processes in the gut wall, like for example movement and secretion in
response to a meal. In contrast, the sympathetic nervous system is more frequently
activated in pathophysiological circumstances. Overall, sympathetic activation inhibits
smooth muscle function; the exception to this is the sympathetic innervation of the
sphincters, in which sympathetic activation tends to induce contraction of smooth muscle
cells. The sympathetic nervous system is also particularly important in regulation of blood
flow in the gastrointestinal tract (Blackshaw & Gebhart, 2002; Grundy et al., 2006; Koeppen
& Stanton, 2008; Furness et al., 2011).
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Intrinsic innervation. The enteric nervous system (ENS) can act autonomously from
the extrinsic innervation. However, neurons in the ENS are innervated by extrinsic neurons,
and their function can be modulated by the extrinsic nervous system. The ENS can be found
within the wall of the gastrointestinal tract and is organized in two continuous chains of
ganglia: the myenteric (Auerbach) and the submucosal (Meissner) nerve plexus (Fig. 1.2). The
myenteric plexus lies in between the longitudinal and circular muscle layers and forms a
continuous network around the circumference of the tubular digestive tract from the upper
esophagus to the internal anal sphincter. It primarily controls the contraction and relaxation
of gastrointestinal smooth muscle cells and is thus mainly involved in gastrointestinal
motility. The submucosal plexus lies in the submucosa; whereas in experimental animals
(mouse, rat, guinea pig) it is only prominent in the small and large intestine (some isolated
ganglia can be found in the esophagus and stomach), an extensive submucosal plexus is
present in the human stomach. The submucosal plexus controls secretion and absorption,
but also local blood flow and neuro-immune function.

Neurons in the ENS are characterized functionally as sensory neurons, interneurons
and motor neurons; stimuli in the wall of the gut are detected by sensory neurons, which
then activate interneurons, which in turn will activate motor neurons to regulate secretion
or to alter smooth muscle tone. The motor neurons involved in secretion are called
secretomotor neurons and two classes have been identified: one is a cholinergic and the
other releases non-cholinergic neurotransmitters, particularly vasoactive intestinal peptide
(VIP). The secretomotor neurons release acetylcholine and/or VIP at their junctions with the
epithelium of the crypts, where they then stimulate intestinal secretion of water,
electrolytes and mucus. Additionally, secretomotor neurons project to submucosal
arterioles, dilating blood vessels to increase blood flow. Inhibitory input from sympathetic
postganglionic fibres suppresses the activity of the secretomotor neurons and thereby
inhibits secretion. The motor neurons involved in the regulation of smooth muscle tone
innervate the longitudinal and circular smooth muscle layers, as well as the mucosal muscle
layer. They are classified into excitatory and inhibitory neurons, depending on whether the
neurotransmitters they release cause respectively contraction or relaxation of smooth
muscle cells. Excitatory motor neurons primarily contain acetylcholine, which acts on
smooth muscle muscarinic receptors, but also excitatory NANC neurotransmitters such as

tachykinins (e.g. substance P) can be released from excitatory neurons. Inhibitory motor
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neurons release inhibitory NANC neurotransmitters such as nitric oxide (NO), VIP and
adenosine triphosphate (ATP) (Koeppen & Stanton, 2008; Furness et al., 2011; Wood, 2011).

Dense networks of interstitial cells of Cajal (ICC) are found in between the motor
neurons of the ENS and the smooth muscle cells. ICC are referred to as the pacemaker cells
of the gut. Although they are non-neural but mesenchymal in origin, they can generate a
rhythmic pacemaker current, which manifests itself as slow waves in the membrane
potential of smooth muscle cells (Sanders, 1996). Smooth muscle cells will contract when
action potentials superpose on the slow waves. Next to their role as pacemaker, ICC also
play a role in the transmission of excitatory and inhibitory signals from enteric neurons to

smooth muscle cells (Ward et al., 2004; Tanahashi et al., 2013; Klein et al., 2013).

1.1.4  Nitrergic neurotransmission

As the control of gastrointestinal motility was long believed to depend only on two
neurotransmitters, noradrenaline and acetylcholine, all involved excitatory and inhibitory
neurotransmitters discovered after 1970 were classified as non-adrenergic non-cholinergic
(NANC) neurotransmitters. In the gastrointestinal tract, substance P is accepted as the
primary excitatory NANC neurotransmitter (Shuttleworth & Keef, 1995). NO, ATP and VIP
mediate the inhibitory NANC responses; NO being the primary inhibitory NANC
neurotransmitter in the ENS. Additionally, some evidence has been reported for a role of
carbon monoxide (CO), hydrogen sulfide (H,S) and pituitary adenylate cyclase-activating
polypeptide (PACAP) as inhibitory NANC neurotransmitter; these molecules indeed also
have a relaxant effect on gastrointestinal smooth muscle (Matsuda & Miller, 2010). For this
thesis, we will focus on nitrergic neurotransmission and its characteristics.

NO is enzymatically formed together with L-citrulline from the amino acid L-arginine
by the catalytic activity of nitric oxide synthase (NOS) (Bruckdorfer, 2005). Unlike the classic
neurotransmitters, NO is not stored in classic presynaptic vesicles, but rather it is
synthesized and released on demand (Kasparek et al., 2008). In the gastrointestinal tract,
NO is produced primarily by the constitutively expressed neuronal isoform of NOS (nNOS or
NOS1), and is released from inhibitory motor neurons of the ENS. Endothelial NOS (eNOS or
NOS3), which is constitutively expressed mainly in endothelial cells, is primarily involved in
the control of vascular perfusion of the gastrointestinal tract, whereas the inducible isoform
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of NOS (iNOS or NOS2) is expressed mainly in inflammatory cells (e.g. macrophages) and is
involved in inflammation and host defense (Kasparek et al., 2008). It is thus the nNOS
isoform localized in the myenteric neurons that accounts for the synthesis of NO as an
inhibitory NANC neurotransmitter in the gastrointestinal tract.

NO released from nitrergic neurons within the NANC neuron population plays an
important physiological role in various parts of the gastrointestinal tract: (1) NO regulates
the muscle tone of the lower esophagus sphincter, pylorus, sphincter of Oddi (controls the
flow of bile and pancreatic juice to the duodenum) and anus; (2) NO regulates the
accommodation reflex of the fundus upon the receival of food; and (3) NO plays an
important role in the peristaltic reflex of the intestine (Desai et al., 1991; Takahashi, 2003).
The important role of NO in NANC relaxation and hence gastrointestinal motility is evident
from the delay in gastric emptying and intestinal transit upon NOS inhibition or in NnNOS

knockout mice (Table I.1).

Species Model Reference

dog NOS inhibition  Orihata et al. (1994) and Anvari et al. (1998) |

human NOS inhibition  Konturek et al. (1999) DELAYED
mouse NOS inhibition Mashimo et al. (2000) r

pig NOS inhibition Lefebvre et al. (2005) GASTRIC EMPTYING
mouse nNOS knockout Mashimo et al. (2000)

rat NOS inhibition Karmeli et al. (1997) ] DELAYED

dog NOS inhibition Chiba et al. (2002) r

human NOS inhibition Fraser et al. (2005) ] SMALL INTESTINAL TRANSIT
guinea pig NOS inhibition Foxx-Orenstein et al. (1996) 1 DELAYED

rat NOS inhibition Mizuta et al. (1999) -

dog NOS inhibition  Chiba et al. (2002) | COLONIC TRANSIT

Table 1.1 Overview of the studies dealing with the effects of NOS inhibition or knocking out nNOS on
gastrointestinal motility. NOS inhibition was found to delay gastric emptying, slow down small intestinal transit
and inhibit colonic propulsion. In addition, nNOS knockout mice showed delayed gastric emptying.

29



Chapter |
Literature survey

1.2 Soluble guanylate cyclase

1.2.1  Structure

On its release from nerves in the gut wall, NO diffuses through the cell membrane of
the smooth muscle cell and binds to its principle target, soluble guanylate cyclase (sGC). sGC
is a heterodimeric heme-containing protein consisting of an a and a B subunit (Fig. 1.6A).
Both a and B subunits exist in 2 isoforms: a; and a, (Harteneck et al., 1991), and B; and B,
(Yuen et al., 1990). Theoretically, the association between the a and B isoforms could result
in four different heterodimers, but only sGCaB; and sGCa,B; seem to be physiologically
active, with no differences in kinetic properties and sensitivity towards NO (Russwurm et al.,
1998). In the brain, the amounts of sGCa;B; and sGCa,B; are quantitatively similar, but in all
other tissues, including the gastrointestinal tract, sGCayB; is the dominant heterodimer

(Mergia et al., 2003).
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Fig. 1.6 Schematic representation of the sGC enzyme (A) and the activation of sGC by NO (B) (Hobbs, 1997).
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Each a and B subunit contains three functional domains: an N-terminal regulatory heme-
binding domain, a central dimerization domain and a C-terminal catalytic domain (Lucas et
al., 2000) (Fig. I.6A). In the N-terminal regulatory domain of the B subunit, histidine at
position 105 is the essential amino acid required for binding of the prosthetic heme moiety
in the B subunit (Wedel et al., 1994). The heme group contains either Fe** (ferrous or
reduced form), or Fe*" (ferric or oxidized form); this central iron is located between four
nitrogen atoms and the axial ligand histidine 105, building a penta-coordinated histidine-
heme complex. Binding of NO to Fe®' results in the formation of a temporary hexa-
coordinated histidine-heme-NO intermediate that rapidly decays into a penta-coordinated
nitrosyl-heme complex (Fig. 1.6B). This change in heme conformation is transduced to the
catalytic domain, leading to a 200-400-fold increase in catalytic activity (Lucas et al., 2000;
Murad, 2011). The central dimerization domain is involved in the formation of the
heterodimers, which is the first requirement for sGC to exhibit catalytic activity (Harteneck
et al., 1990). The C-terminal catalytic domain is the most conserved region between species
and between guanylyl and adenylyl cyclases and activation of this domain will convert
guanosine-5’-triphosphate (GTP) into the second messenger cyclic guanosine
monophosphate (cGMP). Increased intracellular cGMP levels will exert physiological effects
through (1) activation of cGMP-dependent protein kinases (known as protein kinases G or
PKG), (2) altering the conductance of cGMP-gated ion channels, and (3) changing the activity
of cGMP-regulated phosphodiesterases (PDEs; i.e. PDE-2 and PDE-5 are activated and PDE-3
is inhibited by cGMP). The most important mediators for gastrointestinal signaling are the
PKGs and PDEs.

* PKGs exist in two subtypes: (1) cytosolic PKG |, which is present in high
concentrations in smooth muscle cells and plays an important role in intestinal
smooth muscle relaxation by lowering the intracellular Ca®" concentration and/or by
desensitization of the contractile apparatus to Ca?* (Pfeifer et al., 1998), and (2)
membrane-bound PKG II, which is expressed in the intestinal mucosa and regulates
intestinal secretion.

* PDEs can degrade cGMP by hydrolyzing cGMP towards 5’-GMP. In smooth muscle,
the most important cGMP-specific PDE is PDE-5 and inhibition of this PDE induces
relaxation by means of cGMP accumulation (Carvajal et al., 2000; Lucas et al., 2000;
Pyriochou & Papapetropoulos, 2005; Toda & Herman, 2005).
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1.2.2  sGC in oxidative stress conditions

A major requirement for the activation of sGC by NO and hence smooth muscle
relaxation, is the presence of the reduced Fe?* heme group. In experiments using purified
sGC, Wedel et al. (1994) replaced histidine at position 105 of the B; subunit by a
phenylalanine, leading to a mutant sGCB; gene of which the gene product is no longer able
to correctly incorporate the heme group. The absence of a heme group rendered sGC
completely insensitive to NO. In addition, oxidation of sGC towards a Fe3* state of the heme
group by oxidizing compounds such as 1H[1,2,4,]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ),
also led to the formation of an NO-insensitive form of sGC (Schrammel et al., 1996; Zhao et
al., 2000).

Experiments in vascular smooth muscle tissue corroborate that sGC exists in a
physiological equilibrium between two redox states: a native reduced and NO-sensitive
form and an oxidized/heme-free NO-insensitive form. Under pathophysiological conditions
associated with oxidative stress (associated with an increase in reactive oxygen species or
ROS), this redox equilibrium is shifted towards the oxidized NO-insensitive form (Fig. .7). As
heme oxidation leads to a highly unstable protein that easily loses its heme group, this will
lead to an oxidation-induced loss of the redox-sensitive heme-group; the resulting heme-
free protein is also NO-insensitive (Fritz et al., 2011). In addition to rendering the enzyme
insensitive to NO, oxidation of the heme group makes sGC more prone to ubiquitination and
subsequent proteosomal degradation (Stasch et al.,, 2006; Meurer et al., 2009). Under
pathological conditions associated with oxidative stress, one might thus expect ROS to

interfere with the NO-sGC-cGMP pathway.

#
Heme loss

Reduced Oxidized Heme-free
Fig. 1.7 sGC exists in a physiological equilibrium between two redox states. The native reduced and NO-

sensitive form, can be oxidized, leading to an oxidation-induced loss of the redox-sensitive heme-group. Both
the oxidized state and the heme-free state are not sensitive to NO (adapted from Stasch et al., 2006).
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1.2.3  Role of sGC in gastrointestinal motility

As mentioned before, sGCaB; is the dominant isoform in the gastrointestinal tract.
Interestingly, although sGCa;B; indeed has the principal role in gastrointestinal nitrergic
relaxation, studies in sGCa; knockout mice demonstrated that some degree of nitrergic
relaxation can occur via sGCa,B; activation, in this way avoiding major in vivo changes in
gastric emptying and intestinal motility in these mice (Vanneste et al., 2007; Dhaese et al.,
2008; Dhaese et al., 2009). Full knockouts of sGC, eliminating activation of both sGC
isoforms by NO and also basal sGC activity, are associated with severely delayed gut transit,
systemic hypertension and premature death (Friebe et al., 2007). Smooth muscle-specific
deletion of sGC is associated with hypertension and loss of vascular smooth muscle
responsiveness to NO (Groneberg et al., 2010); the responsiveness to NO of gastrointestinal
muscle is however only mildly reduced, suggesting that sGC in gastrointestinal smooth
muscle is dispensable for nitrergic relaxation (Groneberg et al., 2011). However, also ICC
express NO-sensitive sGC and expression levels appear to be higher than in smooth muscle
cells (lino et al., 2008; Groneberg et al., 2011). Selective deletion of sGC in ICC does not
induce a decrease in NO responsiveness of gastrointestinal muscle, but deletion of sGC in
both smooth muscle and ICC results in an impairment of nitrergic relaxation and an increase
in gut transit time that is similar to that in mice lacking sGC ubiquitously (Groneberg et al.,
2013). Together, these results suggest a redundant action of sGC in both ICC and smooth
muscle cells to induce gastrointestinal nitrergic relaxation. Recently, Thoonen et al. (2009)
generated mice in which sGC is heme-deficient (apo-sGC). Whereas Friebe et al. (2007)
generated full knockouts of sGC by gene inactivation of the B; subunit, these apo-sGC mice
were created -based on the experiments of Wedel et al. (1994)- by replacing histidine at
position 105 of the B; subunit by a phenylalanine. In the resulting sGC[31HiSlOSPhe knockin
mice, sGC retains its basal catalytic activity, but it can no longer be activated by NO. These
mice are characterized by a reduced live span, growth retardation and elevated blood
pressure (Thoonen et al., 2009); the consequences on gastrointestinal nitrergic signaling and
motility of inducing heme-free status of sGC are discussed later in this thesis (chapter IIl). A
major advantage of these apo-sGC mice over the full knockouts is that, despite the reduced
life span, these mice are viable with a median survival of 30 weeks. This is in sharp contrast

with the extreme short life span of the full knockout mice, where 60 % of the mice die

33



Chapter |
Literature survey

within the first two days after birth and less than 10 % survives longer than a month; it must
be noted however that, when given a fiber-free diet, 60 % of the mice still die within the
first two days after birth, but the survival of the remaining 40 % greatly improves (Friebe et
al., 2007; Thoonen, 2010). The reduced survival of the full knockouts points to the pivotal
role of basal sGC activity; the produced low amounts of cGMP in apo-sGC mice seem vital
for survival. The apo-sGC mouse model also allows to study heme-free sGC, as seen in
oxidative stress conditions, and to investigate the effect of possible new therapies targeting

sGC under oxidative stress conditions.

1.3 NO pharmacotherapy and alternatives

1.3.1  Classic NO pharmacotherapy and its limitations

In the cardiovascular system, nitrergic relaxation is therapeutically applied by use of
NO donors, such as organic nitrates. Dysfunction of the endothelium is found in several
cardiovascular diseases and will lead to NO deficiency, limiting NO-mediated signal
transduction in normal physiological processes. Organic nitrates proved to be effective NO
donors in a variety of cardiovascular disorders including heart failure and angina pectoris
(Ignarro et al., 2002) and inhaled NO proved to be effective in pulmonary hypertension,
including neonatal pulmonary hypertension (Pepke-Zaba et al., 1991; Kumar, 2013).
However, the development of (pseudo-) tolerance limits the continuous clinical application
of NO donors (Munzel et al., 2011; lachini et al., 2012). Pseudo-tolerance is a term referring
to the progressive attenuation of pharmacological effects of NO donors, not due to
impairment of their biochemical properties, but rather due to increased secretion of
substances exerting biologically opposing effects, such as catecholamines, angiotensin Il and
endothelin-1. “True” tolerance is associated with progressive impairment of the biochemical
properties of the NO donors. The concept of “true” tolerance remains a complex
phenomenon, but it was shown to be related to increased vascular ROS production upon
prolonged use of NO donors. Pathological conditions such as heart failure and pulmonary
hypertension are also associated with oxidative stress (Konduri et al., 2007; Mitrovic et al.,
2009). The presence of oxidative stress, associated with the prolonged use of NO donors or

with the pathological conditions itself, is a major problem in the treatment of NO deficiency
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with classical NO pharmacotherapy. Oxidative stress may directly impair the
biotransformation of NO donors, preventing them to release NO (Munzel et al., 2011). In
addition, ROS can interfere with the NO-sGC-cGMP pathway either (1) by reduced
availability of NO through e.g. scavenging of NO, (2) by oxidation of sGC towards the heme-
free status (Fritz et al., 2011), making it unresponsive towards endogenous NO, but also NO
donors, or (3) by irreversible loss of the enzymatic capacity by downregulation of sGC
protein levels as oxidation of the heme group will make sGC more prone to degradation
(Stasch et al., 2006). NO donors will thus fail in obtaining the desired therapeutic effect.
During the last 15 years, two novel drug classes have been discovered that seem to
address these problems: the heme-dependent sGC stimulators and the heme-independent
sGC activators (Fig. 1.8) (Evgenov et al., 2006; Meurer et al., 2009). These novel classes of
compounds are capable of activating the reduced and/or oxidized/heme-free state of sGC in
an NO-independent manner. sGC stimulators are capable of directly stimulating the reduced
form of sGC, acting in synergy with NO, but they can also stimulate reduced sGC
independently of NO, allowing to circumvent conditions with decreased endogenous
generation of NO (Stasch & Hobbs, 2009). sGC activators preferably activate the

oxidized/heme-free enzyme (Schmidt et al., 2009).

sGC stimulators sGC activators
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Fig. 1.8 sGC stimulators are capable of directly stimulating the reduced form of sGC independently of NO and
sGC activators are capable of activating the oxidized/heme-free enzyme (adapted from Stasch et al., 2006).

1.3.2 sGC stimulators

YC-1. The first reported NO-independent sGC stimulator was 3-(5’-hydroxymethyl-2’-
furyl)-1-benzylindazole or YC-1 (Fig. 1.9); it was originally introduced as an inhibitor of
platelet aggregation by increasing cGMP levels via sGC in an NO-independent manner (Ko et
al., 1994; Wu et al., 1995; Teng et al., 1997). Different pharmacological studies now also

show its smooth muscle relaxant properties. For example, in vitro, YC-1 induces relaxation in
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vascular (Mulsch et al., 1997; O'Reilly et al., 2001), gastrointestinal (De Backer & Lefebvre,
2007), corpus cavernosum (Nakane et al., 2002), urethra (Schroder et al., 2002; Che et al.,
2003) and tracheal smooth muscle (Glaza et al., 2011; Turgut et al., 2013), while in vivo, YC-
1 attenuates pulmonary hypertension (Huh et al., 2011), decreases blood pressure
(Rothermund et al., 2000), and facilitates penile erection (Hsieh et al., 2003). YC-1 was
found to act in synergy with NO and its ability to stimulate sGC was shown to depend upon
the presence of the reduced heme-group, as its removal or oxidation abolished any YC-1-
induced sGC activation. Although YC-1 has many potential therapeutic properties, it has
relatively weak sGC stimulating potency and a lack of specificity, as it was found to inhibit
phosphodiesterases (Friebe et al.,, 1998; Galle et al., 1999) and induce many cGMP-
independent effects (Wohlfart et al., 1999; Garthwaite et al., 2002; Slupski et al., 2007).
Based on the lead compound YC-1, high-throughput screening and identification of
modulators of the NO-sGC-cGMP pathway was performed at Bayer to systematically
optimize the structure of YC-1. A first breakthrough in terms of improved potency resulted
from the replacement of the hydroxymethylfuran group of YC-1 by a 5-substituted 4-

aminopyrimidine (Straub et al., 2001). This 5-cyclopropyl-4-aminopyrimidine derivate was
N
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named BAY 41-2272.

HO

YC-1 BAY 41-2272
Fig. 1.9 NO-independent, heme-dependent stimulators of sGC: YC-1 and BAY 41-2272 (Stasch & Hobbs, 2009).

BAY 41-2272. Similar to YC-1, 3-(4-amino-5-cyclopropylpyrimidin-2-yl)-1-(2-
fluorobenzyl)-1H-pyrazolo[3,4-b] pyridine or BAY 41-2272 (Fig. 1.9) directly stimulates sGC,
increases the enzyme’s sensitivity towards NO and fails to activate the enzyme after
removal or oxidation of the prosthetic heme moiety (Stasch et al., 2001). In vitro, BAY 41-
2272 induces relaxation in arterial (Bawankule et al., 2005; Teixeira et al., 2006a; Teixeira et
al., 2006b), corpus cavernosum (Kalsi et al., 2003), urethra (Toque et al., 2008), detrusor
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(Bau et al., 2010) and tracheal smooth muscle (Toque et al., 2010), while in vivo, the
compound attenuates pulmonary hypertension (Evgenov et al., 2004), decreases blood
pressure, has anti-platelet activity (Stasch et al., 2001; Hobbs & Moncada, 2003; Roger et
al., 2010) and unloads the heart in a model of congestive heart failure (Boerrigter et al.,
2003). Analogous to YC-1, BAY 41-2272 was found to induce cGMP-independent effects: in
arterial, detrusor and tracheal smooth muscle (Teixeira et al., 2006a; Bau et al., 2010; Toque
et al., 2010), inhibition of extracellular calcium entry by BAY 41-2272 was reported, and in
ovine pulmonary artery (Bawankule et al., 2005), stimulation of Na*/K*-ATPase leading to
membrane hyperpolarization was described. The effect of BAY 41-2272 on PDE-5 activity is
controversial. Stasch et al. (2001) and Bischoff and Stasch (2004) reported BAY 41-2272 to
be devoid of PDE-5 inhibitory activity, whereas Mullershausen et al. (2004) demonstrated
this compound to inhibit PDE-5 in platelets. Still, as the concentration used by
Mullershausen et al. (2004) is several orders of magnitude above that needed for sGC
stimulation, the PDE-5 inhibitory activity by BAY 41-2272 is considered as irrelevant
(Evgenov et al., 2006).

Based on the promising pharmacological effects of sGC stimulators, Bayer and
several other companies (Abbott, Astellas, Merck, Pfizer) started programs to identify new
series of sGC stimulators (Follmann et al., 2013). The most successful compound BAY 63-
2521 (or riociguat, another YC-1 derivative), has just completed phase Il clinical trials
(Conole & Scott, 2013; Ghofrani et al., 2013a; Ghofrani et al., 2013b) and has been approved
by the Food and Drug Administration for treatment of pulmonary hypertension (as

Adempas®).

1.3.3 sGC activators

Cinaciguat. Following the discovery of the NO-independent, heme-dependent sGC
stimulators, the high-throughput screening at Bayer identified compounds with surprising
qualities: they can directly activate sGC (independent of NO) and preferably do so when sGC
is in the oxidized/heme-free position. These drugs should thus target the enzyme more
extensively in pathological conditions associated with oxidative stress (Schmidt et al., 2009).
Within this new class, cinaciguat (Fig. 1.10; BAY 58-2667; 4-[((4-carboxybutyl)-(2-[(4-
phenethylbenzyl)oxy]phenethyl)amino)methyl] benzoic acid has been extensively studied,
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especially in the cardiovascular system. In vitro, the effectiveness of cinaciguat is increased
in blood vessels of animal models of vascular disease that are associated with endogenously
induced oxidative stress and in blood vessels of controls, that are pretreated with the
oxidant peroxynitrite (Stasch et al., 2006; Korkmaz et al., 2012). In vivo, cinaciguat is also
more effective in conditions associated with oxidative stress or mimicking it. In
spontaneously hypertensive rats and control rats, that are pretreated with ODQ, the
decrease in blood pressure caused by cinaciguat lasts longer than in normotensive controls
(Stasch et al., 2002; Stasch et al., 2006); similarly, pulmonary vasodilatation induced by
inhaling cinaciguat microparticles is greatly enhanced after pretreatment with ODQ
(Evgenov et al., 2007). Furthermore, cinaciguat shows beneficial effects in models of heart
failure (Boerrigter et al., 2007; Erdmann et al., 2012), pulmonary hypertension (Chester et
al., 2011) and cardiac ischemia/reperfusion models (Korkmaz et al., 2009; Radovits et al.,
2011; Salloum et al., 2012). Based on these promising results, a non-randomized, unblinded
Phasella study in patients with acute decompensated heart failure (ADHF) was initiated.
Continuous intravenous infusion of cinaciguat (ranging from 50 to 400 ug/h for a total of 6
h) was well-tolerated and resulted in improved cardiopulmonary hemodynamics in an
uncontrolled proof-of-concept study (Lapp et al., 2009). Subsequent randomized, double-
blind, placebo-controlled Phase llb studies investigated the effects of both high (=200 ug/h)
and low (< 200 pg/h) doses of cinaciguat in ADHF patients; the clinical development of
cinaciguat was stopped as, even at low doses, cinaciguat decreased blood pressure, which

might be unfavorable in patients with ADHF (Gheorghiade et al., 2012; Erdmann et al.,

2012).
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Fig. .10 NO- and heme-independent activators of sGC: cinaciguat (BAY 58-2667) and ataciguat (HMR 1766)
(Schmidt et al., 2009).
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The fact that oxidation or removal of the heme-group increases cinaciguat-induced
enzyme activation, might be explained by the mechanistic model by which sGC is activated
by cinaciguat. Cinaciguat is believed to activate the heme-deficient sGC enzyme via direct
interaction with the unoccupied heme-binding pocket, or by displacing the weakly bound
oxidized heme-group. Furthermore, cinaciguat is able to prevent oxidation-accelerated
degradation of the sGC heterodimers, thereby stabilizing and conserving the enzyme protein
levels in an active, cinaciguat-bound form, even under oxidizing conditions (Stasch et al.,

2006).

Ataciguat. Schindler and coworkers (2006) reported a novel structural class of
compounds, anthranilic acid derivates, that were also reported to activate the
oxidized/heme-free form of sGC. 5-chloro-2-[[(5-chloro-2-thienyl)sulfonyl]amino]-N-[4-(4-
morpholinylsulfonyl)phenyl]lbenzamide or ataciguat (Fig. 1.10; HMR1766) is the best
described example. In vitro, ataciguat induces corpus cavernosum (Schindler et al., 2006)
and arterial relaxation (Schindler et al., 2006; Schafer et al., 2010); similar to cinaciguat, the
effectiveness of ataciguat is increased in blood vessels of animal models of vascular disease
that are associated with endogenously induced oxidative stress (Schafer et al., 2010) and in
blood vessels that are pretreated with ODQ (Schindler et al., 2006). In vivo, ataciguat
attenuates pulmonary hypertension (Weissmann et al., 2009), decreases blood pressure
(Schindler et al., 2006) and shows anti-platelet activity (Schafer et al., 2010). Ataciguat was
studied in a phase Il clinical trial for patients with peripheral arterial occlusive disease and in
patients with neuropathic pain, but these studies were discontinued without further
explanation (Follmann et al., 2013).

Analogous to cinaciguat, ataciguat is believed to activate both the oxidized and the
heme-free form of sGC (Evgenov et al., 2006). However, different binding modes for
cinaciguat and ataciguat to the heme pocket were reported (Hoffmann et al., 2009). While
cinaciguat stabilizes sGC under heme-oxidizing conditions and thereby protects it from
ubiquitination and subsequent degradation, binding of ataciguat lacks these stabilizing
properties. Cinaciguat’s effect probably depends on high affinity binding to the heme-
binding pocket in a manner that reassembles the native prosthetic group; this high affinity
binding of cinaciguat stabilizes sGC. Binding of ataciguat cannot stabilize sGC, making it the

prototype of a distinct class of sGC activators (Hoffmann et al., 2009).
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1.3.4 NO pharmacotherapy for gastrointestinal disorders

As mentioned before, NO synthetized from nNOS in NANC neurons and targeting
sGC in smooth muscle cells, is the most important inhibitory NANC neurotransmitter in the
gastrointestinal tract. It is therefore not surprising that impaired nitrergic innervation of the
smooth muscle plays a crucial role in several disorders with gastrointestinal dysmotility,
such as functional dyspepsia, esophageal achalasia, infantile hypertrophic pyloric stenosis,
delayed gastric emptying after vagotomy and Hirschsprung's disease (Goyal & Hirano, 1996;
Takahashi, 2003). This has led to therapeutic strategies targeting the NO-sGC-cGMP
pathway. As early as the 1940s there were reports on the use of organic nitrates such as
nitroglycerin in patients with achalasia (Ritvo & McDonald, 1940; Field & Lond, 1944).
However, later studies aiming to enhance NO signaling with organic nitrates in patients with
esophageal motor disorders have shown limited success (Robson & Wilkinson, 1946;
Swamy, 1977; Gelfond et al., 1982; Wen et al., 2004). Organic nitrates have also been
suggested as treatment for functional dyspepsia, diabetic gastroenteropathy and anismus
(Whittle, 2005); topical nitrates are used for the therapy of anal fissure (Collins & Lund,
2007). However, with the exception of achalasia, organic nitrates have not been used much
in gastrointestinal disorders associated with nitrergic neuronal dysfunction, also because of
the well-known attenuation of their effect after long term usage due to the development of
tolerance; this was indeed also reported in the treatment of achalasia with organic nitrates
(Robson & Wilkinson, 1946).

Aging, colitis and diabetes can also lead to enteric nitrergic neuronal dysfunction and
consequently motility disturbances (Mizuta et al., 2000; Phillips & Powley, 2007; Zandecki et
al., 2008). These conditions are associated with oxidative stress (Kashyap & Farrugia, 2011;
Cannizzo et al., 2011; Zhu & Li, 2012). ROS were suggested to increase the likelihood of
damage to enteric nitrergic neurons (Rivera et al., 2011) and it can be expected that enteric
sGC will be driven to the oxidized/heme-free status in these conditions, contributing to
reduced effectiveness of the NO-sGC-cGMP pathway. Treatment with NO donors such as
organic nitrites would thus be useless in these conditions.

sGC stimulators, capable of directly stimulating the reduced form of sGC

independently of NO, or sGC activators, capable of activating the oxidized/heme-free
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enzyme, showed effectiveness in the cardiovascular system, but they were not yet

investigated in the gastrointestinal tract.

1.3.5 Nitrite as a source of NO

Until recently, the inorganic anions nitrate (NOs’) and nitrite (NO,’) were considered
inert end products of NO. Benjamin et al. (1994) reported for the first time NOS-
independent NO generation from inorganic nitrite in the stomach. From additional research
performed during the last decade, it is now obvious that nitrate and nitrite are
physiologically recycled in blood and tissue to form NO and other bioactive nitrogen oxides,
representing an alternative for the ‘classical’ NOS pathway (Fig. 1.11). This nitrogen oxide
cycle can be fueled by the diet, e.g. green leafy vegetables, beetroot and fennel, as these
contain high amounts of inorganic nitrate. Processed food, like e.g. cured meat, in which
nitrite is added as a preservative to inhibit bacterial growth, can be a source of direct dietary
nitrite intake. As mammals lack specific and effective nitrate reductase enzymes, the
reduction of nitrate to nitrite is mainly carried out by commensal bacteria in the
gastrointestinal tract and on body surfaces. Once nitrite is formed, there are numerous
enzymatic and non-enzymatic pathways in the body for its further reduction to NO, and the
generation of NO by these pathways is greatly enhanced during hypoxia and acidosis,
ensuring NO production in situations where the oxygen-dependent NOS pathway is
compromised (Fig. 1.11). In the human body, it was shown that both dietary and
endogenous nitrate reduction towards NO goes mainly through the entero-salivary
circulation. Nitrate derived from the diet is swallowed, where it is rapidly absorbed by the
gastrointestinal tract. Although much of the circulating nitrate is excreted in the urine, up to
25 % of both endogenous and dietary nitrate is extracted by the salivary glands and
concentrated in saliva. In the mouth, commensal anaerobic bacteria will reduce nitrate to
nitrite, after which the nitrite will be swallowed together with the saliva. In the acidic
stomach, nitrite is reduced to NO; any remaining nitrite is absorbed by the gastrointestinal
tract and can be converted to NO in blood and tissues where oxygen levels are low
(Lundberg et al., 2008; Lundberg et al.,, 2009; Raat et al., 2009a; Raat et al., 2009b;
Weitzberg et al., 2010).
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Fig. .11 NO is generated by NO synthases (NOS) and is rapidly oxidized towards nitrite and nitrate. Nitrate
can undergo reduction to nitrite, a process dependent on commensal bacteria in the gastrointestinal tract and
on body surfaces. Nitrite can undergo further reduction to NO, a process catalyzed by various enzymatic and
non-enzymatic pathways, which are greatly enhanced under hypoxic or acidic conditions. While the NOS-
dependent pathway towards NO is oxygen dependent, this nitrate-nitrite-NO pathway is actually gradually
activated when oxygen levels go down. This NOS-independent pathway can thus serve as a back-up system, to
ensure that sufficient NO is formed when oxygen supply is limited. This nitrogen oxide cycle can be fueled by
the diet (based on Lundberg et al., 2009).
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In pathological conditions associated with local or systemic oxygen shortage, it might
thus be beneficial to support the nitrate and nitrite stores, either pharmacologically or by
dietary intervention. Indeed, nitrite was shown to be protective in ischemia/reperfusion
models of the liver, heart, brain and kidney. Duranski et al. (2005) showed in a mouse model
of hepatic ischemia/reperfusion and in a mouse model of myocardial ischemia/reperfusion,
that nitrite (48 nmol being the optimal dose in both models) was able to respectively reduce
liver transaminase levels (indicators for liver injury) and reduce infarct size. Nitrite
protection was dependent on NO and signaling via sGC, as administration of the NO-
scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO) or the sGC
inhibitor ODQ completely abolished protection in the hepatic ischemia/reperfusion model.

Jung et al. (2006) demonstrated the protective effect of nitrite in a cerebral
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ischemia/reperfusion model in rats. Nitrite reduced infarct size and enhanced local cerebral
blood flow; neuroprotective effects that were inhibited with the NO-scavenger PTIO.
Tripatara et al. (2007) demonstrated the protective effect of nitrite in a renal
ischemia/reperfusion model in rats; as in the other models, nitrite protection was shown to
be dependent on NO as the NO scavenger PTIO completely abolished protection. Since the
pioneers Duranski (2005), Jung (2006) and Tripatara (2007) established the effect of nitrite
in respectively the liver and heart, the brain and the kidneys, many others explored this field
of research (Dezfulian et al., 2007; Raat et al., 2009b; Weitzberg et al., 2010).

The exact mechanism of the protective effect of nitrite in ischemia/reperfusion
models is not completely understood, but it is clear that NO is an essential intermediate
step. Shiva et al. (2007) showed in a hepatic ischemia/reperfusion model that nitrite can
lead to inhibition of mitochondrial complex | by S-nitrosation (Fig. 1.12). This inhibition can
be reversed by the NO-scavenger PTIO, suggesting that this inhibition of complex | is NO
dependent. Inhibition of mitochondrial complex | dampens the electron transfer and was
shown to limit ROS (Lesnefsky et al., 2004). Indeed, Shiva et al. (2007) found that nitrite
decreased H,0, production, preserved the activity of aconitase (a mitochondrial enzyme
prone to oxidative damage) and decreased calcium induced mitochondrial permeability
transition (MPT) pore opening and mitochondrial cytochrome c release. Reversible
inhibition of mitochondrial complex | as a pathway for the nitrite-dependent NO protective
effect was also described in a cardiac ischemia/reperfusion model (Dezfulian et al., 2009). As
mentioned before, in the hepatic ischemia/reperfusion model of Duranski et al. (2005), an
sGC-dependent protective effect of nitrite was suggested, as pretreatment with the sGC
inhibitor ODQ completely inhibited the protective effects of nitrite. An sGC-dependent
protective effect of nitrite was also suggested in a model of TNF-induced sepsis, in which
TNF is known to cause inflammation accompanied by oxidative stress; treatment with nitrite
decreased oxidative stress, mitochondrial damage and mortality, and this protection by
nitrite was largely abolished in sGCa; knockout mice (Cauwels et al., 2009). This NO-sGC-
cGMP pathway may contribute to improved vasodilatation and inhibition of platelet
aggregation, two processes which will help to maintain the microcirculation of the vital
organs. In addition, activation of sGC can also lead to opening of the mitochondrial Kap
channels on the mitochondrial inner membrane, as shown in NO-mediated protection from

ischemia/reperfusion injury in isolated mouse hearts (Bell et al., 2003) and in rabbit
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cardiomyocytes (Sasaki et al., 2000) with the NO donor S-nitroso-N-acetyl-DL-penicillamine
(SNAP). Opening of Katp channels has been associated with prevention of mitochondrial
permeability transition pore opening and prevention of cytochrome c release from the
mitochondrial intermembrane space, thereby preventing cell death (Korge et al., 2002). A
third possible mechanism suggested in the protective effect of nitrite is modulation of the
inflammatory response. Administration of nitrite was shown to significantly attenuate the
increase in infiltrating leukocytes in an ischemia/reperfusion model of the brain (Jung et al.,
2006) and in a renal ischemia/reperfusion model (Milsom et al., 2010). Although Jung et al.
(2006) and Milsom et al. (2010) did not investigate how nitrite was reducing inflammation, a
possibility seems that nitrite-derived NO inhibits transcription factor NF-kB. NO donors
indeed showed to inhibit transcription factor NF-kB (Matthews et al., 1996; Shin et al., 1996;
Bogdan, 2001); this is associated with a variety of anti-inflammatory effects, minimizing

tissue injury in different models of ischemia/reperfusion injury (Phillips et al., 2009).

Matrix
Complex I Complex IV
2% ﬁ HOS
.
o,
Complex | Complex Il Complex V

Intermembrane space

sGC PKG Inhibit platelet
\ aggregation
rcGMP 2 coMP ’.3.:’: Maintain
GTP d microcirculation of
Vasodilatation vital ergans

. [
Mitochendrial o—>0,
cytochrome crelease, - = \5. b, | At
calcium uptake and x ‘diiro ire
MPT cpening %

Fig. .12 Nitrite-dependent NO generation might modulate inflammation, is suggested to inhibit mitochondrial
respiration and mitochondrial derived ROS formation, and exerts cGMP-dependent effects. These cGMP-
dependent effects consist of vasodilatation and inhibition of platelet aggregation, both maintaining the
microcirculation in the vital organs, and opening of the mitochondrial inner membrane K channels, which
will lead to the inhibition of MPT pore opening and cytochrome c release (adapted from Raat et al., 2009b).
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1.4 Postoperative ileus

Postoperative ileus (POI) is defined as a transient impairment of gastrointestinal
motility following abdominal surgery (Holte & Kehlet, 2000) and to a lesser extent also
following extra-abdominal surgical procedures, such as major cardiothoracic or orthopedic
procedures (Bederman et al., 2001; Dong et al., 2012). As a certain degree of POl develops
in every patient undergoing abdominal surgery, it is usually considered a normal part of the
postoperative course. Interest in this condition has nevertheless arisen from the
observation that prolonged ileus can slow patient recovery, prolong hospital stay, increase
postoperative morbidity and increase healthcare costs (Table. I.2); the economic impact of
POI in the USA is estimated at $750 million per year (Person & Wexner, 2006; Doorly &

Senagore, 2012). Adverse effects of postoperative ileus

Increased incidence of nausea and vomiting
Delayed resumption of oral feeding
Delayed absorption of orally administered medications
Increased postoperative pain
Delayed wound healing
Delayed postoperative ambulation
Increased risk of postoperative complications:
® Atelectasis
® Aspiration pneumonia
® Deep venous thrombosis
® Pulmonary embolism
® Bacterial translocation and sepsis
® Nosocomial infections
Increased length of hospitalization
Increased patient discomfort and decreased satisfaction
Increased healthcare costs

Table 1.2 Adverse effects of postoperative ileus (Person & Wexner, 2006).

POl can be classified into normal, physiologic POl and prolonged, paralytic POI.
Physiologic POl is defined as the interval from surgery until passage of stool or flatus and
tolerance of an oral diet, resolving spontaneously within 3 days. Prolonged POI is defined as
ileus lasting longer than 3 days and is diagnosed if at least two of the following criteria are
met, once 3 days have passed: nausea and vomiting, inability to tolerate an oral diet over
24 h, absence of flatus over 24 h, abdominal distension and radiologic confirmation (Vather
etal., 2013).

All parts of the gastrointestinal tract are affected during POI and the recovery of
each section occurs at different rates, because the different anatomical parts of the

gastrointestinal tract differ in mechanical and electrical activity. Immediately after the
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operation, the electrical rhythm in the stomach becomes disorganized and the migrating
motor complexes (MMC) of the fasting patient are usually absent (Clevers et al., 1991).
Within 24 hours, the electrical rhythm returns, but with disturbances in its coordination.
Contractile waves in the distal part of the stomach can go in the oral direction and gastric
emptying remains impaired; a phenomenon that may partially be explained by an increased
pyloric tone. This may last up to 3 to 4 days, after which the stomach function resumes
normal motor activity (Dauchel et al., 1976). The small intestine shows contractile activity
shortly after or even during the surgical procedure, but this early activity is irregular and
rarely results in normal, coordinated MMC. Only after 3 to 4 days, the small bowel function
is expected to turn back to normal (Benson et al., 1994; Miedema et al., 2002). The colon is
usually the last section of the gastrointestinal tract to return to normal function. Initial
electrical activity is characterized by disorganized bursts, which only lead to coordinated
motor activity by the 4" day after operation, marking the resolution of ileus (Benson et al.,

1994).

1.4.1 Pathogenesis

The pathogenesis of POl is multifactorial and three main mechanisms are known to
contribute: neurogenic inhibitory reflexes, inflammatory responses and pharmacological
factors (Bauer & Boeckxstaens, 2004). Studies in experimental models showed that
postoperative ileus after abdominal surgery is triggered in two phases: an acute neurogenic
phase (starts during surgery and ends soon after) and a prolonged inflammatory phase
(starts + 3 h after surgery) (Fig. 1.13). The importance of each mechanism varies over time,

with considerable overlap and possible interactions (Boeckxstaens & de Jonge, 2009).
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Fig. .13 The two phases involved in postoperative ileus. The neurogenic phase starts during surgery and ends
shortly after. The inflammatory phase starts approximately 3 h after surgery and lasts much longer
(Boeckxstaens & de Jonge, 2009).
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Neurogenic phase. The most important factor believed to cause the acute phase of
POl is impairment of the normal function of the autonomic nervous system. The
sympathetic nervous system plays a major role in neurogenic inhibitory reflexes: afferent
neurons originate both in the site of skin incision (somatic fibers) and in the intestines
(visceral fibers), and efferent neurons conduct impulses back towards the enteric nervous
system, which will result in decreased motility (Person & Wexner, 2006). The
parasympathetic nervous system also plays a role: vagally mediated pathways will
contribute to inhibition of gastrointestinal motility by synapsing to inhibitory nitrergic (NO)
and VIPergic (VIP) neurons (Boeckxstaens et al., 1999).

The activation of various neural pathways depends on the intensity of the
nociceptive stimulus and the part of the intestine studied. Skin incision or laparotomy alone
results in a short reduction of gastrointestinal motility, probably due to activation of a low-
threshold spinal reflex. The laparotomy activates spinal afferents, which synapse in the
spinal cord where they activate an inhibitory pathway involving prevertebral noradrenergic
neurons, abolishing the motility of the entire gastrointestinal tract (Fig I.14A). More intense
stimuli, such as intestinal manipulation, result in prolonged inhibition of gastrointestinal
motility by triggering an additional high-threshold supraspinal pathway involving
hypothalamic neurons (Holzer et al., 1992; Boeckxstaens et al., 1999). Within this pathway,
corticotrophin-releasing factor (CRF) seems to play a central role. Afferent signals are
transmitted to the brainstem where they trigger the release of CRF, which stimulates
neurons in the hypothalamus. From the hypothalamus, projections are sent to the spinal
cord, from where sympathetic preganglionic neurons will synapse to prevertebral
noradrenergic neurons. Activation of these nerves will lead to prolonged inhibition of the
motility of the entire gastrointestinal tract (Taché et al., 1993). In addition to this
noradrenergic inhibitory pathway, the motor nucleus of the vagus nerve is activated,
synapsing to inhibitory nitrergic (NO) and VIPergic (VIP) neurons (Fig 1.14B) (De Winter et al.,
1997; De Winter et al., 1998).
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Fig. 1.14 Representation of the neural pathways involved in the inhibition of gastrointestinal motility induced
by laparotomy (A) and more intense intestinal manipulation (B). Laparotomy activates spinal afferents, which
synapse in the spinal cord, leading to activation of an inhibitory pathway involving prevertebral noradrenergic
neurons. The release of noradrenaline (NA) will abolish the motility of the entire gastrointestinal tract. More
intense stimuli, such as intestinal manipulation, transmit afferent signals to the brainstem where they trigger
the release of corticotrophin-releasing factor (CRF). CRF will stimulate neurons in the hypothalamus, which
sends projections to the spinal cord. Spinal efferents will then synapse to prevertebral neurons releasing NA.
Activation of these noradrenergic neurons will result in prolonged inhibition of gastrointestinal motility. In
addition to this noradrenergic inhibitory pathway, the motor nucleus of the vagus nerve is activated, synapsing
to inhibitory nitrergic (NO) and VIPergic (VIP) neurons (Boeckxstaens & de Jonge, 2009).

Inflammatory phase. The inflammatory phase lasts much longer than the neurogenic
phase. It is characterized by the activation of resident macrophages present in the intestinal
muscle layer (Kalff et al., 1998; Wehner et al., 2007). Activated macrophages will release
inflammatory cytokines such as tumor necrosis factor alpha (TNFa) and interleukin-6 (IL-6),
chemokines such as monocyte-chemoattractant protein-1 (MCP-1) and adhesion molecules

such as intercellular adhesion molecule-1 (ICAM-1). MCP-1 and ICAM-1 will recruit more
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circulatory leukocytes, and, together with the resident macrophages, these will enhance the
release of NO and prostaglandin, through upregulation of inducible NO synthase (iNOS) and
cyclo-oxygenase-2 (COX-2) respectively. Both NO and prostaglandin have potent inhibitory
effects on the gastrointestinal tract and cause ileus (Kalff et al., 1999b; Kalff et al., 2000;
Schwarz et al., 2001; Turler et al., 2006).

The mechanisms leading to activation of the resident macrophages are not fully
elucidated. A first proposed mechanism suggests that intestinal CD11b"CD103" dendritic
cells are involved (Engel et al., 2010). These dendritic cells are typically found in the lamina
propria of the small intestine and can be activated by luminal antigens. The activated
dendritic cells will release interleukine-12 (IL-12), which will promote memory T helper type
1 (Th1) cells to secrete interferon-y (IFN-y). IFN-y will then activate the resident
macrophages. In addition, IL-12 can cause some Ty cells to migrate from a manipulated
area to unmanipulated areas, which will contribute to impairment of motility of the entire
gastrointestinal tract. A second possible route of resident macrophage activation, is through
the release of damage-associated molecular patterns (DAMPs) in response to tissue damage
evoked by intestinal manipulation (Bauer, 2008) (Fig. 1.15). A third mechanism, proposed by
the group of Guy Boeckxstaens (Translational Research in Gastrolntestinal Disorders
(TARGID), KU Leuven, Belgium), is degranulation of connective tissue mast cells in
mesentery, lamina propria and serosa. Their results are based on mast cell-deficient mouse
models with abnormal Kit signaling, the measurement of mast cell mediators (proteases and
tryptases) and experiments with the mast cell stabilizers ketotifen and doxantrazole (de
Jonge et al., 2004; The et al., 2008). In line with their theory, neuropeptides, such as
substance P or calcitonin gene-related peptide (CGRP) released from afferent nerves, are
believed to activate the mast cells (Bueno et al., 1997). Once activated, mast cell mediators
(such as histamine and proteases) will diffuse into the mesenteric blood vessels, after which
they will cause increased mucosal permeability with translocation of intraluminal bacteria
and activation of resident macrophages (Fig. 1.15) (Snoek et al., 2011); luminal bacteria and
their products only start to appear in the muscularis externa 6 h after intestinal
manipulation (Schwarz et al., 2002), whereas the immune response is induced shortly after
manipulation e.g. ICAM-1 mRNA is already expressed 15 min after manipulation (Kalff et al.,
1999a), implying that translocated bacteria are not the trigger of the immune response in

the muscularis, but rather strengthen the immune response (Snoek et al., 2011). A very
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recent publication by the same group now questions 10 years of elaborated research on the
involvement of mast cells in the pathogenesis of POl (Gomez-Pinilla et al., 2014), claiming
that the “mast cell” mediators measured can be released by other immune cells, that the

III

“mast cell” stabilizers used are not specific for mast cells, and that the use of mast cell
deficient mice based on Kit mutations have alterations in multiple cell types of both immune
and non-immune origin in addition to the mast cell defect. Gomez-Pinilla et al. (2014) used a
mouse model with specific mast cell depletion, and apart from a reduction in basophile
numbers, other subpopulations of immune cells were intact. They demonstrated that the
previously studied mast cell deficient mice based on Kit mutations had a clearly delayed
intestinal transit per se and showed no further delay in intestinal transit after intestinal
manipulation. However, the mice with specific mast cell depletion did show a delay in
transit after intestinal manipulation, just as in controls. These recent results suggest that

mast cells are not required for the development of POI. Further research into the extent to

which mast cells are involved in the pathogenesis of POl is definitely required.
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Fig. .15 Mast cells located closely to the mesenteric vessels are activated after intestinal manipulation and
release mast cell mediators, diffusing into the mesenteric blood vessels. These mediators will increase the
mucosal permeability, allowing entrance of luminal bacteria and bacterial products to enter the lymphatic
circulation (contributing to the pathogenesis of POl in unmanipulated areas) or to interact with the resident
macrophages. In addition, the release of damage-associated molecular patterns (DAMPs) in response to tissue
damage evoked by intestinal manipulation can also activate the resident macrophages (Boeckxstaens & de
Jonge, 2009).

Interestingly, reactive oxygen species (ROS) might also contribute to POI. Anup et al.
(1999) demonstrated that surgical manipulation of the rat intestine resulted in oxidative
stress in the mucosa, as evidenced from an increase in xanthine oxidase activity in the

enterocytes. This was associated with widened intercellular spaces and increased mucosal
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permeability; changes which were prevented by pretreatment of the animals with xanthine
oxidase inhibitors (Anup et al., 2000). In addition, our group previously reported an increase
in oxidative stress levels in both mucosa and muscularis of the mouse small intestine
starting shortly after intestinal manipulation; reducing ROS generation (with the carbon
monoxide-releasing molecule CORM-3) correlated with a positive effect on postoperative

intestinal transit and might thus help to reduce ileus (De Backer et al., 2009).

Pharmacological factors. Many agents that are commonly used in general anesthesia
may impair gastrointestinal motility (Schurizek, 1991; Ogilvy & Smith, 1995). However, most
new gaseous anesthetic agents (desflurane and sevoflurane) and intravenous anesthetics
(propofol) have a relatively short half-life and they seldom cause the typical prolonged POI.
The fact that the incidence and severity of POl in patients who undergo non-abdominal
procedures under general anesthesia is very low, also supports the notion that the overall
contribution of general anesthesia for the etiology of POl is small (Person & Wexner, 2006)

Opioids, administered for post-operative pain relief, are well known to interfere with
normal gastrointestinal motility and can actually complicate and prolong POI. The main
function of opioids is to suppress neuronal excitability. Three types of opioid receptors are
believed to play a role in mediating the effect of opioids: u, 6 and k receptors, with several
subtypes in each class. By binding to the opioid receptors, opioids decrease the membrane
potential which prevents the generation of action potentials necessary for release of
neurotransmitters at synapses, neuromuscular junctions and neuroepithelial junctions. The
effects of opioids on gastrointestinal motility are largely a reflection of the suppression of
excitability and inhibition of neurotransmitter release from enteric excitatory and inhibitory
neurones (Pasternak, 1993; Wood & Galligan, 2004). The receptor primarily involved in the
adverse effects of opioids on gastrointestinal motility is the py-receptor (De Schepper et al.,
2004). Therefore, the combination of peripherally acting p-opioid receptor antagonists with
opioid analgesics to improve motility but not altering the analgesic effect is currently an

active area of research (see 1.4.2).
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1.4.2 Management of POI

Prevention or treatment of POl remains mainly supportive and no single standard
treatment is currently available. Because of its multifactorial origin, treating POl generally
consists of a multimodal approach, also referred to as fast-track surgery. The fast-track
concept was first introduced by Kehlet et al. (1997). By targeting multiple factors that delay
postoperative recovery, this approach has shown to reduce complications, accelerate
recovery and reduce hospital stay. Fast-track protocols have been used successfully in
patients undergoing several types of abdominal surgery, but most data are available for
colorectal surgery (Ansari et al., 2013). The multimodal approach for the prevention or
treatment of POI includes early enteral feeding and mobilization, minimally invasive
laparoscopy and epidural local anesthetics. Additional measures include peripheral opioid
receptor antagonists, opioid-free analgesia (NSAIDs), laxatives, chewing gum and avoidance
of routine nasogastric tubes and fluid excess (Bauer & Boeckxstaens, 2004; Kehlet, 2008;

Vather & Bissett, 2013) (Table 1.3).

Non-pharmacological treatment options

Treatment Potential Mechanism

Early enteral nutrition Stimulates GI motility by eliciting reflex

(or gum chewing) response and stimulating release of
several hormonal factors

Early mobilization Possible mechanical stimulation

Laparoscopic surgery Decreased opiate requirements,
decreased pain, less abdominal wall
trauma

Pharmacological treatment options

Treatment Potential Mechanism

Laxatives Stimulant, prokinetic effects

Opiate antagonists Block peripheral opiate receptors
Epidural anesthesia Inhibits sympathetic reflex at cord level,

opioid-sparing analgesia

NSAIDs Opiate-sparing analgesia, inhibits
COX-mediated prostaglandin synthesis

Table 1.3 Management of postoperative ileus by non-pharmacological and pharmacological treatment options
(Behm & Stollman, 2003).
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Avoid nasogastric tubes. Up to 2002, prophylactic nasogastric decompression
following abdominal surgery was a routine procedure with the intention of hastening the
return of bowel function, decreasing the risk of pulmonary aspiration, increasing the patient
comfort by lessening abdominal distension and shortening hospital stay. However, recent
re-evaluation of the use of nasogastric tubes has clearly demonstrated that none of these
goals are met. Contrarily, it might contribute to pulmonary morbidity. Nasogastric
intubation should therefore not be used routinely (Nelson et al., 2005; Bauer, 2013).

Limit fluid therapy. The use of isotonic dextrose-saline crystalloid solution as a
maintenance fluid is common practice postoperatively. However, several randomized
studies have shown that fluid excess prolongs POI. Generous perioperative fluid
administration can lead to intestinal edema, which might even contribute to the
development of POIl. Lobo et al. (2002) showed that restrictive postoperative fluid
prescription following colonic resection was associated with a significantly faster return of
gastrointestinal function when compared to standard fluid therapy. Therefore,
administration of maintenance fluid within a restrictive regime should be considered (Holte
et al., 2002; Vather & Bissett, 2013).

Laparoscopy. In numerous studies, it was shown that the use of minimal invasive
techniques produced less tissue trauma, resulting in reduced postoperative pain, less need
for intense postoperative analgesia, a weaker immune response and consequently a
reduction in time for ileus to resolve. Whether the reduced length of POI after laparoscopy
is a result of the reduction of postoperative pain and opioid use, a reduction of the
inflammatory response, or additional factors is not clear (Person & Wexner, 2006; Xu & Chi,
2012).

Epidural anesthesia and analgesia. As described earlier, activation of neurogenic
inhibitory reflexes originating from incision and manipulation of the intestine have been
proposed to play a role in POI. It has been hypothesized that epidural anesthesia and
analgesia may decrease POI by blocking the afferent and efferent sympathetic inhibitory
reflexes (Liu et al., 1995). Indeed, thoracic epidural anesthesia and analgesia have shown
beneficial effects on recovery of bowel function after major abdominal surgery (Steinbrook,
1998; Holte & Kehlet, 2000).

Opioid-sparing analgesia. NSAIDs will reduce the need for opioids. Additionally,

because of the role of prostaglandins in the inflammatory response, it has been suggested
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that NSAIDs, by inhibition of COX-2, may be used to increase gastrointestinal motility
postoperatively. Indeed, NSAIDs were shown to be effective in managing postoperative ileus
and preventing prolonged POI (Story & Chamberlain, 2009; Wattchow et al., 2009).

Peripheral opioid receptor antagonists. The peripherally acting p-opioid receptor
antagonists alvimopan and methylnaltrexone (both FDA approved since 2008) were
designed to reverse opioid-induced side-effects on gastrointestinal motility without
compromising pain relief. Both compounds seem well tolerated and effective for the
treatment of opioid-related gastrointestinal dysfunction. Further research should assess the
safety and effectiveness of these drugs in clinical practice (Traut et al., 2008; Becker & Blum,
2009; Wang et al., 2012).

Prokinetic agents and laxatives. Although prokinetic agents were shown to be
effective in treating POl in animal studies, currently approved prokinetics are generally not
effective in human studies. Traut et al. (2008) analyzed 39 randomized control trials that
included the use of 15 prokinetic agents (including cisapride, erythromycin, lidocaine and
neostigmine) to evaluate their potential benefits in POIL. For most prokinetic agents, there
was no positive effect observed, or the evidence was not sufficiently conclusive to attribute
a beneficial effect. Intravenous lidocaine and neostigmine may be beneficial in certain
situations, though further studies are needed (Traut et al., 2008; Story & Chamberlain,
2009). Laxatives, such as bisacodyl and magnesium oxide, have shown beneficial effects
with respect to gastrointestinal recovery after abdominal surgery (Fanning & Yu-Brekke,
1999; Wiriyakosol et al., 2007; Zingg et al., 2008). Given the safety and low cost of laxatives,
postoperative laxatives can be added as part of the multimodal approach for POI.

Ambulation. Early postoperative mobilization is advised, although there is actually
no evidence that proved it to be beneficial for the duration of POIl. However, as prolonged
immobilization after surgery has never been proven to be beneficial (Allen et al., 1999) and
early ambulation is believed to reduce the risk of developing postoperative respiratory and
thrombotic complications, early mobilization after abdominal surgery should be encouraged
(Waldhausen & Schirmer, 1990; Kibler et al., 2012).

Early postoperative oral feeding. The intake of food causes a reflex response that is
propulsive in action. In addition, the presence of food stimulates the secretion of various
intestinal hormones, with a general stimulating effect on gastrointestinal motility. One

might thus expect early postoperative feeding to reduce the length of POI. Several clinical
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trials have shown the institution of early enteral feeding to be safe, but not all of them
found beneficial effects for the duration of ileus (Holte & Kehlet, 2000; Han-Geurts et al.,
2007). Nevertheless, since early feeding after gastrointestinal surgery did not show any
deleterious effects and might even reduce the incidence of infectious complications,
postoperative enteral feeding should be included as routine in perioperative care (Lewis et
al., 2001).

Gum chewing. Chewing gum following abdominal surgery showed significant
benefits in reducing the duration of POI (Li et al., 2013). It must be noted however that, for
the subgroup of colectomies, inconsistent results were found. Well-designed, large-scale
randomized trials are needed to answer the question whether gum chewing can significantly
reduce POI after different abdominal surgeries. A possible explanation for the reported
effect of chewing gum on POl is that it acts as sham feeding, stimulating the motility of the
gastrointestinal tract and triggering the release of gastrointestinal hormones, saliva,
pancreatic juice, gastrin and neurotensin. Since chewing gum is cheap, well tolerated and

free of side effects, it may be added to the multimodal approach to deal with POI.

When some of these techniques are combined as part of the concept of multimodal
postoperative rehabilitation (fast-track surgery), the duration of POl after abdominal
surgery can be reduced to 24-48 h in most patients (Kehlet, 2008; Story & Chamberlain,
2009). Additional studies are needed to make specific recommendations regarding to which
components of the fast-track protocols are most beneficial in the different kinds of
abdominal surgeries. Though many of these combined strategies have proven to be
beneficial, treatment of POl remains mostly supportive and no prevention currently exists.
The inflammation-related dysmotility during POI has been addressed only recently and, with
the exception of the NSAIDs targeting COX-2, its prevention and treatment have not yet
been incorporated into clinical practice. It is believed that drugs interfering with the
inflammatory response might have great potency to shorten POl and consequently
hospitalization (Boeckxstaens & de Jonge, 2009). Of course these new drugs will have to
prove their superiority against the fast-track approach, or they should be incorporated in it.
In this sense, treating POl with nitrite can be considered. Although ischemia/reperfusion
injury is associated with an upregulation of iNOS (ladecola et al., 1995; Wang et al., 2003)

and selective iNOS inhibitors can prevent ischemia/reperfusion injury (Barocelli et al., 2006)
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similar to POI (Kalff et al., 2000; Turler et al., 2006), administration of nitrite showed to be
beneficial for ischemia/reperfusion injury. Hence our interest to test nitrite in a POl model

(see Chapter VI1).”

56



Chapter |
Literature survey

1.5 References

Allen C, Glasziou P, Del MC (1999). Bed rest: a potentially harmful treatment needing more careful evaluation.
Lancet 354: 1229-1233.

Ansari D, Gianotti L, Schroder J, Andersson R (2013). Fast-track surgery: procedure-specific aspects and future
direction. Langenbecks Arch Surg 398: 29-37.

Anup R, Aparna V, Pulimood A, Balasubramanian KA (1999). Surgical stress and the small intestine: role of
oxygen free radicals. Surgery 125: 560-569.

Anup R, Susama P, Balasubramanian KA (2000). Role of xanthine oxidase in small bowel mucosal dysfunction
after surgical stress. BrJ Surg 87: 1094-1101.

Anvari M, Paterson CA, Daniel EE (1998). Role of nitric oxide mechanisms in control of pyloric motility and
transpyloric flow of liquids in conscious dogs. Digestive Diseases and Sciences 43: 506-512.

Barocelli E, Ballabeni V, Ghizzardi P, Cattaruzza F, Bertoni S, Lagrasta CA et al. (2006). The selective inhibition of
inducible nitric oxide synthase prevents intestinal ischemia-reperfusion injury in mice. Nitric Oxide 14: 212-
218.

Bau FR, Monica FZ, Priviero FB, Baldissera LIr, de Nucci G, Antunes E (2010). Evaluation of the relaxant effect of
the nitric oxide-independent soluble guanylyl cyclase stimulator BAY 41-2272 in isolated detrusor smooth
muscle. Eur J Pharmacol 637: 171-177.

Bauer AJ (2008). Mentation on the immunological modulation of gastrointestinal motility. Neurogastroenterol
Motil 20 Suppl 1: 81-90.

Bauer AJ & Boeckxstaens GE (2004). Mechanisms of postoperative ileus. Neurogastroenterol Motil 16 Suppl 2:
54-60.

Bauer VP (2013). The Evidence against Prophylactic Nasogastric Intubation and Oral Restriction. Clin Colon
Rectal Surg 26: 182-185.

Bawankule DU, Sathishkumar K, Sardar KK, Chanda D, Krishna AV, Prakash VR et al. (2005). BAY 41-2272 [5-
cyclopropyl-2-[1-(2-fluoro-benzyl)-1H-pyrazolo[3,4-b]pyridine-3-yllpy rimidin-4-yl]lylamine]-induced dilation in
ovine pulmonary artery: Role of sodium pump. Journal of Pharmacology and Experimental Therapeutics 314:
207-213.

Becker G & Blum HE (2009). Novel opioid antagonists for opioid-induced bowel dysfunction and postoperative
ileus. Lancet 373: 1198-1206.

Bederman SS, Betsy M, Winiarsky R, Seldes RM, Sharrock NE, Sculco TP (2001). Postoperative ileus in the lower
extremity arthroplasty patient. J Arthroplasty 16: 1066-1070.

Behm B & Stollman N (2003). Postoperative ileus: etiologies and interventions. Clin Gastroenterol Hepatol 1:
71-80.

Bell RM, Maddock HL, Yellon DM (2003). The cardioprotective and mitochondrial depolarising properties of
exogenous nitric oxide in mouse heart. Cardiovasc Res 57: 405-415.

Benjamin N, O'Driscoll F, Dougall H, Duncan C, Smith L, Golden M et al. (1994). Stomach NO synthesis. Nature
368: 502.

57



Chapter |
Literature survey

Benson MJ, Roberts JP, Wingate DL, Rogers J, Deeks JJ, Castillo FD et al. (1994). Small bowel motility following
major intra-abdominal surgery: the effects of opiates and rectal cisapride. Gastroenterology 106: 924-936.

Blackshaw LA & Gebhart GF (2002). The pharmacology of gastrointestinal nociceptive pathways. Curr Opin
Pharmacol 2: 642-649.

Boeckxstaens GE & de Jonge WJ (2009). Neuroimmune mechanisms in postoperative ileus. Gut 58: 1300-1311.
Boeckxstaens GE, Hirsch DP, Kodde A, Moojen TM, Blackshaw A, Tytgat GN et al. (1999). Activation of an
adrenergic and vagally-mediated NANC pathway in surgery-induced fundic relaxation in the rat.

Neurogastroenterol Motil 11: 467-474.

Boerrigter G, Costello-Boerrigter LC, Cataliotti A, Lapp H, Stasch JP, Burnett JC (2007). Targeting heme-oxidized
soluble guanylate cyclase in experimental heart failure. Hypertension 49: 1128-1133.

Boerrigter G, Costello-Boerrigter LC, Cataliotti A, Tsuruda T, Harty GJ, Lapp H et al. (2003). Cardiorenal and
humoral properties of a novel direct soluble guanylate cyclase stimulator BAY 41-2272 in experimental
congestive heart failure. Circulation 107: 686-689.

Bogdan C (2001). Nitric oxide and the regulation of gene expression. Trends Cell Biol 11: 66-75.

Boron WF & Boulpaep EL (2009). Medical Physiology (Second edition). The gastrointestinal system: 881-1006.

Bruckdorfer R (2005). The basics about nitric oxide. Mol Aspects Med 26: 3-31.

Bueno L, Fioramonti J, Delvaux M, Frexinos J (1997). Mediators and pharmacology of visceral sensitivity: from
basic to clinical investigations. Gastroenterology 112: 1714-1743.

Cannizzo ES, Clement CC, Sahu R, Follo C, Santambrogio L (2011). Oxidative stress, inflamm-aging and
immunosenescence. J Proteomics 74: 2313-2323.

Carvajal JA, Germain AM, Huidobro-Toro JP, Weiner CP (2000). Molecular mechanism of cGMP-mediated
smooth muscle relaxation. J Cell Physiol 184: 409-420.

Cauwels A, Buys ES, Thoonen R, Geary L, Delanghe J, Shiva S et al. (2009). Nitrite protects against morbidity
and mortality associated with TNF- or LPS-induced shock in a soluble guanylate cyclase-dependent manner. J
Exp Med 206: 2915-2924.

Che Y, Rand MJ, Li CG (2003). Inhibition by ebselen on nitric oxide mediated relaxations in the rat
anococcygeus muscle. Eur J Pharmacol 462: 161-168.

Chester MA, Seedorf GJ, Tourneux P, Gien J, Tseng N, Grover TR et al. (2011). Cinaciguat, a Soluble Guanylate
Cyclase Activator, Augments cGMP after Oxidative Stress and Causes Pulmonary Vasodilation in Neonatal
Pulmonary Hypertension. Am J Physiol Lung Cell Mol Physiol 301: L755-L764.

Chiba T, Bharucha AE, Thomforde GM, Kost LJ, Phillips SF (2002). Model of rapid gastrointestinal transit in
dogs: effects of muscarinic antagonists and a nitric oxide synthase inhibitor. Neurogastroenterol Motil 14: 535-
541.

Clevers GJ, Smout AJ, van der Schee EJ, Akkermans LM (1991). Myo-electrical and motor activity of the
stomach in the first days after abdominal surgery: evaluation by electrogastrography and impedance
gastrography. J Gastroenterol Hepatol 6: 253-259.

Collins EE & Lund JN (2007). A review of chronic anal fissure management. Tech Coloproctol 11: 209-223.

Conole D & Scott LJ (2013). Riociguat: first global approval. Drugs 73: 1967-1975.

58



Chapter |
Literature survey

Curro D, Ipavec V, Preziosi P (2008). Neurotransmitters of the non-adrenergic non-cholinergic relaxation of
proximal stomach. Eur Rev Med Pharmacol Sci 12 Suppl 1: 53-62.

Dauchel J, Schang JC, Kachelhoffer J, Eloy R, Grenier JF (1976). Gastrointestinal myoelectrical activity during the
postoperative period in man. Digestion 14: 293-303.

De Backer O, Elinck E, Blanckaert B, Leybaert L, Motterlini R, Lefebvre RA (2009). Water-soluble CO-releasing
molecules reduce the development of postoperative ileus via modulation of MAPK/HO-1 signalling and
reduction of oxidative stress. Gut 58: 347-356.

De Backer O & Lefebvre RA (2007). Mechanisms of relaxation by carbon monoxide-releasing molecule-2 in
murine gastric fundus and jejunum. European Journal of Pharmacology 572: 197-206.

de Jonge WJ, The FO, van der CD, Bennink RJ, Reitsma PH, van Deventer SJ et al. (2004). Mast cell
degranulation during abdominal surgery initiates postoperative ileus in mice. Gastroenterology 127: 535-545.

De Schepper HU, Cremonini F, Park MI, Camilleri M (2004). Opioids and the gut: pharmacology and current
clinical experience. Neurogastroenterol Motil 16: 383-394.

De Winter BY, Boeckxstaens GE, De Man JG, Moreels TG, Herman AG, Pelckmans PA (1997). Effect of
adrenergic and nitrergic blockade on experimental ileus in rats. Br J Pharmacol 120: 464-468.

De Winter BY, Robberecht P, Boeckxstaens GE, De Man JG, Moreels TG, Herman AG et al. (1998). Role of
VIP1/PACAP receptors in postoperative ileus in rats. BrJ Pharmacol 124: 1181-1186.

Deloose E, Janssen P, Depoortere |, Tack J (2012). The migrating motor complex: control mechanisms and its
role in health and disease. Nat Rev Gastroenterol Hepatol 9: 271-285.

Desai KM, Sessa WC, Vane JR (1991). Involvement of nitric oxide in the reflex relaxation of the stomach to
accommodate food or fluid. Nature 351: 477-479.

Dezfulian C, Raat N, Shiva S, Gladwin MT (2007). Role of the anion nitrite in ischemia-reperfusion
cytoprotection and therapeutics. Cardiovasc Res 75: 327-338.

Dezfulian C, Shiva S, Alekseyenko A, Pendyal A, Beiser DG, Munasinghe JP et al. (2009). Nitrite therapy after
cardiac arrest reduces reactive oxygen species generation, improves cardiac and neurological function, and
enhances survival via reversible inhibition of mitochondrial complex I. Circulation 120: 897-905.

Dhaese |, Vanneste G, Sips P, Buys E, Brouckaert P, Lefebvre RA (2008). Involvement of soluble guanylate
cyclase alpha(1) and alpha(2), and SKCa channels in NANC relaxation of mouse distal colon. European Journal

of Pharmacology 589: 251-259.

Dhaese |, Vanneste G, Sips P, Buys ES, Brouckaert P, Lefebvre RA (2009). Small intestinal motility in soluble
guanylate cyclase alpha(1) knockout mice. Naunyn-Schmiedebergs Archives of Pharmacology 379: 473-487.

Dong G, Liu C, Xu B, Jing H, Li D, Wu H (2012). Postoperative abdominal complications after cardiopulmonary
bypass. J Cardiothorac Surg 7: 108.

Doorly MG & Senagore AJ (2012). Pathogenesis and clinical and economic consequences of postoperative
ileus. Surg Clin North Am 92: 259-72, viii.

Duranski MR, Greer JJ, Dejam A, Jaganmohan S, Hogg N, Langston W et al. (2005). Cytoprotective effects of
nitrite during in vivo ischemia-reperfusion of the heart and liver. J Clin Invest 115: 1232-1240.

Engel DR, Koscielny A, Wehner S, Maurer J, Schiwon M, Franken L et al. (2010). T helper type 1 memory cells
disseminate postoperative ileus over the entire intestinal tract. Nat Med 16: 1407-1413.

59



Chapter |
Literature survey

Erdmann E, Semigran MJ, Nieminen MS, Gheorghiade M, Agrawal R, Mitrovic V et al. (2012). Cinaciguat, a
soluble guanylate cyclase activator, unloads the heart but also causes hypotension in acute decompensated
heart failure. Eur Heart J 34: 57-67.

Evgenov OV, Ichinose F, Evgenov NV, Gnoth MJ, Falkowski GE, Chang Y et al. (2004). Soluble guanylate cyclase
activator reverses acute pulmonary hypertension and augments the pulmonary vasodilator response to
inhaled nitric oxide in awake lambs. Circulation 110: 2253-2259.

Evgenov OV, Kohane DS, Bloch KD, Stasch JP, Volpato GP, Bellas E et al. (2007). Inhaled agonists of soluble
guanylate cyclase induce selective pulmonary vasodilation. Am J Respir Crit Care Med 176: 1138-1145.

Evgenov OV, Pacher P, Schmidt PM, Hasko G, Schmidt HH, Stasch JP (2006). NO-independent stimulators and
activators of soluble guanylate cyclase: discovery and therapeutic potential. Nat Rev Drug Discov 5: 755-768.

Fanning J & Yu-Brekke S (1999). Prospective trial of aggressive postoperative bowel stimulation following
radical hysterectomy. Gynecol Oncol 73: 412-414.

Field CE & Lond MD (1944). Octyl nitrate in achalasia of the cardia. Lancet 2: 848-851.

Follmann M, Griebenow N, Hahn MG, Hartung |, Mais FJ, Mittendorf J et al. (2013). The Chemistry and Biology
of Soluble Guanylate Cyclase Stimulators and Activators. Angew Chem Int Ed Engl.

Foxx-Orenstein AE & Grider JR (1996). Regulation of colonic propulsion by enteric excitatory and inhibitory
neurotransmitters. American Journal of Physiology-Gastrointestinal and Liver Physiology 271: G433-G437.

Fraser R, Vozzo R, Di Matteo AC, Boeckxstaens G, Adachi K, Dent J et al. (2005). Endogenous nitric oxide
modulates small intestinal nutrient transit and activity in healthy adult humans. Scand J Gastroenterol 40:
1290-1295.

Friebe A, Mergia E, Dangel O, Lange A, Koesling D (2007). Fatal gastrointestinal obstruction and hypertension
in mice lacking nitric oxide-sensitive guanylyl cyclase. Proc Nat! Acad Sci U S A 104: 7699-7704.

Friebe A, Mullershausen F, Smolenski A, Walter U, Schultz G, Koesling D (1998). YC-1 potentiates nitric oxide-
and carbon monoxide-induced cyclic GMP effects in human platelets. Mol Pharmacol 54: 962-967.

Fritz BG, Hu X, Brailey JL, Berry RE, Walker F, Montfort WR (2011). Oxidation and Loss of Heme in Soluble
Guanylyl Cyclase from Manduca sexta. Biochemistry 50: 5813-5815.

Furness JB, Nguyen TV, Nurgali K, Shimizy Y (2011). Textbook of gastroenterology (5th edition; Ed. Yamada T).
The enteric nervous system and its extrinsic connections: chapter 2.

Galle J, Zabel U, Hubner U, Hatzelmann A, Wagner B, Wanner C et al. (1999). Effects of the soluble guanylyl
cyclase activator, YC-1, on vascular tone, cyclic GMP levels and phosphodiesterase activity. Br J Pharmacol 127:
195-203.

Garthwaite G, Goodwin DA, Neale S, Riddall D, Garthwaite J (2002). Soluble guanylyl cyclase activator YC-1
protects white matter axons from nitric oxide toxicity and metabolic stress, probably through Na(+) channel
inhibition. Mol Pharmacol 61: 97-104.

Gelfond M, Rozen P, Gilat T (1982). Isosorbide dinitrate and nifedipine treatment of achalasia: a clinical,
manometric and radionuclide evaluation. Gastroenterology 83: 963-969.

Gheorghiade M, Greene SJ, Filippatos G, Erdmann E, Ferrari R, Levy PD et al. (2012). Cinaciguat, a soluble

guanylate cyclase activator: results from the randomized, controlled, phase Ilb COMPOSE programme in acute
heart failure syndromes. Eur J Heart Fail 14: 1056-1066.

60



Chapter |
Literature survey

Ghofrani HA, D'Armini AM, Grimminger F, Hoeper MM, Jansa P, Kim NH et al. (2013a). Riociguat for the
treatment of chronic thromboembolic pulmonary hypertension. N Engl J Med 369: 319-329.

Ghofrani HA, Galie N, Grimminger F, Grunig E, Humbert M, Jing ZC et al. (2013b). Riociguat for the treatment
of pulmonary arterial hypertension. N Engl J Med 369: 330-340.

Glaza |, Szadujkis-Szadurski L, Szadujkis-Szadurski R, Gajdus M, Rzepka A, Gurtowska N (2011). Activity of
guanylyl cyclase activators on the reaction of tracheal smooth muscle contraction. Postepy Hig Med Dosw
(Online ) 65: 496-500.

Gomez-Pinilla PJ, Farro G, Di GM, Stakenborg N, Nemethova A, de VA et al. (2014). Mast cells play no role in
the pathogenesis of postoperative ileus induced by intestinal manipulation. PLoS One 9: e85304.

Goyal RK & Hirano | (1996). The enteric nervous system. N Engl J Med 334: 1106-1115.

Groneberg D, Konig P, Koesling D, Friebe A (2011). Nitric oxide-sensitive guanylyl cyclase is dispensable for
nitrergic signaling and gut motility in mouse intestinal smooth muscle. Gastroenterology 140: 1608-1617.

Groneberg D, Konig P, Wirth A, Offermanns S, Koesling D, Friebe A (2010). Smooth muscle-specific deletion of
nitric oxide-sensitive guanylyl cyclase is sufficient to induce hypertension in mice. Circulation 121: 401-409.

Groneberg D, Lies B, Konig P, Jager R, Seidler B, Klein S et al. (2013). Cell-specific deletion of nitric oxide-
sensitive guanylyl cyclase reveals a dual pathway for nitrergic neuromuscular transmission in the murine

fundus. Gastroenterology 145: 188-196.

Grundy D, Al-Chaer ED, Aziz Q, Collins SM, Ke M, Tache Y et al. (2006). Fundamentals of
neurogastroenterology: basic science. Gastroenterology 130: 1391-1411.

Han-Geurts 1), Hop WC, Kok NF, Lim A, Brouwer KJ, Jeekel J (2007). Randomized clinical trial of the impact of
early enteral feeding on postoperative ileus and recovery. Br J Surg 94: 555-561.

Harteneck C, Koesling D, Soling A, Schultz G, Bohme E (1990). Expression of soluble guanylyl cyclase. Catalytic
activity requires two enzyme subunits. FEBS Lett 272: 221-223.

Harteneck C, Wedel B, Koesling D, Malkewitz J, Bohme E, Schultz G (1991). Molecular cloning and expression of
a new alpha-subunit of soluble guanylyl cyclase. Interchangeability of the alpha-subunits of the enzyme. FEBS
Lett 292: 217-222.

Hobbs AJ (1997). Soluble guanylate cyclase: the forgotten sibling. Trends Pharmacol Sci 18: 484-491.

Hobbs AJ & Moncada S (2003). Antiplatelet properties of a novel, non-NO-based soluble guanylate cyclase
activator, BAY 41-2272. Vascul Pharmacol 40: 149-154.

Hoffmann LS, Schmidt PM, Keim Y, Schaefer S, Schmidt HH, Stasch JP (2009). Distinct molecular requirements
for activation or stabilization of soluble guanylyl cyclase upon haem oxidation-induced degradation. Br J
Pharmacol 157: 781-795.

Holte K & Kehlet H (2000). Postoperative ileus: a preventable event. BrJ Surg 87: 1480-1493.

Holte K, Sharrock NE, Kehlet H (2002). Pathophysiology and clinical implications of perioperative fluid excess.
BrJ Anaesth 89: 622-632.

Holzer P, Lippe IT, Amann R (1992). Participation of capsaicin-sensitive afferent neurons in gastric motor
inhibition caused by laparotomy and intraperitoneal acid. Neuroscience 48: 715-722.

Hsieh GC, O'Neill AB, Moreland RB, Sullivan JP, Brioni JD (2003). YC-1 potentiates the nitric oxide/cyclic GMP
pathway in corpus cavernosum and facilitates penile erection in rats. Eur J Pharmacol 458: 183-189.

61



Chapter |
Literature survey

Huang PL, Dawson TM, Bredt DS, Snyder SH, Fishman MC (1993). Targeted disruption of the neuronal nitric
oxide synthase gene. Cell 75: 1273-1286.

Huh JW, Kim SY, Lee JH, Lee YS (2011). YC-1 attenuates hypoxia-induced pulmonary arterial hypertension in
mice. Pulm Pharmacol Ther 24: 638-646.

lachini BF, Radico F, Muscente F, Horowitz J, De CR (2012). Nitrates and other nitric oxide donors in cardiology:
current positioning and perspectives. Cardiovasc Drugs Ther 26: 55-69.

ladecola C, Zhang F, Xu S, Casey R, Ross ME (1995). Inducible nitric oxide synthase gene expression in brain
following cerebral ischemia. J Cereb Blood Flow Metab 15: 378-384.

Ignarro LJ, Napoli C, Loscalzo J (2002). Nitric oxide donors and cardiovascular agents modulating the bioactivity
of nitric oxide: an overview. Circ Res 90: 21-28.

lino S, Horiguchi K, Nojyo Y (2008). Interstitial cells of Cajal are innervated by nitrergic nerves and express nitric
oxide-sensitive guanylate cyclase in the guinea-pig gastrointestinal tract. Neuroscience 152: 437-448.

Jung KH, Chu K, Ko SY, Lee ST, Sinn DI, Park DK et al. (2006). Early intravenous infusion of sodium nitrite
protects brain against in vivo ischemia-reperfusion injury. Stroke 37: 2744-2750.

Kalff JC, Carlos TM, Schraut WH, Billiar TR, Simmons RL, Bauer AJ (1999a). Surgically induced leukocytic
infiltrates within the rat intestinal muscularis mediate postoperative ileus. Gastroenterology 117: 378-387.

Kalff JC, Carlos TM, Schraut WH, Billiar TR, Simmons RL, Bauer AJ (1999b). Surgically induced leukocytic
infiltrates within the rat intestinal muscularis mediate postoperative ileus. Gastroenterology 117: 378-387.

Kalff JC, Schraut WH, Billiar TR, Simmons RL, Bauer AJ (2000). Role of inducible nitric oxide synthase in
postoperative intestinal smooth muscle dysfunction in rodents. Gastroenterology 118: 316-327.

Kalff JC, Schraut WH, Simmons RL, Bauer AJ (1998). Surgical manipulation of the gut elicits an intestinal
muscularis inflammatory response resulting in postsurgical ileus. Ann Surg 228: 652-663.

Kalsi JS, Rees RW, Hobbs AJ, Royle M, Kell PD, Ralph DJ et al. (2003). BAY41-2272, a novel nitric oxide
independent soluble guanylate cyclase activator, relaxes human and rabbit corpus cavernosum in vitro. J Urol

169: 761-766.

Karmeli F, Stalnikowicz R, Rachmilewitz D (1997). Effect of colchicine and bisacodyl on rat intestinal transit and
nitric oxide synthase activity. Scand J Gastroenterol 32: 791-796.

Kashyap P & Farrugia G (2011). Oxidative stress: key player in gastrointestinal complications of diabetes.
Neurogastroenterol Motil 23: 111-114.

Kasparek MS, Linden DR, Kreis ME, Sarr MG (2008). Gasotransmitters in the gastrointestinal tract. Surgery 143:
455-459.

Kehlet H (1997). Multimodal approach to control postoperative pathophysiology and rehabilitation. Br J
Anaesth 78: 606-617.

Kehlet H (2008). Postoperative ileus--an update on preventive techniques. Nat Clin Pract Gastroenterol
Hepatol 5: 552-558.

Kibler VA, Hayes RM, Johnson DE, Anderson LW, Just SL, Wells NL (2012). Cultivating quality: early
postoperative ambulation: back to basics. Am J Nurs 112: 63-69.

Klein S, Seidler B, Kettenberger A, Sibaev A, Rohn M, Feil R et al. (2013). Interstitial cells of Cajal integrate
excitatory and inhibitory neurotransmission with intestinal slow-wave activity. Nat Commun 4: 1630.

62



Chapter |
Literature survey

Ko FN, Wu CC, Kuo SC, Lee FY, Teng CM (1994). YC-1, a novel activator of platelet guanylate cyclase. Blood 84:
4226-4233.

Koeppen BM & Stanton BA (2008). Berne & Levy Physiology (6th edition). Gastrointestinal physiology: 485-495.

Konduri GG, Bakhutashvili |, Eis A, Pritchard K, Jr. (2007). Oxidant stress from uncoupled nitric oxide synthase
impairs vasodilation in fetal lambs with persistent pulmonary hypertension. Am J Physiol Heart Circ Physiol
292: H1812-H1820.

Konturek JW, Fischer H, Gromotka PM, Konturek SJ, Domschke W (1999). Endogenous nitric oxide in the
regulation of gastric secretory and motor activity in humans. Aliment Pharmacol Ther 13: 1683-1691.

Korge P, Honda HM, Weiss JN (2002). Protection of cardiac mitochondria by diazoxide and protein kinase C:
implications for ischemic preconditioning. Proc Natl Acad Sci U S A 99: 3312-3317.

Korkmaz S, Loganathan S, Mikles B, Radovits T, Barnucz E, Hirschberg K et al. (2012). Nitric Oxide- and Heme-
Independent Activation of Soluble Guanylate Cyclase Attenuates Peroxynitrite-Induced Endothelial
Dysfunction in Rat Aorta. J Cardiovasc Pharmacol Ther 18: 70-77.

Korkmaz S, Radovits T, Barnucz E, Hirschberg K, Neugebauer P, Loganathan S et al. (2009). Pharmacological
activation of soluble guanylate cyclase protects the heart against ischemic injury. Circulation 120: 677-686.

Kumar P (2013). Use of Inhaled Nitric Oxide in Preterm Infants. Pediatrics 133: 164-170.
Lapp H, Mitrovic V, Franz N, Heuer H, Buerke M, Wolfertz J et al. (2009). Cinaciguat (BAY 58-2667) improves
cardiopulmonary hemodynamics in patients with acute decompensated heart failure. Circulation 119: 2781-

2788.

Lefebvre RA, Dick JM, Guerin S, Malbert CH (2005). Involvement of NO in gastric emptying of semi-solid meal in
conscious pigs. Neurogastroenterol Motil 17: 229-235.

Lesnefsky EJ, Chen Q, Moghaddas S, Hassan MO, Tandler B, Hoppel CL (2004). Blockade of electron transport
during ischemia protects cardiac mitochondria. J Biol Chem 279: 47961-47967.

Lewis SJ, Egger M, Sylvester PA, Thomas S (2001). Early enteral feeding versus "nil by mouth" after
gastrointestinal surgery: systematic review and meta-analysis of controlled trials. BMJ 323: 773-776.

Li S, Liu Y, Peng Q, Xie L, Wang J, Qin X (2013). Chewing gum reduces postoperative ileus following abdominal
surgery: a meta-analysis of 17 randomized controlled trials. J Gastroenterol Hepatol 28: 1122-1132.

Liu S, Carpenter RL, Neal JM (1995). Epidural anesthesia and analgesia. Their role in postoperative outcome.
Anesthesiology 82: 1474-1506.

Lobo DN, Bostock KA, Neal KR, Perkins AC, Rowlands BJ, Allison SP (2002). Effect of salt and water balance on
recovery of gastrointestinal function after elective colonic resection: a randomised controlled trial. Lancet 359:

1812-1818.

Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart |, Park J, Schulz S et al. (2000). Guanylyl cyclases and signaling
by cyclic GMP. Pharmacol Rev 52: 375-414.

Lundberg 1O, Gladwin MT, Ahluwalia A, Benjamin N, Bryan NS, Butler A et al. (2009). Nitrate and nitrite in
biology, nutrition and therapeutics. Nat Chem Biol 5: 865-869.

Lundberg JO, Weitzberg E, Gladwin MT (2008). The nitrate-nitrite-nitric oxide pathway in physiology and
therapeutics. Nat Rev Drug Discov 7: 156-167.

Marieb EN, Mallat J, Wilhelm PB (2004). Human anatomy (Fourth edition). The digestive system: 609-646.

63



Chapter |
Literature survey

Mashimo H & Goyal RK (2006). Physiology of esophageal motility. G/ motility online doi:10.1038/gimo3.

Mashimo H, Kjellin A, Goyal RK (2000). Gastric stasis in neuronal nitric oxide synthase-deficient knockout mice.
Gastroenterology 119: 766-773.

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

Matthews JR, Botting CH, Panico M, Morris HR, Hay RT (1996). Inhibition of NF-kappaB DNA binding by nitric
oxide. Nucleic Acids Res 24: 2236-2242.

Mergia E, Russwurm M, Zoidl G, Koesling D (2003). Major occurrence of the new alpha(2)beta(1) isoform of
NO-sensitive guanylyl cyclase in brain. Cellular Signalling 15: 189-195.

Meurer S, Pioch S, Pabst T, Opitz N, Schmidt PM, Beckhaus T et al. (2009). Nitric oxide-independent vasodilator
rescues heme-oxidized soluble guanylate cyclase from proteasomal degradation. Circ Res 105: 33-41.

Miedema BW, Schillie S, Simmons JW, Burgess SV, Liem T, Silver D (2002). Small bowel motility and transit
after aortic surgery. J Vasc Surg 36: 19-24.

Milsom AB, Patel NS, Mazzon E, Tripatara P, Storey A, Mota-Filipe H et al. (2010). Role for endothelial nitric

oxide synthase in nitrite-induced protection against renal ischemia-reperfusion injury in mice. Nitric Oxide 22:
141-148.

Mitrovic V, Hernandez AF, Meyer M, Gheorghiade M (2009). Role of guanylate cyclase modulators in
decompensated heart failure. Heart Failure Reviews 14: 309-319.

Mizuta Y, Isomoto H, Takahashi T (2000). Impaired nitrergic innervation in rat colitis induced by dextran sulfate
sodium. Gastroenterology 118: 714-723.

Mizuta Y, Takahashi T, Owyang C (1999). Nitrergic regulation of colonic transit in rats. Am J Physiol 277: G275-
G279.

Mullershausen F, Russwurm M, Friebe A, Koesling D (2004). Inhibition of phosphodiesterase type 5 by the
activator of nitric oxide-sensitive guanylyl cyclase BAY 41-2272. Circulation 109: 1711-1713.

Mulsch A, Bauersachs J, Schafer A, Stasch JP, Kast R, Busse R (1997). Effect of YC-1, an NO-independent,
superoxide-sensitive stimulator of soluble guanylyl cyclase, on smooth muscle responsiveness to
nitrovasodilators. Br J Pharmacol 120: 681-689.

Munzel T, Daiber A, Gori T (2011). Nitrate therapy: new aspects concerning molecular action and tolerance.
Circulation 123: 2132-2144.

Murad F (2011). Nitric oxide: the coming of the second messenger. Rambam Maimonides Med J 2: e0038.
Nakane M, Hsieh G, Miller LN, Chang R, Terranova MA, Moreland RB et al. (2002). Activation of soluble
guanylate cyclase causes relaxation of corpus cavernosum tissue: synergism of nitric oxide and YC-1. Int J

Impot Res 14: 121-127.

Nelson R, Tse B, Edwards S (2005). Systematic review of prophylactic nasogastric decompression after
abdominal operations. Br J Surg 92: 673-680.

O'Reilly DA, Mclaughlin BE, Marks GS, Brien JF, Nakatsu K (2001). YC-1 enhances the responsiveness of
tolerant vascular smooth muscle to glyceryl trinitrate. Can J Physiol Pharmacol 79: 43-48.

Ogilvy AJ & Smith G (1995). The gastrointestinal tract after anaesthesia. Eur J Anaesthesiol Suppl 10: 35-42.

64



Chapter |
Literature survey

Olsson C & Holmgren S (2001). The control of gut motility. Comp Biochem Physiol A Mol Integr Physiol 128:
481-503.

Orihata M & Sarna SK (1994). Inhibition of nitric oxide synthase delays gastric emptying of solid meals. J
Pharmacol Exp Ther 271: 660-670.

Pasternak GW (1993). Pharmacological mechanisms of opioid analgesics. Clin Neuropharmacol 16: 1-18.

Pepke-Zaba J, Higenbottam TW, nh-Xuan AT, Stone D, Wallwork J (1991). Inhaled nitric oxide as a cause of
selective pulmonary vasodilatation in pulmonary hypertension. Lancet 338: 1173-1174.

Person B & Wexner SD (2006). The management of postoperative ileus. Curr Probl Surg 43: 6-65.

Pfeifer A, Klatt P, Massberg S, Ny L, Sausbier M, Hirneiss C et al. (1998). Defective smooth muscle regulation in
cGMP kinase I-deficient mice. EMBO J 17: 3045-3051.

Phillips L, Toledo AH, Lopez-Neblina F, naya-Prado R, Toledo-Pereyra LH (2009). Nitric oxide mechanism of
protection in ischemia and reperfusion injury. J Invest Surg 22: 46-55.

Phillips RJ & Powley TL (2007). Innervation of the gastrointestinal tract: patterns of aging. Auton Neurosci 136:
1-19.

Pyriochou A & Papapetropoulos A (2005). Soluble guanylyl cyclase: more secrets revealed. Cell Signal 17: 407-
413.

Raat NJ, Noguchi AC, Liu VB, Raghavachari N, Liu D, Xu X et al. (2009a). Dietary nitrate and nitrite modulate
blood and organ nitrite and the cellular ischemic stress response. Free Radic Biol Med 47: 510-517.

Raat NJ, Shiva S, Gladwin MT (2009b). Effects of nitrite on modulating ROS generation following ischemia and
reperfusion. Adv Drug Deliv Rev 61: 339-350.

Radovits T, Korkmaz S, Miesel-Groschel C, Seidel B, Stasch JP, Merkely B et al. (2011). Pre-conditioning with the
soluble guanylate cyclase activator Cinaciguat reduces ischaemia-reperfusion injury after cardiopulmonary
bypass. Eur J Cardiothorac Surg 39: 248-255.

Ritvo M & McDonald EJ (1940). Value of nitrates in cardiospasm (achalasia of the esophagus): preliminary
report. Am J Roentgenol 43: 500-508.

Rivera LR, Poole DP, Thacker M, Furness JB (2011). The involvement of nitric oxide synthase neurons in enteric
neuropathies. Neurogastroenterol Motil 23: 980-988.

Robson T & Wilkinson RS (1946). Tolerance to octyl nitrite in achalasia of the cardia. Lancet 1: 737-738.
Roger S, Badier-Commander C, Paysant J, Cordi A, Verbeuren TJ, Feletou M (2010). The anti-aggregating effect
of BAY 41-2272, a stimulator of soluble guanylyl cyclase, requires the presence of nitric oxide. Br J Pharmacol

161: 1044-1058.

Rothermund L, Friebe A, Paul M, Koesling D, Kreutz R (2000). Acute blood pressure effects of YC-1-induced
activation of soluble guanylyl cyclase in normotensive and hypertensive rats. Br J Pharmacol 130: 205-208.

Russwurm M, Behrends S, Harteneck C, Koesling D (1998). Functional properties of a naturally occurring
isoform of soluble guanylyl cyclase. Biochem J 335 ( Pt 1): 125-130.

Salloum FN, Das A, Samidurai A, Hoke NN, Chau VQ, Ockaili RA et al. (2012). Cinaciguat, a novel activator of

soluble guanylate cyclase, protects against ischemia/reperfusion injury: role of hydrogen sulfide. Am J Physiol
Heart Circ Physiol 302: H1347-H1354.

65



Chapter |
Literature survey

Sanders KM (1996). A case for interstitial cells of Cajal as pacemakers and mediators of neurotransmission in
the gastrointestinal tract. Gastroenterology 111: 492-515.

Sarna SK (1991). Physiology and pathophysiology of colonic motor activity (2). Dig Dis Sci 36: 998-1018.

Sasaki N, Sato T, Ohler A, O'Rourke B, Marban E (2000). Activation of mitochondrial ATP-dependent potassium
channels by nitric oxide. Circulation 101: 439-445.

Schafer A, Fraccarollo D, Werner L, Bauersachs J (2010). Guanylyl cyclase activator ataciguat improves vascular
function and reduces platelet activation in heart failure. Pharmacol Res 62: 432-438.

Schindler U, Strobel H, Schonafinger K, Linz W, Lohn M, Martorana PA et al. (2006). Biochemistry and
pharmacology of novel anthranilic acid derivatives activating heme-oxidized soluble guanylyl cyclase. Mol
Pharmacol 69: 1260-1268.

Schmidt HHW, Schmidt MS, Stasch JP (2009). NO- and haem-independent soluble guanylate cyclase activators.
Handbook of Experimental Pharmacology 191: 309-333.

Schrammel A, Behrends S, Schmidt K, Koesling D, Mayer B (1996). Characterization of 1H-[1,2,4]oxadiazolo[4,3-
alquinoxalin-1-one as a heme-site inhibitor of nitric oxide-sensitive guanylyl cyclase. Mol Pharmacol 50: 1-5.

Schroder A, Hedlund P, Andersson KE (2002). Carbon monoxide relaxes the female pig urethra as effectively as
nitric oxide in the presence of YC-1. J Uro/ 167: 1892-1896.

Schurizek BA (1991). The effects of general anaesthesia on antroduodenal motility, gastric pH and gastric
emptying in man. Dan Med Bull 38: 347-365.

Schwarz NT, Beer-Stolz D, Simmons RL, Bauer AJ (2002). Pathogenesis of paralytic ileus: intestinal manipulation
opens a transient pathway between the intestinal lumen and the leukocytic infiltrate of the jejunal muscularis.
Ann Surg 235: 31-40.

Schwarz NT, Kalff JC, Turler A, Engel BM, Watkins SC, Billiar TR et al. (2001). Prostanoid production via COX-2 as
a causative mechanism of rodent postoperative ileus. Gastroenterology 121: 1354-1371.

Shin WS, Hong YH, Peng HB, De CR, Libby P, Liao JK (1996). Nitric oxide attenuates vascular smooth muscle cell
activation by interferon-gamma. The role of constitutive NF-kappa B activity. J Biol Chem 271: 11317-11324.

Shiva S, Sack MN, Greer JJ, Duranski M, Ringwood LA, Burwell L et al. (2007). Nitrite augments tolerance to
ischemia/reperfusion injury via the modulation of mitochondrial electron transfer. J Exp Med 204: 2089-2102.

Shuttleworth CW & Keef KD (1995). Roles of peptides in enteric neuromuscular transmission. Regul Pept 56:
101-120.

Slupski M, Szadujkis-Szadurski L, Grzesk G, Szadujkis-Szadurski R, Szadujkis-Szadurska K, Wlodarczyk Z et al.
(2007). Guanylate cyclase activators influence reactivity of human mesenteric superior arteries retrieved and
preserved in the same conditions as transplanted kidneys. Transplant Proc 39: 1350-1353.

Snoek SA, Dhawan S, van Bree SH, Cailotto C, van Diest SA, Duarte JM et al. (2011). Mast cells trigger epithelial
barrier dysfunction, bacterial translocation and postoperative ileus in a mouse model. Neurogastroenterol

Motil 24: 172-184.

Stasch JP, Becker EM, Alonso-Alija C, Apeler H, Dembowsky K, Feurer A et al. (2001). NO-independent
regulatory site on soluble guanylate cyclase. Nature 410: 212-215.

Stasch JP & Hobbs AJ (2009). NO-independent, haem-dependent soluble guanylate cyclase stimulators.
Handbook of Experimental Pharmacology 191: 277-296.

66



Chapter |
Literature survey

Stasch JP, Schmidt P, Alonso-Alija C, Apeler H, Dembowsky K, Haerter M et al. (2002). NO- and haem-
independent activation of soluble guanylyl cyclase: molecular basis and cardiovascular implications of a new
pharmacological principle. Br J Pharmacol 136: 773-783.

Stasch JP, Schmidt PM, Nedvetsky Pl, Nedvetskaya TY, Kumar A, Meurer S et al. (2006). Targeting the heme-
oxidized nitric oxide receptor for selective vasodilatation of diseased blood vessels. Journal of Clinical
Investigation 116: 2552-2561.

Steinbrook RA (1998). Epidural anesthesia and gastrointestinal motility. Anesth Analg 86: 837-844.

Story SK & Chamberlain RS (2009). A comprehensive review of evidence-based strategies to prevent and treat
postoperative ileus. Dig Surg 26: 265-275.

Straub A, Stasch JP, onso-Alija C, et-Buchholz J, Ducke B, Feurer A et al. (2001). NO-independent stimulators of
soluble guanylate cyclase. Bioorg Med Chem Lett 11: 781-784.

Swamy N (1977). Esophageal spasm: clinical and manometric response to nitroglycerine and long acting
nitrites. Gastroenterology 72: 23-27.

Taché Y, Monnikes H, Bonaz B, Rivier J (1993). Role of CRF in stress-related alterations of gastric and colonic
motor function. Ann N Y Acad Sci 697: 233-243.

Takahashi T (2003). Pathophysiological significance of neuronal nitric oxide synthase in the gastrointestinal
tract. J Gastroenterol 38: 421-430.

Tanahashi Y, Ichimura Y, Kimura K, Matsuyama H, lino S, Komori S et al. (2013). Cholinergic neuromuscular
transmission mediated by interstitial cells of Cajal in the myenteric layer in mouse ileal longitudinal smooth
muscles. Naunyn Schmiedebergs Arch Pharmacol.

Teixeira CE, Priviero FB, Todd JIr, Webb RC (2006a). Vasorelaxing effect of BAY 41-2272 in rat basilar artery:
involvement of cGMP-dependent and independent mechanisms. Hypertension 47: 596-602.

Teixeira CE, Priviero FB, Webb RC (2006b). Molecular mechanisms underlying rat mesenteric artery
vasorelaxation induced by the nitric oxide-independent soluble guanylyl cyclase stimulators BAY 41-2272 [5-
cyclopropyl-2-[1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridin-3-yl]pyrimidin-4-y  lamine] and YC-1 [3-(5'-
hydroxymethyl-2'-furyl)-1-benzyl Indazole].  Pharmacol Exp Ther 317: 258-266.

Teng CM, Wu CC, Ko FN, Lee FY, Kuo SC (1997). YC-1, a nitric oxide-independent activator of soluble guanylate
cyclase, inhibits platelet-rich thrombosis in mice. Eur J Pharmacol 320: 161-166.

The FO, Bennink RJ, Ankum WM, Buist MR, Busch OR, Gouma DJ et al. (2008). Intestinal handling-induced mast
cell activation and inflammation in human postoperative ileus. Gut 57: 33-40.

Thoonen,R. (2010). Generation and characterization of apo-soluble guanylate cyclase mice PhD Dissertation,
Ghent University.

Thoonen R, Buys E, Cauwels A, Rogge E, Nimmegeers S, Van den Hemel M et al. (2009). NO-insensitive
sGCbetal H105F knockin mice: if NO has no place to go. BMC Pharmacology 9(suppl 1): S41(Abstract).

Toda N & Herman AG (2005). Gastrointestinal function regulation by nitrergic efferent nerves. Pharmacol Rev
57:315-338.

Toque HA, Antunes E, Teixeira CE, de Nucci G (2008). Increased cyclic guanosine monophosphate synthesis and

calcium entry blockade account for the relaxant activity of the nitric oxide-independent soluble guanylyl
cyclase stimulator BAY 41-2272 in the rabbit penile urethra. Urology 72: 711-715.

67



Chapter |
Literature survey

Toque HA, Monica FZ, Morganti RP, de Nucci G, Antunes E (2010). Mechanisms of relaxant activity of the nitric
oxide-independent soluble guanylyl cyclase stimulator BAY 41-2272 in rat tracheal smooth muscle. Eur J
Pharmacol 645: 158-164.

Traut U, Brugger L, Kunz R, Pauli-Magnus C, Haug K, Bucher HC et al. (2008). Systemic prokinetic pharmacologic
treatment for postoperative adynamic ileus following abdominal surgery in adults. Cochrane Database Syst
Rev: CD004930.

Tripatara P, Patel NS, Webb A, Rathod K, Lecomte FM, Mazzon E et al. (2007). Nitrite-derived nitric oxide
protects the rat kidney against ischemia/reperfusion injury in vivo: role for xanthine oxidoreductase. J Am Soc
Nephrol 18: 570-580.

Turgut NH, Temiz TK, Turgut B, Karadas B, Parlak M, Bagcivan | (2013). Investigation of the role of the NO-
cGMP pathway on YC-1 and DEA/NO effects on thoracic aorta smooth muscle responses in a rat preeclampsia
model. Can J Physiol Pharmacol 91: 797-803.

Turler A, Kalff JC, Moore BA, Hoffman RA, Billiar TR, Simmons RL et al. (2006). Leukocyte-derived inducible
nitric oxide synthase mediates murine postoperative ileus. Ann Surg 244: 220-229.

Vanneste G, Dhaese |, Sips P, Buys E, Brouckaert P, Lefebvre RA (2007). Gastric motility in soluble guanylate
cyclase alpha(1) knock-out mice. Journal of Physiology-London 584: 907-920.

Vather R & Bissett | (2013). Management of prolonged post-operative ileus: evidence-based
recommendations. ANZ J Surg 83: 319-324.

Vather R, Trivedi S, Bissett | (2013). Defining Postoperative lleus: Results of a Systematic Review and Global
Survey. J Gastrointest Surg 17: 962-972.

Waldhausen JH & Schirmer BD (1990). The effect of ambulation on recovery from postoperative ileus. Ann
Surg 212: 671-677.

Wang LM, Tian XF, Song QY, Gao ZM, Luo FW, Yang CM (2003). Expression and role of inducible nitric oxide
synthase in ischemia-reperfusion liver in rats. Hepatobiliary Pancreat Dis Int 2: 252-258.

Wang S, Shah N, Philip J, Caraccio T, Feuerman M, Malone B (2012). Role of alvimopan (entereg) in
gastrointestinal recovery and hospital length of stay after bowel resection. P T 37: 518-525.

Ward SM, Sanders KM, Hirst GD (2004). Role of interstitial cells of Cajal in neural control of gastrointestinal
smooth muscles. Neurogastroenterol Motil 16 Suppl 1: 112-117.

Wattchow DA, De FD, Bampton PA, Leach PL, Mclaughlin K, Costa M (2009). Clinical trial: the impact of
cyclooxygenase inhibitors on gastrointestinal recovery after major surgery - a randomized double blind
controlled trial of celecoxib or diclofenac vs. placebo. Aliment Pharmacol Ther 30: 987-998.

Wedel B, Humbert P, Harteneck C, Foerster J, Malkewitz J, Bohme E et al. (1994). Mutation of His-105 in the
beta 1 subunit yields a nitric oxide-insensitive form of soluble guanylyl cyclase. Proc Natl Acad Sci U S A 91:
2592-2596.

Wehner S, Behrendt FF, Lyutenski BN, Lysson M, Bauer AJ, Hirner A et al. (2007). Inhibition of macrophage
function prevents intestinal inflammation and postoperative ileus in rodents. Gut 56: 176-185.

Weissmann N, Hackemack S, Dahal BK, Pullamsetti SS, Savai R, Mittal M et al. (2009). The soluble guanylate
cyclase activator HMR1766 reverses hypoxia-induced experimental pulmonary hypertension in mice. Am J

Physiol Lung Cell Mol Physiol 297: L658-L665.

Weitzberg E, Hezel M, Lundberg JO (2010). Nitrate-nitrite-nitric oxide pathway: implications for anesthesiology
and intensive care. Anesthesiology 113: 1460-1475.

68



Chapter |
Literature survey

Wen ZH, Gardener E, Wang YP (2004). Nitrates for achalasia. Cochrane Database Syst Rev: CD002299.

Whittle BJ (2005). Nitric oxide-modulating agents for gastrointestinal disorders. Expert Opin Investig Drugs 14:
1347-1358.

Wiriyakosol S, Kongdan Y, Euanorasetr C, Wacharachaisurapol N, Lertsithichai P (2007). Randomized controlled
trial of bisacodyl suppository versus placebo for postoperative ileus after elective colectomy for colon cancer.
Asian J Surg 30: 167-172.

Wohlfart P, Malinski T, Ruetten H, Schindler U, Linz W, Schoenafinger K et al. (1999). Release of nitric oxide
from endothelial cells stimulated by YC-1, an activator of soluble guanylyl cyclase. Br J Pharmacol 128: 1316-
1322.

Wood J (2011). Enteric motor neurons. Enteric nervous system: the brain in the gut: 33-37.

Wood JD & Galligan JJ (2004). Function of opioids in the enteric nervous system. Neurogastroenterol Motil 16
Suppl 2: 17-28.

Wu CC, Ko FN, Kuo SC, Lee FY, Teng CM (1995). YC-1 inhibited human platelet aggregation through NO-
independent activation of soluble guanylate cyclase. BrJ Pharmacol 116: 1973-1978.

Xu C & Chi P (2012). Comparison of the incidence of postoperative ileus following laparoscopic and open
radical resection for colorectal cancer: a meta-analysis. Zhonghua Wei Chang Wai Ke Za Zhi 15: 1044-1047.

Yuen PS, Potter LR, Garbers DL (1990). A new form of guanylyl cyclase is preferentially expressed in rat kidney.
Biochemistry 29: 10872-10878.

Zandecki M, Vanden BP, Depoortere |, Geboes K, Peeters T, Janssens J et al. (2008). Characterization of
myenteric neuropathy in the jejunum of spontaneously diabetic BB-rats. Neurogastroenterol Motil 20: 818-

828.

Zhao Y, Brandish PE, DiValentin M, Schelvis JP, Babcock GT, Marletta MA (2000). Inhibition of soluble guanylate
cyclase by ODQ. Biochemistry 39: 10848-10854.

Zhu H & Li YR (2012). Oxidative stress and redox signaling mechanisms of inflammatory bowel disease:
updated experimental and clinical evidence. Exp Biol Med (Maywood ) 237: 474-480.

Zingg U, Miskovic D, Pasternak I, Meyer P, Hamel CT, Metzger U (2008). Effect of bisacodyl on postoperative
bowel motility in elective colorectal surgery: a prospective, randomized trial. Int J Colorectal Dis 23: 1175-1183.

69






Chapter i

AIMS






Chapter lI
Aims

Chapter Il Aims

The principal intracellular receptor for NO as smooth muscle cell relaxant, is sGC
(Hobbs, 1997). In both physiologically functional isoforms of sGC (sGCa;; and sGCa;,f;), NO
binds to heme that is linked to histidine 105 in the B; subunit. This will generate cGMP, that
mediates smooth muscle cell relaxation (Feil et al., 2003; Toda & Herman, 2005). In the
cardiovascular system, this nitrergic relaxation is therapeutically applied by use of NO
donors such as organic nitrates. Dysfunction of the endothelium is found in several
cardiovascular diseases and will lead to NO deficiency. Organic nitrates proved to be
effective NO donors in a variety of cardiovascular disorders (Ignarro et al., 2002). However,
the development of tolerance limits the continuous clinical application of NO donors
(Munzel et al., 2011; lachini et al., 2012). Tolerance is associated with increased oxidative
stress (Munzel et al., 2011), as are some pathological conditions such as heart failure and
pulmonary hypertension (Konduri et al., 2007; Mitrovic et al.,, 2009). Oxidative stress
interferes with the NO-sGC-cGMP pathway through scavenging of NO and formation of ROS,
that oxidize sGC towards an NO-insensitive heme-free status (Fritz et al., 2011); treatment
with NO donors becomes thus less effective. During the last 15 years, two novel drug classes
have been discovered that seem to address these problems: the heme-dependent sGC
stimulators and the heme-independent sGC activators (Evgenov et al., 2006). These novel
classes of compounds are capable of activating the reduced and/or oxidized/heme-free
state of sGC in an NO-independent manner. sGC stimulators are capable of directly
stimulating the reduced form of sGC, acting in synergy with NO, but they can also stimulate
reduced sGC independently of NO, allowing to circumvent conditions with decreased
endogenous generation of NO (Stasch & Hobbs, 2009). sGC activators preferably activate
the oxidized/heme-free enzyme (Schmidt et al., 2009); these drugs should thus target the
enzyme more extensively in pathological conditions associated with oxidative stress.

In the gastrointestinal system, NO synthesized by nNOS and released from NANC
neurons will target sGC and induce gastrointestinal smooth muscle relaxation. This
contributes to the control of gastrointestinal motility, as evident from the delay in gastric

emptying and intestinal transit upon NOS inhibition or in nNOS knockout mice (Huang et al.,
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1993; Karmeli et al., 1997; Mizuta et al., 1999; Mashimo et al., 2000; Chiba et al., 2002;
Fraser et al., 2005). Impaired nitrergic innervation of gastrointestinal smooth muscle plays a
crucial role in several disorders with gastrointestinal dysmotility, such as functional
dyspepsia, esophageal achalasia, infantile hypertrophic pyloric stenosis, delayed gastric
emptying after vagotomy and Hirschsprung's disease (Goyal & Hirano, 1996; Takahashi,
2003). NO donors, such as organic nitrates, have not been applied frequently in these
gastrointestinal disorders, also because of the well-known attenuation of their effect after
long term usage due to the development of tolerance (Robson & Wilkinson, 1946). Aging
and diseases such as colitis and diabetes can lead to enteric nitrergic neuronal dysfunction
and motility disturbances (Mizuta et al., 2000; Phillips & Powley, 2007; Zandecki et al.,
2008). These conditions are associated with oxidative stress (Kashyap & Farrugia, 2011;
Cannizzo et al., 2011; Zhu & Li, 2012). ROS were suggested to increase the likelihood of
damage to enteric nitrergic neurons (Rivera et al., 2011); additionally, it can be expected
that enteric sGC will be driven to the oxidized/heme-free status in these conditions, making
it unresponsive towards endogenous NO but also NO donors. Direct sGC stimulation and/or
activation might thus also be useful in gastrointestinal disorders. Reports on the

gastrointestinal effects of sGC stimulators/activators are however limited.

Recently, sGCBlHismsphe knockin (apo-sGC) mice were developed (Thoonen et al.,
2009). The histidine 105 residue of the B; subunit is a crucial amino acid for the binding of
the heme group to sGC (Schmidt et al., 2004); the resulting heme-deficient sGC isoforms
retain their basal activity but can no longer be activated by NO (Wedel et al., 1994). These
apo-sGC mice can thus be considered as a model for oxidized/heme-free sGC. Apo-sGC mice
are characterized by a reduced live span, growth retardation and elevated blood pressure
(Thoonen et al., 2009). Our first aim was to investigate the consequences of inducing a
heme-free status of sGC on gastrointestinal nitrergic signaling and motility. These results are
summarized in chapter lll.

BAY 41-2272 is an NO-independent heme-dependent sGC stimulator, but its relaxant
effect in vascular, respiratory and urogenital tissue is only partially dependent on sGC
activation. As its effect and mechanism of action have not yet been studied in the
gastrointestinal tract, it was investigated in mouse gastric fundus and colon. The results are

summarized in chapter IV.
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Cinaciguat, an NO- and heme-independent sGC activator, was shown to be more
effective when sGC is oxidized in vascular tissue. In our third study, we compare the
influence of cinaciguat on in vitro smooth muscle tone of gastrointestinal tissues and on
gastric emptying in WT and apo-sGC mice. These results are summarized in chapter V.

Next to the sGC stimulators/activators as alternatives to classic NO pharmacotherapy,
we also looked at the inorganic anion nitrite (NO;’), which has been reported to be a source
of NO under hypoxic conditions (Lundberg et al., 2008). Exogenous administration of nitrite
showed to protect the heart, liver, kidney and brain from ischemia/reperfusion injury; a
possible mechanism of action is activation of sGC by NO, produced from nitrite under
hypoxic conditions (Duranski et al., 2005; Dezfulian et al., 2007; Raat et al., 2009). An sGC-
dependent protective effect of nitrite-derived NO was also suggested in a model of TNF-
induced sepsis (Cauwels et al., 2009). Postoperative ileus is a transient impairment of
gastrointestinal motility commonly seen after abdominal surgery. The surgical handling of
the bowel during abdominal surgery leads to muscular inflammation (Bauer & Boeckxstaens,
2004) and oxidative stress (De Backer et al., 2009), two factors known to also play a major
role in ischemia/reperfusion injury and sepsis. The aim of our last study was therefore to
investigate whether nitrite also has a protective, possibly sGC dependent, effect in a model

of postoperative ileus. These results are summarized in chapter VI.
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Chapter lll

Heme deficiency of soluble guanylate cyclase induces gastroparesis

.1  Abstract

Background. Soluble guanylate cyclase (sGC) is the principal target of nitric oxide to
control gastrointestinal motility. The consequence on nitrergic signalling and gut motility of
inducing a heme-free status of sGC, as induced by oxidative stress, was investigated.

Methods. sGCBlHismSPhe knockin (apo-sGC) mice, which express heme-free sGC that
has basal activity but cannot be stimulated by NO, were generated.

Key Results. Diethylenetriamine NONOate did not increase sGC activity in
gastrointestinal tissue of apo-sGC mice. Exogenous NO did not induce relaxation in fundic,
jejunal and colonic strips, and pyloric rings of apo-sGC mice. The stomach was enlarged in
apo-sGC mice with hypertrophy of the muscularis externa of the fundus and pylorus. In
addition, gastric emptying and intestinal transit were delayed and whole gut transit time
was increased in the apo-sGC mice, while distal colonic transit time was maintained. The
nitrergic relaxant responses to electrical field stimulation at 1-4 Hz were abolished in fundic
and jejunal strips from apo-sGC mice but in pyloric rings and colonic strips only the response
at 1 Hz was abolished, indicating the contribution of other transmitters than NO.

Conclusions. The results indicate that the gastrointestinal consequences of switching
from a native sGC to a heme-free sGC, that cannot be stimulated by NO, are most
pronounced at the level of the stomach establishing a pivotal role of the activation of sGC by
NO in normal gastric functioning. In addition, delayed intestinal transit was observed,

indicating that nitrergic activation of sGC also plays a role in the lower gastrointestinal tract.
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1.2  Introduction

Nitric oxide (NO), synthesized by neuronal NO synthase (nNOS, NOS-1) and released
from non-adrenergic non-cholinergic (NANC) neurons, induces smooth muscle relaxation
and contributes to the control of gastrointestinal motility, as evident from the delay in
gastric emptying and intestinal transit upon NOS inhibition or in nNOS knockout mice
(Huang et al., 1993; Karmeli et al., 1997; Mizuta et al., 1999; Mashimo et al., 2000; Chiba et
al., 2002; Fraser et al., 2005). The principal intracellular target of NO is the heme-protein
soluble guanylate cyclase (sGC), generating the second messenger cyclic guanosine 3’-5'-
monophosphate (cGMP) to induce smooth muscle relaxation (Toda & Herman, 2005).
However, sGC-independent relaxant effects of NO involving activation of small conductance
Caz+—dependent K* channels have been described in duodenum (Martins et al., 1995; Serio
et al.,, 2003) and colon (Van Crombruggen & Lefebvre, 2004). Additionally, sGC can be
activated by other stimuli than NO such as carbon monoxide (CO). Even though CO is a very
weak activator of purified sGC (3-fold) (Friebe et al., 1996), CO-induced relaxation in
gastrointestinal smooth muscle is inhibited by the sGC inhibitor ODQ (De Backer et al.,
2008b). CO has been proposed as a gastrointestinal inhibitory neurotransmitter (Hidaka et
al., 2010) or as an endogenous hyperpolarizing factor (Sha et al., 2007).

The physiologically active isoforms of sGC are sGCa;f3;, the predominant isoform in
the gastrointestinal tract, and sGCa,B, (Mergia et al., 2003). We previously reported that in
the gastrointestinal tract sGCa,B; can compensate at least partially for the absence of
sGCaB; as gastric emptying was only mildly impaired and small intestinal transit was not
influenced in sGCa; knockout mice (Vanneste et al.,, 2007; Dhaese et al.,, 2009). Full
knockout of sGC, eliminating activation of both sGC isoforms by NO but also basal sGC
activity, is associated with systemic hypertension, severely delayed gut transit and
premature death (Friebe et al., 2007). Smooth muscle-specific deletion of sGC was
associated with hypertension and loss of vascular muscle responsiveness to NO (Groneberg
et al.,, 2010) but the responsiveness to NO of gastrointestinal muscle was only mildly
reduced, suggesting that sGC in gastrointestinal muscle is dispensable for nitrergic
relaxation (Groneberg et al., 2011). Selective deletion of sGC in the interstitial cells of Cajal
(ICC) did not induce a decrease in NO responsiveness of gastrointestinal muscle. Deletion of

sGC in both smooth muscle and ICC resulted in an impairment of nitrergic relaxation and an
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increase in gut transit time that was similar to that in mice lacking sGC ubiquitously (Lies et
al., 2011). Together, these results suggest a redundant action of sGC in ICC and smooth
muscle cells to induce gastrointestinal nitrergic relaxation.

The prosthetic heme group that interacts with the B; subunit of sGC is essential for
the activation of both sGC isoforms by NO. Oxidation of sGC by reactive oxygen species
(ROS) results in an NO-insensitive heme-free enzyme (Fritz et al., 2011); the latter status of
sGC might contribute to disturbed vasodilatation under oxidative stress (Stasch et al., 2006).
Oxidative stress is also involved in diabetic gastroparesis leading to dysfunction of nitrergic
nerves and ICCs (Kashyap & Farrugia, 2010); however it is unclear whether oxidation of sGC
contributes to disturbed gastric nitrergic relaxation in this condition. The histidine 105
residue of the B, subunit is a crucial amino acid for the binding of the heme group to sGC
(Schmidt et al., 2004). Recently, sGC[31"|i5105Phe knockin (apo-sGC) mice were developed
(Thoonen et al., 2009); the resulting heme-deficient sGC isoforms retain their basal activity
but can no longer be activated by NO (Wedel et al., 1994). The apo-sGC mice are
characterized by a reduced life span, growth retardation and elevated blood pressure
(Thoonen et al., 2009). In the present study, we investigated the consequence of switching
native sGC to heme-free sGC, that cannot be stimulated by NO, in apo-sGC mice on

gastrointestinal nitrergic signalling and motility.

1.3  Materials and methods
111.3.1 Ethical approval

All experimental procedures were approved by the Ethical Committee for Animal

Experiments from the Faculty of Medicine and Health Sciences at Ghent University.

111.3.2 Animals

sGCBl"|i5105Phe knockin mice (apo-sGC) were generated by homologous recombination
in which the targeting vector introduces a mutation of the histidine residue at position 105
(exon 5) to phenylalanine, as well as 5 silent mutations. Correct recombination and germline

transmission was confirmed using PCR and Southern Blot.
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Homozygous sGCBlHismsphe knockin (apo-sGC) mice and wild type (WT) controls were
derived from a heterozygous breeding on a mixed background (129/SvJ-C57BI/6J). WT and
apo-sGC mice of both sexes (male: n = 79 [WT] and 84 [apo-sGC], 7-15 weeks; female: n = 36
[WT] and 36 [apo-sGC], 7-16 weeks) had free access to regular drinking water and
Transbreed Chow (SDS). However, when investigating transit using the phenol red,
fluorescein-labelled dextran, or the colonic bead expulsion method (see below), food was

withheld for 16 hours overnight with free access to water.

111.3.3 Muscle tension experiments
111.3.3.1 Tissue preparation

Animals were sacrificed by cervical dislocation and the gastrointestinal tract was put
in aerated (5 % CO, in O;) Krebs solution (composition in mM: NaCl 118.5, KCI 4.8, KH,PO,4
1.2, MgS0,4 1.2, CaCl, 1.9, NaHCO3 25.0 and glucose 10.1). The stomach was emptied from
its contents and weighed. Two full wall thickness fundus strips (2 x 11 mm) were prepared
by cutting in the direction of the circular muscle layer; one full wall thickness ring (width: 2
mm) was prepared from the pyloric region. A ~ 5 cm long fragment of small bowel, starting
approximately 10 cm distal to the pylorus, and a ~ 4 cm long segment of distal colon, taken
above the pelvic brim, were isolated and opened along the mesenteric border. The mucosa
was removed by sharp dissection under a microscope and two full-thickness muscle strips (4

x 5 mm) were cut along the circular axis.

111.3.3.2 Isometric tension recording

After a cotton thread (fundus) or a silk thread (USP 4/0; jejunum and colon) was
attached to both ends of the strips and two L-shaped tissue hooks were inserted into the
pyloric ring, strips and rings were mounted in 5, 7 or 15 ml organ baths between 2 platinum
plate electrodes (6 mm apart). The organ baths contained aerated (5 % CO, in O,) Krebs
solution, maintained at 37°C. Changes in isometric tension were measured using MLT 050/D
force transducers (ADInstruments) and recorded on a Graphtec linearcorder F WR3701
(Graphtec, Yokohama, Japan) or on a PowerLab/8sp data recording system (ADInstruments)

with Chart software. Electrical field stimulation (EFS) was performed by means of a Grass

86



Chapter llI
Heme deficiency of sGC induces gastroparesis

S88 stimulator (fundus, jejunum and colon) or a 4 channel custom-made stimulator
(pylorus).

After an equilibration period of 30 min with flushing every 10 min at a load of 0.75 g
(fundus), 0.25 g (colon) or 0.125 g (jejunum), the length-tension relationship was
determined. Muscle tissues were stretched by load increments of 0.25 g (fundus and colon)
or 0.125 g (jejunum) and at each load level exposed to 0.1 (fundus and jejunum) or 1 (colon)
MM carbachol to determine the optimal load (L,; the load at which maximal response to the
contractile agent occurred). The pyloric rings were equilibrated at a preliminarily
determined L, of 0.25 g and received carbachol (10 UM) once, in order to check the activity
of the tissue. The medium was then switched to Krebs solution containing 1 uM atropine
and 4 uM guanethidine to obtain NANC conditions and tissues were allowed to equilibrate

for 60 min at L, with flushing every 15 min in Krebs solution.

111.3.3.3 Protocol in fundic, jejunal and colonic strips

All relaxant stimuli were examined after pre-contraction of the strips with 300 nM
(fundus and jejunum) or 3 pM (colon) prostaglandin F,, (PGF,q); relaxations were induced
when the contractile response to PGF,, was stable for at least 2 min (10 to 15 min after
adding PGFy). In a first series, relaxations were induced by application of EFS (40 V, 0.1 ms,
1-2-4-8 Hz for 10 s [jejunum], 30 s [colon] or 60 s [fundus] at 5 min interval) via the platinum
plate electrodes, then by application of exogenous NO (1-10-100 UM with an interval of at
least 5 min during which the effect of a given concentration of NO had disappeared) and
finally by vasoactive intestinal polypeptide (VIP; 100 nM; 5 min contact time). Strips were
washed for 30 min, and were subsequently incubated with the sGC inhibitor 1H[1,2,4,]
oxadiazolo [4,3-a]lquinoxalin-1-one (ODQ; 10 uM) for 30 min. PGF, was then applied again

and the responses to EFS, NO and VIP were studied again in the presence of ODQ.
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In a second series, cumulative contractile responses to carbachol (1 nM — 30 UM) or
PGF,4 (1 nM - 30 uM) were first obtained in the absence of atropine and guanethidine. In
jejunal and colonic strips, the contact time for each concentration of carbachol and PGF,q
was fixed at 2 min; in fundic strips, a higher concentration of carbachol and PGF,4 was given
when the former concentration reached its maximal contractile effect. Then, the influence
of ODQ (10 uM) versus 10 UM (fundus) or 100 uM (jejunum and colon) 8-bromoguanosine
3’,5’ cyclic monophosphate (8-Br-cGMP; 10 min contact time) was studied. In a third series,
the influence of the NOS inhibitor N®-nitro-L-arginine methyl ester (L-NAME; 300 pM) was
tested against the relaxation evoked by EFS. In colonic tissues, the PGF,4-EFS cycle was
repeated a third time in order to test the combination of L-NAME (300 uM) plus the small
conductance Ca*-dependent K* channel blocker apamin (500 nM). In a fourth series of
experiments, the relaxing effect of carbon monoxide (CO; 300 pM; 10 min contact time) was
studied in fundus and colonic strips.

In all series, the reproducibility of the relaxant responses was evaluated by running
time-control vehicle treated strips in parallel. At the end of each experiment, the tissue wet
weight was determined (mg wet weight, see data analysis). The drug application protocol

for fundus, jejunum and colon strips is shown in Fig. lll.1.

111.3.3.4 Protocol in pyloric rings

In a first set of experiments, 6 min after adding PGF,4 (3 uM), when the contractile
response was stable for at least 2 min, relaxations were induced by application of EFS (40 V,
0.1 ms, 1-2-4 Hz for 10 s at 5 min interval). Then, the pyloric rings were washed for 30 min
and the relaxant responses were studied again in the presence of the NOS inhibitor L-NAME
(300 uM) or its solvent. In a second set of experiments, the relaxation by exogenous NO
(100 pM; 5 min contact time) was studied before and in the presence of the sGC inhibitor
0ODQ (10 uM) or its solvent. The drug application protocol for the pyloric rings is shown in
Fig. 111.2.

88



Chapter llI

Heme deficiency of sGC induces gastroparesis

(awm 12eued LW QT)

Wi € :uojo)
U 00€g :snpuny

"t49d

{uoneqnour i gg)
AU 0OG suiwedy
WM 00€ :INVYN-1

JU9A|OS O

([eAtaquruiw g)
s g :uoj0)

4 O
wWioos T o

(sdinsatuojod pue snpunj ulAjuo) S3LIDS yiino4

{uoneqnour uiw gg)

il € :uojo)

{lersaquui g)
0) Wi € :uojo)

mrlooge :
{leatauiunu g} . s wnunfar AU OOE swnunfap sQT:wnunfar U QOE :wnunfap
sgg:uoe) M €:uojo) C_C«_m.ﬂm. $09:snpuny WU QOE -shpund ucm._)_Om 10 s 09:snpund WU QOE :snpunq
0z 0z nz
S43 19d  +3JNVN-T S43 19d FNYN-T S43 49d
1 1 1 1 | 1 /L 1 1 1 1 | 1 /L 1 1 1 1 1
I I 1 1 I I 7 I I 1 I I I 77 I 1 I I I
co E o = co E o = [o5] E r =
I T T T 3uisuly I T T T guisury T T T T
~N ~N ~N N ~N ~N ~N N ~N ~N N N
sdiisoiuojod urAjuo S9119s PAIYL
{uoneqnout
{awn 12e3U00 LIW OT) uw pg) (awm 12eued LW QT)
W 00T :u0j0) Al €:uoja) _.21 0T w0t :uojoy Wl € :uojo)
WMl goT :wnunfar WU 00€E wnunfar W oo T :wnunlar NIV 0OE :wnunfar
W 0T :snpuny WU DOE :snpuny JUDA|OS W T :shpuny WU Qog :snpuny uone.nsiulupe sAnenwNg
ne ne ne
dIND3-1g-8 15d 10Dao dIANDI-19-8 19d 15d 10 [0Ydeqied
L 1 1 /L L L /L 1 L 1 L L 1 1 L 1 L
I I 1 4 I I " I ! I ! 1 1 1 1 1 1
w = w = w = w = w =
guisury uisuny S o g £ 8 2 © © 3 3
T T T =T £ £ § S =2 =2 2 k%
< £ = 2 £ =
< =
S9119S puUuolIas
(uoneqnout
{Jeasayunuiw ) U pg) {JeAasaur uiw G
S 0E:Uoj0) Wil £:uojo) Wi oT S g :U0j0) M € :uojo)
(aumoejuod sQT:wnunfar U QQE :wnunfar (awn1oe1U0D sQT:wnunfar U QOE :wnunfap
uwg) {JeAtaur uiw g) S09:SNpun{ AU POE SNpung JUSA|0S U0 ulw g) {leassiuiuiw g} sp9:snpund  AUQOE Snpuny
0z ne
dIA ON 543 15d 0ao dIA ON S43 49d
1 1 1 1 1 1 1 1 1 1 /L 1 1 1 1 1 1 1 1 1
I I I I I I I I I I " | | I I | I | | |
= = = = [s4] B N = = = = = 0o ~ 8] =
o S o 3uisul o o ©
S S = m T & F F ISuly =} S = HW T £ F F
= = = 2 E <
< < < <

S9149S 35414

Fig. .1 Drug application protocol for fundus, jejunum and colon strips.
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Fig. 1.2 Drug application protocol for pyloric rings.

111.3.3.5 Data analysis

In the fundic strips and pyloric rings that show tonic responses, the amplitude of the
contractile and relaxant responses can be determined. The amplitude of the responses to
EFS was measured at the end of the stimulation train; the amplitude of the responses to
carbachol, PGF,4, NO and 8-br-cGMP was measured at their maximal effect. The relaxant
responses were then expressed as % of the contraction evoked by PGF,4. As jejunal and
colonic strips show phasic activity, the area under the curve (AUC) above baseline was
determined to measure the contractile responses to carbachol and PGF,,. To measure
relaxant responses in jejunal and colonic strips, the AUC for a given response was
determined and subtracted from the AUC of a corresponding period just before applying the
relaxing drug or stimulus, yielding the area above the curve for the relaxant response. The
duration of the relaxant responses was determined as 10 s (jejunum) or 30 s (colon) for EFS
(i.e. the length of the stimulus train applied). VIP and 8-Br-cGMP induced a sustained
response and the duration was fixed at 5 min for VIP and 10 min for 8-Br-cGMP. NO
abolished phasic activity for a concentration-dependent period, after which phasic activity
progressively reoccurred. The duration of the relaxant responses to NO was therefore
determined as the time necessary for phasic activity to regain 50 % of the interval between

the mean peak level of phasic activity during the 2 min before administration of NO and the
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minimum tone level during the NO response. This calculation was performed during the 1%

cycle of PGF,q-EFS-NO-VIP and the determined duration was further used for the NO-
induced responses in the 2nd cycle of PGF,4-EFS-NO-VIP. The responses are expressed as
(g.s)/mg wet weight. ECso values of the concentration-response curves were calculated by

linear interpolation.

111.3.4 Gastric emptying

As modified from de Rosalmeida et al. (2003), mice were fasted overnight and 250 pl
of a phenol red meal (0.1 % w/v dissolved in water) was administered by gavage; in apo-sGC
mice, gastric emptying was also measured with a test meal volume of 500 pl. 15 min later,
mice were sacrificed by cervical dislocation and the stomach and small bowel were clamped
at both sides. Both organs were cut into small fragments and placed into 20 ml of 0.1 N
NaOH in a 50 ml Falcon tube. This mixture was homogenised for approximately 30 s and
allowed to stand for 20 min at room temperature. 10 ml of supernatant was placed into a 15
ml Falcon tube and centrifuged for 10 min at 1600 g. Proteins in 5 ml supernatant were
precipitated with 0.5 ml of 20 % (w/v) trichloroacetic acid and the solution was centrifuged
for 20 min at 1600 g. 0.5 ml of supernatant was added to 0.667 ml of 0.5 N NaOH and the
absorbance of 300 I of this mixture was spectrophotometrically determined at 540 nm in a
Biotrak Il plate reader (Amersham Biosciences). Gastric emptying was calculated as the
amount of phenol red that left the stomach as % of the total amount of phenol red
recovered and the phenol red recovery was determined as the amount of phenol red
recovered, expressed as % of the amount of phenol red administered. The phenol red

recovery was 74 =5 % in WT mice (n = 10) and 77 £ 4 % in apo-sGC mice (n = 8).

I11.3.5 Transit and small intestinal contractility
111.3.5.1 Intestinal transit (fluorescein-labelled dextran method)

Mice were, after food was withheld overnight, administered 200 pl of non-
absorbable fluorescein-labelled dextran (FD70; 70 kDa, 2.5 % w/v dissolved in water) by
gavage with a feeding needle. Ninety minutes later, mice were sacrificed by cervical

dislocation. For a full description of the technical details of this method, we refer to De
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Backer et al. (De Backer et al., 2008a). Briefly, the entire gastrointestinal tract was excised
and the mesenterium was removed. The gastrointestinal tract was then pinned down in a
custom-made Petri dish filled with Krebs solution. Immediately after, FD70 was visualized
using the Syngene Geneflash system (Syngene, Cambridge, UK). Two full-field images -one in
normal illumination mode and another in fluorescent mode- were taken and matched for
analysis. The fluorescent intensity throughout the intestinal tract was calculated and data
were expressed as the percentage of fluorescence intensity per segment (sb, small bowel
segments 1-10; caecum; col, colon segments 1-2). The geometric centre was calculated as (Z

(% FD70 per segment x segment number))/100.

111.3.5.2 Small intestinal contractility

Immediately after the evaluation of intestinal transit by fluorescence imaging, the
spontaneous contractile activity in the jejunum was recorded. For a full description of the
technical details of this method, we refer to De Backer et al. (2008a). Briefly, a 6 cm long
segment of jejunum was recorded for 30 s and the video files were imported in Imagel.
After the contrast threshold value was set, the images were converted to black-and-white
and the mean diameter of the jejunal segment was measured in the first frame. Next, all
750 frames were sequentially analysed using Amplitude Profiler software - written as an
Imagel plugin. The change in intestinal diameter within this 30 s period for every pixel (768
pixels) along this 6 cm long jejunal segment was calculated as % contraction amplitude by
the following equation: [(maximal diameter — minimal diameter)/maximal diameter] * 100.
Finally, the mean value of these 768 amplitude values was calculated. The oscillatory
changes were also represented in a three-dimensional (3-D) plot using Spatiotemporal
Motility Mapping software - written as an ImagelJ plugin with a GnuPlot backend - allowing

to see contractility in function of time.

111.3.5.3 Whole gut transit time (carmine method)

As adapted from Friebe et al. (2007), 200 pl carmine (6 % w/v dissolved in 0.5 %

methylcellulose) was administered by gavage. Mice were then returned to individual cages,
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without food deprivation. The time taken for excretion of the first red coloured faeces was

determined at 30 min intervals.

111.3.5.4 Distal colonic transit.

Distal colonic transit was measured according to previously described methods
(Jacoby & Lopez, 1984; Sibaev et al., 2009). After overnight fasting, a single 2 mm plastic
bead was inserted 2 cm into the distal colon of each mouse using a custom-made polished
metal applicator. The applicator and bead were preheated to 37°C. After the bead insertion,
mice were immediately placed in their cages with a white paper on the bottom, to help
visualisation of bead expulsion. The time for expulsion of the bead was determined for each

animal.

111.3.6 Histology

Specimens of fundic, pyloric, jejunal and colonic tissues were harvested from WT and
apo-sGC mice. The tissues were fixed in 4 % neutral buffered formalin (NBF), dehydrated
through a graded series of ethanol and embedded in paraffin wax. Serial transverse sections
of 5 um thickness were cut at 500 um intervals, using a rotary microtome (SLEE CUT 4060)

and stained with hematoxylin and eosin for morphological observation.

111.3.7 sGC enzyme activity

sGC enzyme activity was measured cfr. Buys et al. (2008). Fundus, jejunum and distal
colon were harvested. The fundus was immediately snap frozen in liquid nitrogen; the
jejunum and distal colon were snap frozen after removal of the mucosa. Tissues were
homogenized in buffer containing 50 mM Tris-(hydroxymethyl)Jaminomethane
hydrochloride (pH 7.6), 1 mM EDTA, 1 mM dithiothreitol (DTT), and 2 mM
phenylmethylsulfonyl fluoride. Extracts were centrifuged at 20 000 g for 20 min at 4°C.
Supernatants (containing 40 pg protein) were incubated for 10 min at 37°C in a reaction
mixture containing 50 mM Tris hydrochloride (pH 7.5), 4 mM MgCl,, 0.5 mM 1-methyl-3-
isobutylxanthine, 7.5 mM creatine phosphate, 0.2 mg/ml creatine phosphokinase, 1 mM L-

NAME, and 1 mM GTP with or without 1 mM diethylenetriamine NONOate (DETA-NO). The
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reaction was terminated by the addition of 0.9 ml of 0.05 M HCl. cGMP in the reaction
mixture was measured using a commercial radioimmunoassay (Biomedical Technologies,
Stoughton, MA). sGC enzyme activity is expressed as pmol of cGMP produced per min per

milligram of protein in gastrointestinal extract supernatant.

111.3.8 Drugs used

The following drugs were used: apamin (obtained from Alomone Labs), atropine
sulphate, 8-Br-cGMP sodium salt, carmine, guanethidine sulphate, L-NAME, phenol red,
PGF,q tris salt, VIP (all obtained from Sigma-Aldrich), DETA-NO (from Alexis Biochemicals),
carbachol (from Fluka AG), fluorescein-labelled dextran (70 kDa, FD70; from Invitrogen),
oDQ (from Tocris Cookson). All drugs were dissolved in de-ionized water except for the
following: ODQ, which was dissolved in 100 % ethanol and DETA-NO, which was dissolved in
sGC enzyme activity buffer (see above). Saturated NO (2 mM) and CO (1mM) solutions were
prepared by bubbling oxygenated Krebs solution with, respectively, 99.9 % NO or CO gas
(Air Ligquide, Belgium) as described by Kelm and Schrader (Kelm & Schrader, 1990). The CO-
saturated Krebs solution contained PGF,, (300 nM for the experiments in the fundus; 3 uM

for the experiments in the colon) and was maintained at 37 °C.

111.3.9 Statistics

All results are expressed as means + S.E.M. n refers to tissues obtained from
different animals unless otherwise indicated. Comparison between apo-sGC and WT tissues
was done with an unpaired Student’s t-test. Comparison within tissues of either WT or apo-
sGC was done by a paired Student’s t-test. When more than 2 sets of results within the
same tissue had to be compared, repeated measures ANOVA followed by a Bonferroni
corrected t-test was applied. A P-value less than 0.05 was considered to be statistically

significant (GRAPHPAD, San Diego, CA, USA).
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1.4 Results

All'in vivo and in vitro experiments were performed in mice of both sexes, except for
the measurement of sGC activity, distal colonic transit, and the experiments with pyloric
rings, which were investigated in male mice only. No systematic differences between the

sexes were observed; results are therefore presented for male mice only.

I11.4.1 General observations and histology

The body weight of apo-sGC mice was significantly smaller than that of WT mice. The
stomach of apo-sGC mice was significantly enlarged. The mean empty stomach weight of
apo-sGC mice was significantly larger than this of WT mice. The length of the small intestine
and colon in apo-sGC was significantly higher than in WT mice (Table Ill.1). Smooth muscle
layers of the muscularis externa were markedly thicker in the fundus of apo-sGC mice than
in WT mice (Fig. ll.3). Also the muscularis externa of the pylorus was thicker in apo-sGC
mice, although the difference with WT mice was less pronounced than for the fundus. No
histological differences between WT and apo-sGC mouse at the level of the jejunum and the

colon were observed.

Table Ill.1 Body weight, small/large intestine length, stomach weight and weight of the gastrointestinal preparations.

WT apo-sGC

Body weight (g) 30+1(n=23) 22+ 1 (n=25) ***
Small intestine length (cm) 30.0+0.8 (n=23) 33.7+£0.7 (n = 25) ***
Colon length (cm) 5.4+0.2 (n=23) 5.9+0.2 (n=25)*
Stomach weight (mg) 209 + 10 (n=23) 379 + 28 (n = 25) ***
Fundus strips (mg) 5.83+0.27 (n=46) 15.73 + 1.55 (n = 50) ***
Pyloric rings (mg) 7.86+0.37 (n=26) 11.38 £ 0.75 (n = 21) ***
Jejunum strips (mg) 0.54+0.05 (n=47) 0.45 £ 0.05 (n =45)
Colon strips (mg) 0.53+0.03 (n=41) 0.44+0.03(n=41)*

Values are means = S.E.M. n refers to separate animals for body weight, small intestinal length, colon length, stomach
weight and pyloric rings and to fundus, jejunum and colon strips taken per 2 from separate animals. * P < 0.05, *** p <
0.001: unpaired student t-test (apo-sGC vs. WT).
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A 500 pm B 500 pm
500 pm D 500 pm

Fig. 111.3 Comparison of fundic, pyloric, jejunal and colonic histologic transverse sections from a WT and an
apo-sGC mouse. Microscopic view of a histologic transverse section of a WT (left panel) and an apo-sGC (right
panel) mouse fundus (A, B), pylorus (C, D), jejunum (E, F) and colon (G, H). The transverse sections of 5 um
thickness were stained with hematoxylin and eosin for morphological observation.
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111.4.2 sGC enzyme activity

Baseline sGC activity was slightly higher in the colon of apo-sGC mice than in WT
mice; (Fig. 111.4). DETA-NO significantly increased sGC activity in WT tissues, but not in apo-
sGC tissues. The level of sGC activity in the presence of DETA-NO was as a result significantly

lower in apo-sGC versus WT tissues.

Fundus Jejunum Colon
25001 2500+ oo 25004 [ baseline
2000- 20004 2000+ I DETA-NO
1500 000 1500 1500 oo

1000+ 1000+ 1000 i

204
* *k
15+ 15- 15-
10+ 10-
1 L1 i ﬁ
0-

apo-sGC apo-sGC WT apo-sGC

cGMP synthesis
(pmol/mg/min)

Fig. Ill.4 sGC enzyme activity.

Un-stimulated (baseline) and DETA-NO-stimulated sGC enzyme activity (expressed as picomoles cGMP
produced per mg protein per minute) in fundic (A), jejunal (B) and colonic (C) extracts of WT and apo-sGC
mice. Means = S.E.M. of n = 5-6. *P < 0.05, ** P < 0.01, *** P < 0.001: apo-sGC versus WT (unpaired Student’s
t-test); oo P <0.01, ooo P < 0.001: DETA-NO versus baseline (paired Student’s t-test).

111.4.3 Muscle tension experiments

111.4.3.1 Tissue weight.

When comparing strips or rings of the same dimensions, the fundic strips (2 x 11
mm) and the pyloric rings (width: 2 mm) of apo-sGC mice weighed significantly more than
these prepared from WT mice (Table Ill.1). On the other hand, the colonic strips (4 x 5 mm)

of apo-sGC mice were slightly lighter than these of WT mice (Table III.1).

111.4.3.2 Contractile responses to carbachol and PGF,,.

The ECsgand Enay of the cumulative concentration-response curves of carbachol and
PGF,4 (1 nM =30 uM) did not significantly differ in fundic, jejunal or colonic strips from apo-
sGC and WT mice (Table IIl.2). PGF,4 at a concentration of 300 nM was chosen to pre-
contract fundic and jejunal strips in order to investigate the relaxant responses to EFS, NO,

VIP and 8-br-cGMP (see below); in pylorus and colonic strips 3 uM PGF,4 was used.
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Table lll.2 ECso and E,,,, of the contractions to carbachol and PGF,,.

Carbachol PGF,,
ECso Emax ECso Emax
WT apo-sGC WT apo-sGC WT apo-sGC WT apo-sGC
Fundus 0.30+0.06 | 0.40+0.07 400 + 37 557 £ 110 1.68+0.69 | 0.25+0.13 267 £52 315+78
Jejunum 0.27 £0.09 | 0.24 +0.07 55+19 46+7 0.03+0.01 | 0.09£0.05 27 %5 23+5
Colon 0.43+0.07 | 0.71+0.14 170+ 35 21177 7.68+1.04 | 9.14+1.86 53+13 44 +9

ECso in UM; Epmax in (g.5)/mg wet weight for jejunum and colon and g/g wet weight for fundus. Values are means +
S.E.M. of n = 4-6.

111.4.3.3 Fundus

PGF,4 (300 nM) induced an increase in tone in fundus strips. In WT fundus strips,
application of EFS (1-8 Hz) induced frequency-dependent relaxations, consisting of a
progressive decline in tone which recovered upon ending stimulation (see Fig. Ill.5A for the
response at 8 Hz and Fig. Ill.5C for mean responses); these relaxations were abolished by
0oDQ (10 uM; Fig. 111.5C) and L-NAME (300 uM; data not shown). In apo-sGC fundus strips,
the relaxant responses to EFS at 1-4 Hz were totally abolished; EFS at 8 Hz induced a variable
effect: relaxation was abolished in 4 out of 6 strips (see Fig. Ill.5A for an example where EFS
at 8 Hz even induced a small contractile response) but in 2 out of 6 strips, a relaxant
response (10 and 53 %) was obtained, no longer occurring when EFS at 8 Hz was repeated in
the presence of ODQ. In an additional series with fundic strips from 5 apo-sGC mice, EFS at 8
Hz again induced relaxation in 2 tissues (Fig. 11l.6A and B), that was abolished by ODQ. In the
series where L-NAME was tested, 2 out of 7 fundic strips of apo-sGC mice showed a
relaxation in response to EFS at 8 Hz; this relaxation was not influenced by L-NAME (Fig.
[11.6C). Exogenous applied NO (1-10-100 uM) induced concentration-dependent relaxations
in WT strips, consisting of a quick and transient decline in tone (see Fig. Ill.5A for the
response to 10 uM NO and Fig. IIl.5C for mean responses). ODQ abolished the relaxant
response to 1 uM NO and reduced those to 10-100 uM NO (Fig 3C). In apo-sGC strips, the
relaxant responses to NO were totally abolished (Fig. lll.5A and C). In a small series, CO (300
uUM) was tested. In WT fundus strips, CO induced a quick and transient decline in tone (n =

4), which was abolished in apo-sGC strips (n = 4; Fig. II1.5B).
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8-Br-cGMP (10 uM) and VIP (100 nM) induced a sustained decrease in tone. Mean

responses to 8-Br-cGMP and VIP were not different between WT and apo-sGC strips (Fig.

[11.5D). ODQ (10 uM) did not significantly decrease the responses to 8-Br-cGMP and VIP in

either WT strips or apo-sGC strips (results not shown).
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Fig. l11.5 Responses to EFS, NO, CO, 8-Br-cGMP and VIP in fundus strips of WT and apo-sGC mice.

(A-B) Representative traces showing the inhibitory responses to EFS (40 V; 0.1 ms; 8 Hz) and exogenously
applied NO (10 uM) or CO (300 uM) in PGF,4-pre-contracted circular muscle strips of gastric fundus from a WT
mouse (upper trace) and an apo-sGC mouse (lower trace). (C) Frequency-response curves of EFS (40 V; 0.1 ms;
1-8 Hz) (left) and concentration-response curves of NO (1 uM — 100 puM) (right) in WT (o) and apo-sGC (A)
strips of fundus before and after incubation with ODQ (10 pM). Means £ S.E.M. of n = 7 are shown. * P < 0.05,
** P <0.01, *** P <0.001: apo-sGC before incubation versus WT before incubation (unpaired Student’s t-test);
o P<0.05 0o P<0.01, coo P <0.001: WT after incubation with ODQ versus before (paired Student’s t-test).
(D) Relaxant responses to 8-Br-cGMP (left; 10 uM) and VIP (right; 100 nM) in fundus strips from WT and apo-
sGC mice. Means £ S.E.M. of n = 12 out of 6-7 animals are shown. An unpaired Student’s t-test was applied but

no significance was found.
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Fig. 1.6 Influence of ODQ and L-NAME on response to EFS in fundic strips from apo-sGC mice.
Representative traces showing the inhibitory response to EFS (40 V; 0.1 ms; 1-8 Hz ) occasionally occurring in
PGF,4-pre-contracted circular muscle strips of the gastric fundus of apo-sGC mice before and after incubation
with 10 uM 0ODQ (A, B) or 300 uM L-NAME (C). The initial part of the contractile response to PGF,, after L-
NAME was out of range for 10 seconds, therefore the trace is not visible during this time.
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111.4.3.4 Pyloric rings

PGF,4 (3 uM) induced an increase in tone in pyloric rings. In WT pyloric rings, EFS (1-4
Hz) induced a quick decline in tone recovering immediately upon the end of stimulation
followed by a rebound contraction (Fig. Ill.7A). The amplitude of relaxation increased by
stimulation at 2 Hz compared to that at 1 Hz, but did not further increase by EFS at 4 Hz (Fig.
[I1.7A and C). L-NAME (300 uM) abolished the EFS-induced responses at 1 Hz, and reduced
the responses at 2 and 4 Hz (Fig. 11l.7C). In apo-sGC pyloric rings, the relaxant response to
EFS was reduced at all stimulation frequencies, with the response at 1 Hz being nearly
abolished; relaxation still occurring with EFS at 2 and 4 Hz was not influenced by L-NAME
(Fig. 111.7A and C).
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Fig. 1.7 Responses to EFS and NO in pyloric rings of WT and apo-sGC mice.

(A) Representative traces showing the inhibitory responses to EFS (40 V; 0.1 ms; 1-2-4 Hz) in PGF,,-pre-
contracted pyloric rings from a WT mouse (upper trace) and an apo-sGC mouse (lower trace). (B)
Representative traces showing the inhibitory responses to exogenously applied NO (100 uM) in PGF,4-pre-
contracted pyloric rings from a WT mouse (upper trace) and an apo-sGC mouse (lower trace). (C) Frequency-
response curves of EFS (40 V; 0.1 ms; 1-2-4 Hz) in WT (o) and apo-sGC (A) pyloric rings before and after
incubation with L-NAME (300 uM). Means * S.E.M. of n = 6-9 are shown. ** P < 0.01, *** P < 0.001: apo-sGC
before incubation versus WT before incubation (unpaired Student’s t-test); o P < 0.05: WT after incubation
with L-NAME versus before (paired Student’s t-test).
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The response to NO (100 uM) in WT pyloric rings consisted of a quick and transient
decline in tone (Fig. 11l.7B). ODQ (10 uM) decreased the relaxant response to NO in WT
pyloric rings (109.8 + 10.9 %) to 33.3 + 13.2 % (n = 5). In apo-sGC mice, the relaxant

response to NO was totally abolished (Fig. 111.7B).

111.4.3.5 Jejunum

In jejunal strips, PGF,q (300 nM) induced a combined tonic and phasic response. The
tone decreased back to baseline within maximally 3 minutes after addition of PGF,,, but the
increase in phasic activity remained. In WT strips, EFS induced suppression of phasic activity;
upon ending stimulation at 8 Hz, a rebound contraction was observed (Fig. Ill.8A). The EFS-
induced relaxations had a similar size at the different stimulation frequencies (Fig. I1l.8A and
B) and were abolished by ODQ (10 uM; Fig. 111.8B) and L-NAME (300 uM; data not shown). In
apo-sGC strips, no relaxant response to EFS was obtained at 1-4 Hz. At 8 Hz, the phasic
activity was initially suppressed. However near the end of the stimulation train an increase
in phasic activity was systematically observed, which further progressed when the
stimulation train was ended (Fig. 111.8A).

In jejunal strips of WT mice, NO (1-10-100 uM) suppressed pre-imposed phasic
activity with a concentration-dependent duration (Fig. 11.8A and B). ODQ abolished the
relaxant response to 1 UM NO and reduced that to 10 and 100 uM NO (Fig. 11.8B). In jejunal
strips of apo-sGC mice, the relaxant responses to NO were totally abolished (Fig. 11l.5A and
B).

In both WT and apo-sGC strips, 8-Br-cGMP (100 uM) and VIP (100 nM) induced a
sustained suppression of phasic activity. Mean responses to 8-Br-cGMP and VIP were not
significantly different between WT and apo-sGC strips (Fig. 111.8C). ODQ (10 uM) did not
significantly decrease the responses to 8-Br-cGMP and VIP in either WT strips or apo-sGC

strips (results not shown).
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Fig. 1.8 Responses to EFS, NO, 8-Br-cGMP and VIP in jejunal strips of WT and apo-sGC mice.

(A) Representative traces showing the inhibitory responses to EFS (40 V; 0.1 ms; 1-8 Hz) and exogenously
applied NO (1-100 uM) in PGF,4-pre-contracted circular muscle strips of jejunum from a WT mouse (upper
trace) and an apo-sGC mouse (lower trace). (B) Frequency-response curves of EFS (40 V; 0.1 ms; 1-8 Hz) (left)
and concentration-response curves of NO (1 uM — 100 uM) (right) in WT (o) and apo-sGC (A) strips of jejunum
before and after incubation with ODQ (10 uM). Negative values in the y-axis (left) indicate that a contractile
response instead of a relaxation was obtained. Means * S.E.M. of n = 6-8 are shown. ** P <0.01, *** P <0.001:
apo-sGC before incubation versus WT before incubation (unpaired Student’s t-test); o P < 0.05, oo P < 0.01:
WT after incubation with ODQ versus before (paired Student’s t-test). (C) Relaxant responses to 8-Br-cGMP
(feft; 100 uM) and VIP (right; 100 nM) in jejunal strips from WT and apo-sGC mice. Means = S.E.M. of n = 12
out of 6-7 animals. An unpaired Student’s t-test was applied but no significance was found.
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111.4.3.6 Colon

PGF,y (3 uM) induced a combined tonic and phasic response. In WT strips, EFS
induced suppression of phasic activity as well as a decrease in tone during the stimulation
train, followed by a rebound contraction (Fig. Ill.9A). The size of the relaxant response was
similar at all stimulation frequencies. Only the response to 1 Hz was reduced by ODQ (10
uM; Fig. IIl.9B); the combination of L-NAME (300 uM) plus apamin (500 nM) was able to
decrease the response at all frequencies in these strips but did not abolish them (Fig. 111.9C).
In apo-sGC strips, EFS at 1 Hz only induced a short decrease in tone at the beginning of the
stimulation train. At higher frequencies a pronounced relaxant response was present (Fig.
[11.9A). Neither ODQ (Fig. 1ll.9B), nor L-NAME, or L-NAME plus apamin (see Fig. 111.9C)
influenced the remaining EFS-induced responses at 2 to 8 Hz in apo-sGC strips.

NO (1-10-100 pM) suppressed pre-imposed phasic activity in WT strips with a
concentration-dependent duration (Fig. [II.9A). ODQ abolished the relaxant response to 1
UM NO and reduced the response to 10 and 100 uM NO (Fig. 111.9B). In apo-sGC mice, the
relaxant responses to NO were totally abolished (Fig. IIl.9A and B). In a small series of
experiments, CO (300 uM) was tested. In WT strips, CO induced a transient inhibition of
phasic activity (n = 4); in apo-sGC strips, the ability of CO to inhibit phasic activity was

abolished (n = 6; results not shown).

Fig. 1.9 Responses to EFS, NO, 8-Br-cGMP and VIP in colonic strips of WT and apo-sGC mice.

(A) Representative traces showing the inhibitory responses to EFS (40 V; 0.1 ms; 1-8 Hz) and exogenously
applied NO (1-100 uM) in PGF,4-pre-contracted circular muscle strips of distal colon from a WT mouse (upper
trace) and an apo-sGC mouse (lower trace). (B) Frequency-response curves of EFS (40 V; 0.1 ms; 1-8 Hz) (left)
and concentration-response curves of NO (1 uM — 100 uM) (right) in WT (o) and apo-sGC (A) strips of colon
before and after incubation with ODQ (10 uM). The responses to EFS and NO in the apo-sGC colonic strips
were multiplied with a factor “PGF,4 response in WT colonic strips / PGF,4 response in apo-sGC colonic strips”
in order to correct for the significantly smaller PGF,4-induced pre-contraction in the apo-sGC versus the WT
colonic strips in these series (apo-sGC: 32.00 + 4.94 (g.s)/mg wet weight versus WT: 89.92 + 17.94 (g.s)/mg wet
weight, n = 6, P < 0.05). Means * S.E.M. of n = 6-8 are shown. * P < 0.05, ** P < 0.01, *** P < 0.001: apo-sGC
before incubation versus WT before incubation (unpaired Student’s t-test); o P < 0.05, oo P < 0.01: WT after
incubation with ODQ versus before (paired Student’s t-test). (C) Frequency-response curves of EFS (40 V; 0.1
ms; 1-8 Hz) in WT (left) and apo-sGC (right) colonic strips before (o) and after incubation with L-NAME (300
uM; A ), and L-NAME (300 puM) plus apamin (500 nM; o). Means + S.E.M. of n = 6-7 are shown. o P < 0.05: after
incubation with L-NAME plus apamin versus after incubation with L-NAME (repeated measures ANOVA
followed by a Bonferroni corrected t-test). (D) Relaxant responses to 8-Br-cGMP (left; 100 uM) and VIP (right;
100 nM) in colonic strips from WT and apo-sGC mice. Complementary to the EFS- and NO-induced relaxation,
the responses to VIP in the apo-sGC colonic strips were multiplied with the correction factor “PGF,, response
in WT colonic strips / PGF,q response in apo-sGC colonic strips”. Means + S.E.M. of n = 9-12 out of 6-7 animals
are shown. An unpaired Student’s t-test was applied but no significance was found.
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In both WT and apo-sGC strips, 8-Br-cGMP (100 uM) and VIP (100 nM) induced a
sustained suppression of phasic activity, sometimes accompanied by a decrease in tone.
Mean responses to 8-Br-cGMP and VIP were not significantly different between WT and
apo-sGC strips (Fig. 111.9D). ODQ (10 uM) did not significantly decrease the responses to 8-

Br-cGMP and VIP in either WT strips or apo-sGC strips (results not shown).

I11.4.4 Gastric emptying, small intestinal transit and whole gut transit time

Fifteen min after gavage, gastric emptying of a phenol red solution was significantly
lower in apo-sGC mice (51 + 10 %, n = 8) than in WT mice (74 + 3 %, n = 10) (Fig. 11.10A). In 3
apo-sGC mice, gastric emptying was measured with a test meal volume of 500 pl, yielding 37
+ 8 % gastric emptying, excluding the possibility that the observed delay of gastric emptying
in apo-sGC mice was related to using the same test meal volume for the clearly greater
stomach in apo-sGC mice.

Ninety min after gavage, we observed a delayed intestinal transit of a fluorescein-
labelled dextran solution in apo-sGC versus WT mice as manifested from the significant
decrease in geometric center (Fig. I11.10D). Small intestinal contractility at that time point
was however not different between WT and apo-sGC mice (% contraction amplitude in apo-
sGC: 23 + 3 % versus WT: 22 + 3 %, n = 5-6; Fig. Ill.10E). The whole gut transit time of a
carmine solution was between 120 and 180 min in WT mice. In apo-sGC mice, the whole gut
transit time was more variable and the mean value was significantly increased (apo-sGC:
320 + 25 min versus WT: 146 + 10 min, n = 6-7; P < 0.001; Fig. I1l.10B). Distal colonic transit
time did not differ between apo-sGC (22 + 3 min, n = 8) and WT mice (20 + 3 min, n = 9; Fig.
[1.10C).
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Fig. 111.L10 In vivo measurements in WT and apo-sGC mice.

(A) Gastric emptying 15 min after gavage of 250 I of a phenol red meal (0.1 % w/v dissolved in water) in WT
and apo-sGC mice. Values are means  S.E.M. of n = 8-10 animals. (B) Scatter graph showing the whole gut
transit time of a carmine solution (6 % w/v dissolved in 0.5 % methylcellulose) in WT and apo-sGC mice. The
mean value is represented by a solid line (n = 6-7 animals). (C) Scatter graph showing the distal colon transit
time in WT and apo-sGC mice. The mean value is represented by a solid line (n = 8-9 animals). (D) Distribution
of fluorescein-labelled dextran in 10 equal small bowel (sb) segments, cecum, and 2 equal colon (col) segments
90 min after gavage of 200 Wl fluorescein-labelled dextran (70 kDa; 2.5 % w/v dissolved in water) and
geometric center (GC) in WT and apo-sGC mice. Values are means = S.E.M. of n = 5-6 animals. (E)
Representative contractility traces showing spontaneous oscillatory contractions in a 10 mm jejunal segment
(X-axis) as deviations in mm (Y-axis) for a period of 20 s (Z-axis); the intestinal diameter measured att =20 s
was used as reference value. * P < 0.05, ** P < 0.01, *** P < 0.001: unpaired Student’s t-test (apo-sGC versus
WT).
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1.5 Discussion

The consequence of switching sGC to the heme-deficient state on nitrergic signalling
and motility in the gut was studied in apo-sGC mice. The NO donor DETA-NO failed to
increase sGC activity in the gastrointestinal tissues of apo-sGC mice. In addition, exogenous
and endogenous NO was not able to induce in vitro relaxation in the fundic, jejunal and
colonic smooth muscle strips of apo-sGC mice. In view of the redundant role of sGC in ICC
and smooth muscle cells in inducing gastrointestinal nitrergic relaxation (Groneberg et al.,
2011; Lies et al., 2011), the lack of responsiveness to NO in gastrointestinal smooth muscle
strips of apo-sGC mice must also be related to the heme-deficient state of sGCB,in both ICC
and smooth muscle cells. The observation that the cGMP analogue 8-Br-cGMP relaxes
gastrointestinal smooth muscle strips equally in WT and apo-sGC mice, indicates that the
relaxant pathway downstream of sGC is intact. Furthermore, the similar relaxant response
to VIP, that acts through adenylate cyclase coupled VIP receptors, in WT and apo-sGC mice
argues against compensatory increase in cAMP-induced relaxation in apo-sGC mice. Also

His105Phe mutation as contractions to

contractile mechanisms are not influenced by sGCB;
carbachol and PGF,q did not consistently differ between apo-sGC and WT mice. In vivo, the
observed gastrointestinal phenotype of the apo-sGC mice included delayed gastric emptying
and intestinal transit and increased whole gut transit time.

Apo-sGC mice are hypertensive (Thoonen et al., 2009). Although delayed gastric
emptying was reported in spontaneously hypertensive rats (Hatanaka et al., 1995), it is
unlikely that hypertension per se delayed gastric emptying and intestinal transit in apo-sGC
mice: hypertension in mice with smooth muscle specific deletion of sGC was not associated
with abnormal gastrointestinal transit or impaired NO responsiveness in gastrointestinal
smooth muscle (Groneberg et al., 2011). The disturbed gastric emptying and intestinal
transit in apo-sGC mice illustrate the importance of NO-sensitive sGC in gastrointestinal
motility. Still, the gastrointestinal morphological consequences in apo-sGC mice, limited to
the enlarged stomach, are less pronounced than in mice lacking sGC ubiquitously (Friebe et
al., 2007), suggesting that basal sGC activity, maintained in apo-sGC mice, plays a role in
gastrointestinal motility. The disturbed gut motility in apo-sGC mice resembles that in
mouse diabetic models (Yamamoto et al., 2008; Choi et al., 2010). Diabetic gastroparesis has

been related to oxidative stress-induced dysfunction of nitrergic nerves and ICCs (Kashyap &
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Farrugia, 2010), but oxidative stress will also turn sGC to the heme-free state. The results
presented here illustrate that the heme-free state of sGC in the diabetic stomach will also
lead to disturbed gastrointestinal nitrergic signalling and might thus contribute to the
pathogenesis of diabetic gastroparesis.

EFS-induced relaxations are abolished by L-NAME and ODQ in WT fundic strips,
indicating that NO is the principal relaxant neurotransmitter acting through activation of
sGC in the mouse gastric fundus. Still, EFS at 8 Hz induced relaxation, not sensitive to L-
NAME, in some apo-sGC fundic strips suggesting that another neurotransmitter than NO can
be released at stimulation frequencies from 8 Hz on in the gastric fundus of apo-sGC mice.
The identity of this neurotransmitter remains to be determined. As VIP is known to be
released at higher stimulation frequencies in gastric fundus (D'Amato et al., 1992;
Boeckxstaens et al., 1992; Tonini et al., 2000; Mule & Serio, 2003), it might already be
released in apo-sGC mice at stimulation frequencies where this does not yet occur in WT
mice to compensate for the loss in responsiveness to NO. Surprisingly, the relaxation by EFS
at 8 Hz in gastric fundus of apo-sGC mice was inhibited by ODQ. VIP receptors are coupled
to Gs proteins and adenylyl cyclase, and ODQ is not expected to affect the activity of
adenylyl cyclase (Garthwaite et al.,, 1995). Non-specific effects of ODQ on excitation-
contraction coupling with inhibition of contractile activity were previously described in
canine colon (Franck et al., 1997). The mechanism responsible for the ability of ODQ to
inhibit EFS-induced relaxation of apo-sGC fundus preparations remains to be determined.

Fundic nitrergic relaxation is essential for gastric accommodation (Desai et al., 1991)
and its deficiency in apo-sGC mice might be expected to speed up liquid gastric emptying as
fundic storage of the liquids is impaired. However, similar to what was observed in nNOS KO
mice (Mashimo et al., 2000) and cGMP-dependent protein kinase (cGKI) KO mice (Pfeifer et
al., 1998), liquid gastric emptying in apo-sGC mice was delayed. Also, the stomach of apo-
sGC mice, nNOS (Huang et al., 1993; Mashimo et al., 2000) and cGKI (Pfeifer et al., 1998) KO
mice, is markedly enlarged and characterized by hypertrophy of the muscularis externa of
the fundus. Mashimo et al. (2000) suggested this gastric smooth muscle thickening
represents work hypertrophy secondary to functional pyloric obstruction. The muscular
layer of the pylorus in apo-sGC mice was indeed enlarged as obvious from histology and
from the higher pyloric weight of the pyloric rings, and the electrically induced relaxation in

pyloric rings of apo-sGC mice was decreased. Impairment of pyloric relaxation will
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counteract the accelerating effect of deficient fundic relaxation on gastric emptying leading
to delayed gastric emptying (Anvari et al., 1998; Mashimo et al., 2000). Some electrically
induced relaxation, not sensitive to L-NAME, was maintained in pyloric rings of apo-sGC
mice. This illustrates that NO is not the sole inhibitory transmitter at the level of the pylorus,
as was also reported for rat pylorus (Soediono & Burnstock, 1994; Ishiguchi et al., 2000).

The disturbances in gastric emptying, delaying gavaged liquid solution to enter the
small intestine in apo-sGC mice, may contribute to the observed delay in small intestinal
transit in apo-sGC mice. The complete inhibition of EFS-induced relaxations in WT jejunal
strips by L-NAME, together with the absence of EFS-induced nitrergic relaxation in apo-sGC
jejunal strips, identifies NO-sGC signaling as the principal inhibitory pathway in mouse
jejunal smooth muscle. It seems therefore likely that an imbalance between inhibitory
(nitrergic) and excitatory (cholinergic) input during peristalsis can contribute to the delay in
intestinal transit observed in apo-sGC mice. Similarly, intestinal motility was impaired in
cGKI KO mice, characterized by spastic contractions of long intestinal segments followed by
scarce and slow relaxations (Pfeifer et al., 1998). Still, in apo-sGC mice, the spatiotemporal
mapped contractility of a jejunal segment was not different from that in the WT mice;
isolated small intestinal segments of total sGC knockout mice also maintained spontaneous
rhythmic contractions (Groneberg et al., 2011). These in vitro data appear to be in contrast
to the observed delay in intestinal transit in apo-sGC mice and total sGC knockout mice. It is
conceivable that the in vitro spontaneous oscillatory contractions are preserved in the
jejunum of the apo-sGC mice but that the coordinated interplay between ascending
contractions and descending relaxations, essential for peristaltic propagation (Waterman et
al., 1994), is disturbed in apo-sGC mice and contributes to the delay in small intestinal
transit.

The delay in gastric emptying and intestinal transit most likely contributes to the
increase in whole gut transit time in apo-sGC mice. NOS inhibition was found to inhibit
colonic propulsion of pellets in guinea pig colon (Foxx-Orenstein & Grider, 1996) and to
delay colonic transit in rats (Mizuta et al., 1999). However, because in mouse distal colon,
NO -acting via sGC- is only the principal neurotransmitter at a stimulation frequency of 1 Hz
and not at higher frequencies, the extent of delay in colonic transit was expected to be
limited in apo-sGC mice. Distal colon expulsion of beads was indeed not delayed in apo-sGC

mice. We previously suggested that a redundant action of NO, acting at sGC, and another
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neurotransmitter, acting at small conductance Ca**-dependent K* channels, is responsible
for the relaxant responses to EFS at 2 to 8 Hz in mouse distal colon. This hypothesis was
based on the observations that L-NAME plus apamin, or ODQ plus apamin inhibited the
relaxant responses to EFS at 2 to 8 Hz in mouse distal colon (Dhaese et al., 2008). Gallego et
al. (Gallego et al., 2012) showed that the other neurotransmitter is ATP or a related purine.
However, in apo-sGC mice, L-NAME plus apamin failed to influence the relaxant responses
by EFS at 2 to 8 Hz. Also in WT colonic strips, L-NAME plus apamin only partially attenuated
the relaxations to EFS at 2 to 8 Hz. Together, these findings indicate the contribution of
another neurotransmitter than NO and ATP to the relaxations at 2 to 8 Hz. The presence of
this unidentified neurotransmitter could depend on the genetic background of the mice: in
the current study, mice on a mixed 129/SvJ-C57BL/6J background were used while the
previous study focused on mice on mixed Swiss-129 background (Dhaese et al., 2008). The
presence of a yet to be defined third neurotransmitter was also reported in rat distal colon
(Van Crombruggen & Lefebvre, 2004). Because the relaxant effect of CO in gastrointestinal
smooth muscle was abolished in apo-sGC mice, it is unlikely that CO, proposed as an
inhibitory neurotransmitter in longitudinal muscle of C57BI/6J mouse distal colon (Hidaka et
al., 2010), is the third neurotransmitter in mouse colon circular muscle. This result also
definitely establishes that CO, although being a very weak activator of purified sGC, has a
signalling pathway requiring sGC activation to induce relaxation in gastrointestinal tissue.

In conclusion, the gastrointestinal consequences of switching native sGC to heme-
free sGC, that cannot be stimulated by NO, were most pronounced at the level of the
stomach; the observed enlargement of the stomach with hypertrophy of the smooth muscle
layers of the muscularis externa of the fundus and the pylorus and the delayed gastric
emptying establish a pivotal role of the activation of sGC by NO in normal gastric
functioning. In addition, the inability to stimulate sGC with NO, induced delayed intestinal

transit and increased whole gut transit time.

111



Chapter llI
Heme deficiency of sGC induces gastroparesis

1.6  References

Anvari M, Paterson CA, Daniel EE (1998). Role of nitric oxide mechanisms in control of pyloric motility and
transpyloric flow of liquids in conscious dogs. Digestive Diseases and Sciences 43: 506-512.

Boeckxstaens GE, Pelckmans PA, De Man JG, Bult H, Herman AG, Van Maercke YM (1992). Evidence for a
differential release of nitric oxide and vasoactive intestinal polypeptide by nonadrenergic noncholinergic
nerves in the rat gastric fundus. Arch Int Pharmacodyn Ther 318: 107-115.

Buys ES, Sips P, Vermeersch P, Raher MJ, Rogge E, Ichinose F et al. (2008). Gender-specific hypertension and
responsiveness to nitric oxide in sGC alpha(1) knockout mice. Cardiovascular Research 79: 179-186.

Chiba T, Bharucha AE, Thomforde GM, Kost LJ, Phillips SF (2002). Model of rapid gastrointestinal transit in
dogs: effects of muscarinic antagonists and a nitric oxide synthase inhibitor. Neurogastroenterol Motil 14: 535-
541.

Choi KM, Kashyap PC, Dutta N, Stoltz GJ, Ordog T, Donohue TS et al. (2010). CD206-Positive M2 Macrophages
That Express Heme Oxygenase-1 Protect Against Diabetic Gastroparesis in Mice. Gastroenterology 138: 2399-
U261.

D'Amato M, Curro D, Montuschi P, Ciabattoni G, Ragazzoni E, Lefebvre RA (1992). Release of vasoactive
intestinal polypeptide from the rat gastric fundus. Br J Pharmacol 105: 691-695.

De Backer O, Blanckaert B, Leybaert L, Lefebvre RA (2008a). A novel method for the evaluation of intestinal
transit and contractility in mice using fluorescence imaging and spatiotemporal motility mapping.
Neurogastroenterol Motil 20: 700-707.

De Backer O, Elinck E, Sips P, Buys E, Brouckaert P, Lefebvre RA (2008b). Role of the soluble guanylyl cyclase
alpha(1)/alpha(2) subunits in the relaxant effect of CO and CORM-2 in murine gastric fundus. Naunyn-
Schmiedebergs Archives of Pharmacology 378: 493-502.

de Rosalmeida MC, Saraiva LD, da Graca Jr, lvo BB, da Nobrega MV, Gondim FA et al. (2003). Sildenafil, a
phosphodiesterase-5 inhibitor, delays gastric emptying and gastrointestinal transit of liquid in awake rats. Dig
Dis Sci 48: 2064-2068.

Desai KM, Sessa WC, Vane JR (1991). Involvement of nitric oxide in the reflex relaxation of the stomach to
accommodate food or fluid. Nature 351: 477-479.

Dhaese |, Vanneste G, Sips P, Buys E, Brouckaert P, Lefebvre RA (2008). Involvement of soluble guanylate
cyclase alpha(1) and alpha(2), and SKCa channels in NANC relaxation of mouse distal colon. European Journal
of Pharmacology 589: 251-259.

Dhaese |, Vanneste G, Sips P, Buys ES, Brouckaert P, Lefebvre RA (2009). Small intestinal motility in soluble
guanylate cyclase alpha(1) knockout mice. Naunyn-Schmiedebergs Archives of Pharmacology 379: 473-487.

Foxx-Orenstein AE & Grider JR (1996). Regulation of colonic propulsion by enteric excitatory and inhibitory
neurotransmitters. American Journal of Physiology-Gastrointestinal and Liver Physiology 271: G433-G437.

Franck H, Sweeney KM, Sanders KM, Shuttleworth CW (1997). Effects of a novel guanylate cyclase inhibitor on
nitric oxide-dependent inhibitory neurotransmission in canine proximal colon. Br J Pharmacol 122: 1223-1229.

Fraser R, Vozzo R, Di Matteo AC, Boeckxstaens G, Adachi K, Dent J et al. (2005). Endogenous nitric oxide

modulates small intestinal nutrient transit and activity in healthy adult humans. Scand J Gastroenterol 40:
1290-1295.

112



Chapter llI
Heme deficiency of sGC induces gastroparesis

Friebe A, Mergia E, Dangel O, Lange A, Koesling D (2007). Fatal gastrointestinal obstruction and hypertension
in mice lacking nitric oxide-sensitive guanylyl cyclase. Proc Nat! Acad Sci U S A 104: 7699-7704.

Friebe A, Schultz G, Koesling D (1996). Sensitizing soluble guanylyl cyclase to become a highly CO-sensitive
enzyme. EMBO J 15: 6863-6868.

Fritz BG, Hu X, Brailey JL, Berry RE, Walker FA, Montfort WR (2011). Oxidation and Loss of Heme in Soluble
Guanylyl Cyclase from Manduca sexta. Biochemistry 50: 5813-5815.

Gallego D, Gil V, Martinez-Cutillas M, Mane N, Martin MT, Jimenez M (2012). Purinergic neuromuscular
transmission is absent in the colon of P2Y(1) knocked out mice. J Physiol 590: 1943-1956.

Garthwaite J, Southam E, Boulton CL, Nielsen EB, Schmidt K, Mayer B (1995). Potent and selective inhibition of
nitric oxide-sensitive guanylyl cyclase by 1H-[1,2,4]oxadiazolo[4,3-alquinoxalin-1-one. Mol Pharmacol 48: 184-

188.

Groneberg D, Konig P, Koesling D, Friebe A (2011). Nitric oxide-sensitive guanylyl cyclase is dispensable for
nitrergic signaling and gut motility in mouse intestinal smooth muscle. Gastroenterology 140: 1608-1617.

Groneberg D, Konig P, Wirth A, Offermanns S, Koesling D, Friebe A (2010). Smooth muscle-specific deletion of
nitric oxide-sensitive guanylyl cyclase is sufficient to induce hypertension in mice. Circulation 121: 401-409.

Hatanaka S, Kawarabayashi K, Iseri M, Tsubokura K, Furuhama K (1995). Enhancing effect of DQ-2511 on
gastric emptying of spontaneously hypertensive rats. Life Sci 56: L377-L382.

Hidaka A, Azuma YT, Nakajima H, Takeuchi T (2010). Nitric oxide and carbon monoxide act as inhibitory
neurotransmitters in the longitudinal muscle of C57BL/6J mouse distal colon. J Pharmacol Sci 112: 231-241.

Huang PL, Dawson TM, Bredt DS, Snyder SH, Fishman MC (1993a). Targeted disruption of the neuronal nitric
oxide synthase gene. Cell 75: 1273-1286.

Ishiguchi T, Takahashi T, Itoh H, Owyang C (2000). Nitrergic and purinergic regulation of the rat pylorus.
American Journal of Physiology-Gastrointestinal and Liver Physiology 279: G740-G747.

Jacoby HI & Lopez | (1984). A Method for the Evaluation of Colonic Propulsive Motility in the Mouse After Icv
Administered Compounds. Digestive Diseases and Sciences 29: 551.

Karmeli F, Stalnikowicz R, Rachmilewitz D (1997). Effect of colchicine and bisacodyl on rat intestinal transit and
nitric oxide synthase activity. Scand J Gastroenterol 32: 791-796.

Kashyap P & Farrugia G (2010). Diabetic gastroparesis: what we have learned and had to unlearn in the past 5
years. Gut 59: 1716-1726.

Kelm M & Schrader J (1990). Control of coronary vascular tone by nitric oxide. Circ Res 66: 1561-1575.

Lies B, Groneberg D, Saur D, Konig P, Friebe A (2011). Nitrergic relaxation of gastrointestinal smooth muscle:
role of interstitial cells of Cajal and smooth muscle cells. BMC Pharmacology 11(suppl 1): P44 (Abstract).

Martins SL, De Oliveira RB, Ballejo G (1995). Rat duodenum nitrergic-induced relaxations are cGMP-
independent and apamin-sensitive. Eur J Pharmacol 284: 265-270.

Mashimo H, Kjellin A, Goyal RK (2000). Gastric stasis in neuronal nitric oxide synthase-deficient knockout mice.
Gastroenterology 119: 766-773.

Mergia E, Russwurm M, Zoidl G, Koesling D (2003). Major occurrence of the new alpha(2)beta(1) isoform of
NO-sensitive guanylyl cyclase in brain. Cellular Signalling 15: 189-195.

113



Chapter llI
Heme deficiency of sGC induces gastroparesis

Mizuta Y, Takahashi T, Owyang C (1999). Nitrergic regulation of colonic transit in rats. Am J Physiol 277: G275-
G279.

Mule F & Serio R (2003). NANC inhibitory neurotransmission in mouse isolated stomach: involvement of nitric
oxide, ATP and vasoactive intestinal polypeptide. Br J Pharmacol 140: 431-437.

Pfeifer A, Klatt P, Massberg S, Ny L, Sausbier M, Hirneiss C et al. (1998). Defective smooth muscle regulation in
cGMP kinase I-deficient mice. EMBO J 17: 3045-3051.

Schmidt PM, Schramm M, Schroder H, Wunder F, Stasch JP (2004). Identification of residues crucially involved
in the binding of the heme moiety of soluble guanylate cyclase. Journal of Biological Chemistry 279: 3025-
3032.

Serio R, Zizzo MG, Mule F (2003). Nitric oxide induces muscular relaxation via cyclic GMP-dependent and -
independent mechanisms in the longitudinal muscle of the mouse duodenum. Nitric Oxide 8: 48-52.

Sha L, Farrugia G, Harmsen W, Szurszewski JH (2007). Membrane potential gradient is carbon monoxide-
dependent in mouse and human small intestine. American Journal of Physiology-Gastrointestinal and Liver
Physiology 293: G438-G445.

Sibaev A, Yuce B, Kemmer M, Van Nassauw L, Broedl U, Allescher HD et al. (2009). Cannabinoid-1 (CB1)
receptors regulate colonic propulsion by acting at motor neurons within the ascending motor pathways in
mouse colon. Am J Physiol Gastrointest Liver Physiol 296: G119-G128.

Soediono P & Burnstock G (1994). Contribution of Atp and Nitric-Oxide to Nanc Inhibitory Transmission in Rat
Pyloric Sphincter. British Journal of Pharmacology 113: 681-686.

Stasch JP, Schmidt PM, Nedvetsky Pl, Nedvetskaya TY, Kumar A, Meurer S et al. (2006). Targeting the heme-
oxidized nitric oxide receptor for selective vasodilatation of diseased blood vessels. Journal of Clinical
Investigation 116: 2552-2561.

Thoonen R, Buys E, Cauwels A, Rogge E, Nimmegeers S, Van den Hemel M et al. (2009). NO-insensitive
sGCbetal H105F knockin mice: if NO has no place to go. BMC Pharmacology 9(suppl 1): S41(Abstract).

Toda N & Herman AG (2005). Gastrointestinal function regulation by nitrergic efferent nerves. Pharmacol Rev
57:315-338.

Tonini M, De GR, De PF, Sternini C, Spelta V, Dionigi P et al. (2000). Role of nitric oxide- and vasoactive
intestinal polypeptide-containing neurones in human gastric fundus strip relaxations. Br J Pharmacol 129: 12-
20.

Van Crombruggen K & Lefebvre RA (2004). Nitrergic-purinergic interactions in rat distal colon motility.
Neurogastroenterol Motil 16: 81-98.

Vanneste G, Dhaese |, Sips P, Buys E, Brouckaert P, Lefebvre RA (2007). Gastric motility in soluble guanylate
cyclase alpha(1) knock-out mice. Journal of Physiology-London 584: 907-920.

Waterman SA, Tonini M, Costa M (1994). The Role of Ascending Excitatory and Descending Inhibitory Pathways
in Peristalsis in the Isolated Guinea-Pig Small-Intestine. Journal of Physiology-London 481: 223-232.

Wedel B, Humbert P, Harteneck C, Foerster J, Malkewitz J, Bohme E et al. (1994). Mutation of His-105 in the
beta 1 subunit yields a nitric oxide-insensitive form of soluble guanylyl cyclase. Proc Natl Acad Sci U S A 91:
2592-2596.

Yamamoto T, Watabe K, Nakahara M, Ogiyama H, Kiyohara T, Tsutsui S et al. (2008). Disturbed gastrointestinal

motility and decreased interstitial cells of Cajal in diabetic db/db mice. Journal of Gastroenterology and
Hepatology 23: 660-667.

114









Chapter IV

MECHANISM OF RELAXATION AND INTERACTION
WITH NITRIC OXIDE OF THE SOLUBLE GUANYLATE
CYCLASE STIMULATOR BAY 41-2272 IN MOUSE
GASTRIC FUNDUS AND COLON

Sarah M.R. Cosyns, Romain A. Lefebvre

Heymans Institute of Pharmacology, Ghent University, Ghent, Belgium

Based on

Eur. J. Pharmacol. 2012; 686: 104-115.






Chapter IV
BAY 41-2272 in mouse gastric fundus and colon

Chapter IV
Mechanism of relaxation and interaction with nitric oxide of the soluble

guanylate cyclase stimulator BAY 41-2272 in mouse gastric fundus and colon

IV.1 Abstract

Background. BAY 41-2272 is a heme-dependent nitric oxide-independent soluble
guanylate cyclase (sGC) stimulator, but its relaxant effect in vascular, respiratory and
urogenital tissue is only partially dependent on sGC activation. As its mechanism of action
has not been studied in the gastrointestinal tract, it was investigated in mouse gastric fundus
and colon.

Methods. Circular smooth muscle strips were mounted in organ baths under non-
adrenergic non-cholinergic (NANC) conditions for isometric force recording and cGMP levels
were determined using an enzyme immunoassay Kkit.

Key results. BAY 41-2272 induced concentration-dependent relaxation in both tissues
and increased cGMP levels. The sGC inhibitor ODQ totally inhibited this BAY 41-2272-
induced increase of cGMP, but only partially reduced the corresponding relaxation. The PDE-
5 inhibitor sildenafil had no effect on BAY 41-2272-induced responses. The NO synthase
inhibitor L-NAME caused a significant decrease in BAY 41-2272-induced responses in colonic
strips. Electrical field stimulation in the presence of BAY 41-2272 induced increased NANC
relaxation in fundus, while in colon, rebound contraction at the end of the stimulation train
was no longer visible. This suggests synergy with endogenously released NO. Responses to
BAY 41-2272 were not significantly influenced by apamin, charybdotoxin or ouabain,
excluding interaction with small, intermediate and large conductance Ca**-activated K
channels and with Na’-K*-ATPase. Under depletion of intracellular calcium, CaCl,-induced
contractions were significantly reduced by BAY 41-2272 in an ODQ-insensitive way.

Conclusions. The present study demonstrates that BAY 41-2272 exerts its relaxing
effect in mouse gastric fundus and colon partially through a cGMP-dependent mechanism

and at least one additional cGMP-independent mechanism involving ca* entry blockade.
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V.2 Introduction

The nitric oxide (NO) signaling pathway is well established. Released from
endothelial cells and/or nitrergic neurons, NO is an important inhibitory regulator of smooth
muscle tone in the cardiovascular system but also in other tracts such as the urogenital,
respiratory and gastrointestinal. The principal target of NO in smooth muscle cells is soluble
guanylate cyclase (sGC), which is regarded as the key enzyme in mediating relaxation
through elevations in the intracellular cGMP concentration. Since long the vasodilatory
effect of NO has been applied for the therapy of cardiovascular diseases such as angina
pectoris and heart failure by use of NO-donating nitrates. Clinical problems with nitrate
therapy such as the development of tolerance and cGMP-independent effects induced the
interest in direct stimulators of sGC. The lead compound YC-1 led to the development of a
novel class of compounds, capable of directly stimulating sGC in an NO-independent manner
(Stasch & Hobbs, 2009).

Within this new class, BAY 41-2272 (3-(4-Amino-5-cyclopropylpyrimidin-2-yl)-1-(2-
fluorobenzyl)-1H-pyrazolo[3,4-b]pyridine) has been extensively studied. In vitro, BAY 41-
2272 induces arterial relaxation (Bawankule et al., 2005; Teixeira et al., 2006a; Teixeira et
al., 2006b) while in vivo, the compound attenuates pulmonary hypertension (Evgenov et al.,
2004), decreases blood pressure, has anti-platelet activity (Stasch et al., 2001; Hobbs &
Moncada, 2003; Roger et al., 2010) and unloads the heart in a model of congestive heart
failure (Boerrigter et al., 2003). BAY 41-2272 may thus offer a new therapeutic strategy for
cardiovascular diseases. The effect of BAY 41-2272 is not limited to cardiovascular tissue as
it induces relaxation in corpus cavernosum (Kalsi et al., 2003), urethra (Toque et al., 2008),
detrusor (Bau et al., 2010) and tracheal smooth muscle (Toque et al., 2010). BAY 41-2272
directly stimulates sGC and increases the enzyme’s sensitivity towards NO (Stasch et al.,
2001) but additional cGMP-independent mechanisms, contributing to its relaxing effect,
have been proposed in arterial, detrusor and tracheal smooth muscle (Teixeira et al., 20063;
Bau et al., 2010; Toque et al., 2010).

NO is a very important non-adrenergic non-cholinergic inhibitory neurotransmitter in
the gastrointestinal tract (Toda & Herman, 2005). At the level of the gastric fundus, which
contains a smooth muscle layer with tonic activity, NO is involved in gastric adaptive

relaxation (Desai et al., 1991). In the colon, where the smooth muscle layer shows phasic
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activity, NO contributes to transit regulation (Mizuta et al., 1999). We have previously
shown in mouse gastric fundus and colon that endogenous NO induces relaxation mainly
through sGC activation (Vanneste et al., 2007; Dhaese et al., 2008). Several conditions such
as aging, diabetes and colitis lead to enteric nitrergic dysfunction (Mizuta et al., 2000;
Phillips & Powley, 2007; Zandecki et al., 2008). Direct sGC stimulation might thus also be
useful in gastrointestinal disease. Reports on the gastrointestinal effects of BAY 41-2272 are
limited. The aim of this study was therefore to investigate the effect of BAY 41-2272 in
mouse gastric fundus and colon, with special attention for the role of sGC and possible

additional mechanisms of action and for the interaction with NO.

IV.3 Materials and methods

IV.3.1 Animals

Male C57BL/6J mice (11-15 weeks, 22-30 g) were purchased from Janvier, Le Genest
St-Isle, France and had free access to water and commercially available chow. All
experimental protocols were approved by the Ethical Committee for Animal Experiments

from the Faculty of Medicine and Health Sciences at Ghent University.

IV.3.2 Muscle tension experiments

IV.3.2.1 Tissue preparation and isometric tension recording

Animals were sacrificed by cervical dislocation and the gastrointestinal tract was
removed and put in aerated (5% CO; in O,) Krebs solution (composition in mM: NaCl 118.5,
KCl 4.8, KH,PO4 1.2, MgS0,4 1.2, CaCl, 1.9, NaHCO3 25.0 and glucose 10.1). The stomach was
emptied from its contents and the gastric fundus was isolated from the rest of the stomach.
Two full wall thickness fundus strips (2 x 11 mm) were prepared by cutting in the direction
of the circular muscle layer. For the distal colon, a ~4 cm long segment was taken above the
pelvic brim. The segment was opened along the mesenteric border and pinned mucosa side
up in Krebs solution. The mucosa was then removed by sharp dissection under a microscope

and 2 full-thickness muscle strips (4 x 5 mm) were cut along the circular axis.
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After a silk thread (USP 4/0) was attached to both ends of the strips, they were
mounted in 7 ml (distal colon) or 10 ml (gastric fundus) organ baths between 2 platinum
electrodes (6 mm apart). The organ baths contained aerated (5% CO, in O,) Krebs solution,
maintained at 37°C. Changes in isometric tension were measured using Grass force
transducers (colon) or MLT 050/D force transducers (fundus) and recorded on a
PowerlLab/8sp data recording system (ADInstruments) with Chart software.

All experiments were performed at optimal load. Therefore, after an equilibration
period of 30 min with flushing every 10 min at a load of 0.25 g (colon) or 0.75 g (fundus), the
length-tension relationship was determined. Muscle tissues were stretched by load
increments of 0.25 g and at each load level exposed to 1 PUM (colon) or 0.1 uM (fundus)
carbachol to determine the optimal load (L,; the load at which maximal response to the
contractile agent occurred). Once the optimal load was determined, tissues were allowed to
equilibrate for 60 min at L, with flushing every 15 min in Krebs solution. The optimal load
varied between 0.25 and 0.75 g for colon strips and between 0.75 and 1.25 g for fundus

strips.

1V.3.2.2 Protocols

All experiments were carried out after switching to Krebs solution containing 1 uM
atropine and 4 pM guanethidine to block cholinergic and noradrenergic responses
respectively (NANC conditions), except for the cumulative contractile responses to calcium
chloride (CaCl,). All relaxant stimuli were examined after a pre-contraction of the strips with
3 uM (colon) or 300 nM (fundus) prostaglandin F,q (PGF,q), once the contractile response
was stabilized (approximately 6 min after administration of PGF,q). Interfering drugs were
incubated for 30 min.

In a first set of experiments, the strips were pre-contracted with PGF,4 and BAY 41-
2272 was cumulatively added (0.3-1-3 uM for the colon and 1-10 uM for the fundus, with an
interval of 5 min between the administration of the increasing concentrations). Strips were
studied in parallel in the absence and presence of the sGC inhibitor
1H[1,2,4,]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 uM), the NO synthase inhibitor N-
Nitro-L-arginine methyl ester hydrochloride (L-NAME; 300 pM), the voltage-gated Na®

channel blocker tetrodotoxin (3 uM), the N-type Ca®* channel blocker w-conotoxin (3 pM)
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and the phosphodiesterase-5 inhibitor sildenafil (0.001-0.01-0.1-1-10 uM for the colon and
0.1-1-10 uM for the fundus). The influence of the low conductance Ca**-activated K* channel
blocker apamin (0.3 uM), the intermediate and high conductance Ca**-activated K* channel
blocker charybdotoxin (0.1 uM), the Na*-K*-ATPase inhibitor ouabain (10 uM), and a higher
concentration of ODQ (30 uM) was tested versus one concentration of BAY 41-2272 (3 uM
for the colon and 10 uM for the fundus, left in contact with the tissue for 5 min).

In a second set of experiments, after pre-contraction with PGF,q, relaxations were
induced by application of exogenous NO (1-10-100 UM with an interval of at least 5 min
during which the effect of a given concentration of NO had disappeared). Strips were then
washed for 30 min, and were incubated with ODQ (10 uM). PGF,4 was then applied again
and the response to NO was studied in the presence of ODQ. In an additional set of PGF,q
contracted strips, the responses to electrical field stimulation (EFS; 40V, 0.1 ms, 1-2-4-8 Hz
for 30 s [colon] or 10 s [fundus] with a 5 min interval) were obtained. Strips were washed for
30 min, and were subsequently incubated with L-NAME (300 uM). PGF,4 was then applied
again and the responses to EFS were studied in the presence of L-NAME. In a similar way,
the influence of BAY 41-2272 (0.3 uM for the colon and 1 uM for the fundus) and of
sildenafil (10 uM, only in the fundus) was studied on the relaxing responses to EFS and NO.
In the experiments with BAY 41-2272 and sildenafil, the response to EFS and exogenous NO
was studied in the same strips by starting the administration of the first NO concentration 5
min after the last EFS stimulation. Finally, the influence of BAY 41-2272 was studied on the
relaxing response to low concentrations of NO (0.01-0.03-0.1-0.3-1 uM) in a similar set-up.

In the third set of experiments, cumulative concentration-response curves to CaCl,
(0.01-100 mM, with an interval of 2 min for the colon and 4 min for the fundus between the
administration of increasing concentrations) before and after the addition of BAY 41-2272
and/or ODQ were obtained in Ca**-free medium. This was done according to previous
studies (Lagaud et al., 1999). Briefly, strips were pre-contracted with carbachol (10 uM).
After washing, the Krebs solution was replaced with a Ca**-free Krebs solution containing
the Ca%**-chelator ethylene glycol bis tetraacetic acid (EGTA, 1 mM). Carbachol (10 uM) was
given until the contractions were totally abolished, illustrating total depletion of the
intracellular Ca®*-stores. Next, the Krebs solution was replaced with Ca**-free KCI (80 mM)

depolarizing Krebs solution, containing cyclopiazonic acid (10 uM) to block reuptake of ca*
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in the sarcoplasmic reticulum. Then, concentration-response curves of CaCl, were obtained
before and after the addition of BAY 41-2272 (0.3-1-3 uM for the colon and 1-3-10 uM for
the fundus) and/or ODQ (30 uM). Before adding BAY 41-2272 and/or ODQ for the second
concentration-response curve of CaCl,, strips were extensively washed with the Ca**-free
KCI Krebs solution.

In all set ups, time-control strips that did not get the interfering drugs or that
received the solvent of the interfering drugs were run in parallel. At the end of each
experiment, the wet weight of the smooth muscle strips was determined (mg wet weight;

see data analysis).

IV.3.2.3 Functional data analysis

In fundus strips, the amplitude of the tonic contractile and relaxant responses can be
measured. Responses to EFS, NO and BAY 41-2272 were determined at their maximal level
and were expressed as the percentage of contraction evoked by PGF,,. Additionally, in the
series of experiments where the responses to EFS and NO were obtained before and in the
presence of sildenafil, the duration of the responses was determined as time from 50 %
relaxation to 50 % recovery of tone.

As colonic strips showed phasic activity, the area under the curve (AUC) above
baseline was determined to measure the contractile responses to PGF,4. To express relaxant
responses in colonic strips, the AUC for a given response was determined and subtracted
from the AUC of a corresponding period just before applying the relaxing drug or stimulus,
yielding the area above the curve (AAC) for the relaxant response. The duration of the
relaxant responses was fixed at 5 min for BAY 41-2272 and NO and for EFS, it was
determined as 30 s (colon) or 10 s (fundus), as this is the length of the stimulus train
applied. Responses are expressed as (g.s)/mg wet weight.

In both colon and fundus, contractile responses to CaCl, were expressed as a

percentage of the contraction by the first administration of carbachol (10 uM).
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IV.3.3 ¢cGMP analysis

Circular muscle strips of the distal colon and of the gastric fundus were prepared as
for the muscle tension experiments. Before mounting them in the organ baths with aerated
Krebs solution, they were weighed to determine the tissue wet weight. The optimal load L,
was determined and the Krebs solution was replaced with Krebs solution containing 1 uM
atropine and 4 pM guanethidine, to have the same conditions as in the muscle tension
experiments. After pre-contraction with PGF,q, BAY 41-2272 (3 uM for the colon and 10 uM
for the fundus) or its solvent DMSO was added to the organ baths. Also, some strips were
incubated during 30 min with ODQ (30 uM) before contraction with PGF,4 and addition of
BAY 41-2272. Exactly 5 min after adding BAY 41-2272 or DMSO, strips were snap frozen in
liguid nitrogen and they were stored at -80°C until further processing.

cGMP was extracted and quantified using an enzyme immunoassay kit (Cayman
Chemical cyclic GMP EIA kit, Michigan, USA). Briefly, frozen tissues were pulverized by a
Mikro-Dismembrator U (B. Braun Biotech International, Germany), homogenized in 5 %
trichloroacetic acid (TCA) and centrifuged for 15 min at 4°C at 2000 g to collect the
supernatant. The supernatant was washed three times with water-saturated ether to
extract the TCA after which it was dried under nitrogen at 60°C. After drying, it was
dissolved in a 10 times volume of assay buffer. Then, samples, controls and standards were
acetylated and were added to the enzyme immunoassay plate to incubate for 18h at 4°C.
Optical density was measured with a 96-well plate reader (Biotrak II, Amersham
Biosciences) at 405 nm. The concentration of cGMP was expressed as pmol/g tissue wet

weight.

IV.3.4 Drugs used

The following drugs were used: apamin (Alomone Laboratories, Israel), atropine
(Sigma-Aldrich, Belgium), 3-(4-Amino-5-cyclopropylpyrimidin-2-yl)-1-(2-fluorobenzyl)-1H-
pyrazolo[3,4-b]pyridine (BAY 41-2272; Alexis, Switzerland), calcium chloride-dihydrate
(CaCly; Sigma-Aldrich), carbachol (Fluka AG, Switzerland), charybdotoxin (Alomone
Laboratories, Israel), w-conotoxin (Alomone Laboratories, Israel), cyclopiazonic acid (Tocris

Cookson, UK), ethylene glycol bis tetraacetic acid (EGTA; Fluka AG, Switzerland),
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guanethidine (Sigma-Aldrich), Ng-Nitro-L-arginine methyl ester hydrochloride (L-NAME;
Sigma-Aldrich), 1H[1,2,4,]Joxadiazolo[4,3-a]quinoxalin-1-one (ODQ; Tocris Cookson, UK),
prostaglandin F,q (PGF,q; Sigma-Aldrich), sildenafil (Sigma-Aldrich), tetrodotoxin (Alomone
Laboratories, Israel) and trichloroacetic acid (TCA; Merck Chemicals, Belgium). All drugs
were dissolved in deionized water except for ODQ which was dissolved in 100 % ethanol,
and BAY 41-2272 (1 and 10 mM stock solution), cyclopiazonic acid and sildenafil (10 mM
stock solution) which were dissolved in 100% DMSO. NO solution was prepared from gas
(Air Liquide, Belgium) as described before (Kelm & Schrader, 1990). The final concentration
of ethanol and DMSO in the organ bath did not exceed 0.1 %.

IV.3.5 Statistics

All results are expressed as means = S.E.M. n refers to tissues obtained from
different animals. Comparison of data obtained in parallel strips in the presence of an
interfering drug or solvent (aqua, DMSO or ethanol) was done by an unpaired Student's t-
test (2 groups) or by a one-way analysis of variance (ANOVA) followed by a Bonferroni
multiple comparison t-test (more than 2 groups). Comparison of data obtained within the
same tissues (before and after an interfering drug or solvent) was done by a paired
Student's t-test. A P-value less than 0.05 was considered to be statistically significant

(Graphpad, San Diego, CA, USA).
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IV.4 Results

IV.4.1 Role of sGC-cGMP in the relaxant effect of BAY 41-2272 in gastric fundus and colon

IV.4.1.1 Influence of ODQ and L-NAME on BAY 41-2272-induced relaxations

PGF,, induced an increase in tone in fundus strips, and a combined tonic and phasic
response in colonic strips. The effective relaxant concentrations of BAY 41-2272 were
determined in preliminary experiments. In this effective concentration range (0.3-1-3 uM
[colon], 1-10 uM [fundus]), addition of BAY 41-2272 induced concentration-dependent
relaxations in both fundus and colonic strips. The responses to BAY 41-2272 consisted of a

sustained decline in tone; in colonic strips, a suppression of phasic activity was additionally

observed. The contraction to PGF,4 was almost completely abolished by 10 uM BAY 41-2272

in the fundus; in the colon it was completely abrogated by 3 uM BAY 41-2272 (Fig. IV.1).
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Fig. IV.1 Representative traces of smooth muscle responses to BAY 41-2272 in the absence or presence of
0ODQ (10 uM: A and D; 30 uM: B and E) or L-NAME (300 uM: C and F) in PGF,4 pre-contracted circular muscle
strips of the distal colon (A, B and C) and gastric fundus (D, E and F).
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In both fundus and colonic strips, the sGC inhibitor ODQ (10 uM) did not significantly
affect the BAY 41-2272-induced relaxations (Figs. IV.1A and D, IV.2A and D). Only in the
presence of a higher concentration of ODQ (30 uM), the relaxing effect of BAY 41-2272 (10
M) was significantly (P<0.01) reduced in fundus strips (Figs. IV.1E and IV.2E). In the colonic
smooth muscle strips, the decrease of phasic activity by BAY 41-2272 (3 uM) seemed to
some extent suppressed by the higher concentration of ODQ (30 uM; Fig. IV.1B) but the
decrease in BAY 41-2272-induced relaxation, calculated as area above the curve, by ODQ did
not reach significance (Fig. IV.2B). In the fundus, the NO synthesis inhibitor L-NAME (300
uM) did not have a significant effect on the relaxant effect of BAY 41-2272 (Figs. IV.1F and
IV.2F). In the colon however, pre-treatment with L-NAME caused a significant decrease in

the relaxing responses to BAY 41-2272 when compared to control strips (Figs. IV.1C and

IV.20).
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Fig. IV.2 Relaxant responses to BAY 41-2272 in the presence of ODQ (10 uM: A and D; 30 uM: B and E) or L-
NAME (300 uM: C and F) or the solvent (ethanol, aqua) in colonic (upper part of the figure: A, B and C) and
fundus (lower part of the figure: D, E and F) smooth muscle strips. Data represent the means = S.E.M. of n = 6.
*P<0.05, **P<0.01: significantly different versus ethanol or aqua control; unpaired Student’s t-test. ODQ (30
uM) and L-NAME (300 uM) increased the contractile response to PGF,, in the colonic strips (contraction to
PGF,q in (g.s)/mg wet weight: 4.58 + 1.30 [ethanol control] versus 10.98 + 2.21 [ODQ, 30 uM], n = 6; 5.90 +
1.68 [aqua control] versus 11.80 + 4.00 [L-NAME, 300 uM], n = 6), meaning that there is more contractile
activity to suppress, which might per se increase the absolute relaxant responses to BAY 41-2272. The
responses to BAY 41-2272 in the presence of ODQ (30 uM) and L-NAME in the colonic strips were therefore
corrected by multiplying with a factor “PGF,, response in control strips”’/“PGF,, response in strips that
received ODQ (30 uM) or L-NAME”.
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IV.4.1.2 Influence of phosphodiesterase-5 inhibition on BAY 41-2272-induced relaxations

Pre-treatment of the fundus smooth muscle strips with the phosphodiesterase-5
inhibitor sildenafil (0.1-1-10 uM, n = 7) did not significantly affect the BAY 41-2272-induced
(1-10 uM) relaxations when compared with untreated strips. After pre-treatment of the
colonic smooth muscle strips with sildenafil (0.1-1-10 uM, n = 3), PGF,q contraction was
significantly decreased or abolished, so that BAY 41-2272 relaxations could not be compared
in untreated and sildenafil-treated strips. Lower concentrations of sildenafil (1-10-100 nM, n
= 6) were therefore used in colonic strips, but BAY 41-2272-induced relaxations were not

significantly affected by these concentrations of sildenafil (Fig. IV.3).

A Colon B Fundus
%1 3 omso 151 3 pmso
304 3 1 nm sildenafil 3 0.1 uM sildenafil
33 10 nm sildenafil 1204 O 1M sik_:lenafil_ _-l__
254 @ 100 nm sildenafil B 10 pM sildenafil

204 90

15+ 604

% Relaxation

104

Relaxation
((g.s)/mg wet weight)

304

0.3 M 1M 3pM 1M 10 um
BAY 41-2272 BAY 41-2272

Fig. IV.3 Relaxant responses to BAY 41-2272 in the presence of different concentrations of sildenafil (1-10-100
nM for the colon (A) and 0.1-1-10 uM for the fundus (B)) or its solvent DMSO. Data represent the means +
S.E.M. of n = 6 for the colonic strips and n = 7 for the fundus strips. Data-analysis: ANOVA followed by a
Bonferroni multiple comparison t-test.

IV.4.1.3 ¢cGMP analysis

In the fundus smooth muscle strips, BAY 41-2272 (10 uM) significantly (P<0.01)
increased basal cGMP levels by 3-fold. BAY 41-2272 (3 uM) also increased the level of cGMP
in the colonic strips by 4.5-fold, though this increase is not significant due to one outlier (the
cGMP levels in colonic strips incubated with BAY 41-2272 varied between 13.86 and 52.00
pmol/g tissue, except for one strip that contained 141.00 pmol cGMP/g tissue and highly
increased the variation of the result). Without this outlier, the mean cGMP level in colonic
strips exposed to BAY 41-2272 (28.18 + 6.60 pmol/g tissue; n = 5) was significantly different
from the levels in the presence of DMSO (10.65 + 0.91; n = 6; P < 0.05). The sGC inhibitor
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0oDQ (30 uM) totally inhibited the BAY 41-2272-induced increase of cGMP in both fundus

(P<0.01) and colonic strips (Fig. IV.4).
A Colon

804 501
60+ |

20+

w

Fundus

* %

T

40+

304

204

cGMP
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&
cGMP
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Fig. IV.4 cGMP levels in basal conditions (DMSO, solvent of BAY 41-2272) and when incubated with BAY 41-
2272 (3 uM in colon and 10 uM in fundus) in the absence or presence of ODQ (30 uM) in colonic (A) and
fundus (B) smooth muscle strips. Data represent the means * S.E.M. of n = 6. **P<0.01: significantly different
versus DMSO; AAP<0.01: significantly different versus BAY 41-2272; ANOVA followed by a Bonferroni multiple
comparison t-test.

IV.4.2 Interaction with endogenous and exogenous NO

IV.4.2.1 Influence of ODQ and L-NAME on EFS and exogenous NO

In colonic strips, EFS (1-2-4-8 Hz, 40 V, 0.1 ms, 30 s) induced a quick and transient
decline in tone with suppression of the phasic activity (Fig. IV.5A). Upon ending stimulation,
a fast rebound contraction occurred, followed by progressive recuperation of contractile
activity. In the fundus (EFS; 1-2-4-8 Hz, 40 V, 0.1 ms, 10 s), a quick and transient decline in
tone was also observed, but without rebound contraction (Fig. IV.5C). After adding L-NAME
(300 uM) the EFS-induced relaxations were totally abolished in the fundus strips, but in the
colonic strips, it was only at 1 Hz that L-NAME abrogated relaxations.

Application of exogenous NO (1-10-100 pM) induced relaxations with a
concentration-dependent duration in fundus and colonic smooth muscle strips. In both
tissues, the response to NO consisted of a quick decline in tone, and in colonic strips, a
suppression of the phasic activity was observed. In colonic smooth muscle strips, ODQ (10
M) totally abolished relaxant responses to 1 and 10 uM NO, and it reduced the relaxing
response to 100 uM NO (Fig. IV.5B). After incubation of the fundus strips with ODQ (10 uM),
a complete abrogation of the relaxant responses to NO was observed at 1 uM, and a clear-

cut reduction of relaxation was seen at 10 and 100 uM (Fig. IV.5D).
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Fig. IV.5 Representative traces of smooth muscle responses to EFS (40V, 0.1 ms, 1-2-4-8 Hz; A and C) before
and after addition of L-NAME (300 pM) and smooth muscle responses to NO (1-10-100 pM; B and D) before
and after addition of ODQ (10 uM) in PGF,, pre-contracted smooth muscle strips of the colon (A and B) and
the fundus (C and D). The traces represent examples for n = 4 for each condition.

IV.4.2.2 Interaction of BAY 41-2272 with EFS and exogenous NO

In order to study the influence of BAY 41-2272 versus the responses to EFS (1-2-4-

8 Hz, 40 V, 0.1 ms, 30 s [colon] or 10 s [fundus]) and exogenous NO (0.01-100 uM), BAY 41-

2272 was used in the lowest concentration that had shown relaxant activity (0.3 UM in colon

and 1 pM in fundus, see figure IV.2). In the presence of BAY 41-2272, EFS-induced

relaxations tended to increase in colonic smooth muscle strips at 2, 4 and 8 Hz (Figs. IV.6A

and IV.7A). Remarkably, the rebound contractions disappeared at all frequencies (Fig.

IV.6A). In the fundus smooth muscle strips, incubation with BAY 41-2272 increased EFS-

induced relaxations at all frequencies, reaching significance at 1 and 2 Hz (Figs. IV.6B and
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IV.7D). In both tissues, BAY 41-2272 did not significantly influence the relaxations by

exogenous NO, as well in the concentration range of 1-100 uM (Fig. IV.7C and F) as of 0.01-1

UM (Fig. IV.7B and E).
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Fig. IV.6 Representative traces of smooth muscle responses to EFS (40V, 0.1 ms, 1-2-4-8 Hz) and NO
(1-10-100 pM) before and after addition of BAY 41-2272 (0.3 uM for the colon and 1 uM for the fundus) in
PGF,y pre-contracted smooth muscle strips of the colon (A) and the fundus (B). BAY 41-2272 (0.3 uM)
significantly decreased the contractile response to PGF,q in the colonic strips, in the series where the relaxing
response to EFS and 1-100 uM of exogenous NO was investigated (contraction to PGF,q in (g.s)/mg wet weight:
12.33 + 2.71 [strips before giving BAY 41-2272] versus 9.35 * 2.37 [strips after giving BAY 41-2272],n =6, P <
0.05). The relaxing responses to EFS and NO in the presence of BAY 41-2272 in the colonic strips were thus
multiplied with a factor “PGF,4 response before addition of BAY 41-2272”/ “PGF,, response after addition of
BAY 41-2272" in order to correct for the significantly lower PGF,4-induced contraction in the presence of BAY

41-2272.
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Fig. IV.7 Frequency-response curves of EFS (40V, 0.1 ms, 1-2-4-8 Hz; A and D) and concentration-response
curves of NO (0.01-0.03-0.1-0.3-1 puM; B and E; 1-10-100 pM; C and F), in colonic (A, B and C) and fundus (D, E
and F) smooth muscle strips before and after incubation with BAY 41-2272 (0.3 uM for the colon and 1 uM for
the fundus). Data represent the means + S.E.M. of n = 6-8. *P<0.05, **P<0.01: after significantly different
versus before; paired Student’s t-test.

IV.4.2.3 Influence of phosphodiesterase-5 inhibition on EFS and exogenous NO

To study the influence of sildenafil on the responses to EFS (1-2-4-8 Hz, 40 V, 0.1 ms,
10 s) and exogenous NO (1-10-100 pM) in the fundus, sildenafil was used in the highest
concentration as tested versus BAY 41-2272 (10 uM, see IV.4.1.2.).

The amplitude of the relaxations induced by EFS and exogenous NO was not
increased in the presence of sildenafil (Fig. IV.8A, B and C). However, sildenafil increased the
duration of the relaxations by EFS at 2-8 Hz and of all concentrations of exogenous NO (Fig.
IV.8A, D and E). At 100 uM NO, the relaxation in the presence of sildenafil was even
maintained for the 10 min incubation period in 6 out of 8 tissues; duration was taken at 600

s for these tissues.
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Fig. IV.8 (A) Representative traces of smooth muscle responses to EFS (40V, 0.1 ms, 1-2-4-8 Hz) and NO
(1-10-100 pM) before and after addition of sildenafil (10 uM) in a PGF,4 pre-contracted smooth muscle strip of
the fundus. (B-C) Amplitude of the relaxant responses to EFS (B) and NO (C) before and after addition of
sildenafil. (D-E) Duration of the relaxant responses to EFS (D) and NO (E) before and after addition of sildenafil.
In B-E, data represent the means + S.E.M. of n = 7-8. * P<0.05, **P<0.01,***P<0.001: after significantly

different versus before; paired Student’s t-test.
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IV.4.3 Role of K' channels, Na'-K'-ATPase, voltage-gated Na® channels, N-type Ca**

channels and calcium entry in the relaxant effect of BAY 41-2272

The relaxant responses to BAY 41-2272 (3 uM [colon], 10 uM [fundus]) in strips that
received apamin (0.3 uM, n = 4), charybdotoxin (0.1 uM, n = 4), ouabain (10 uM, n = 4),
tetrodotoxin (3 UM, n = 4) or w-conotoxin (3 UM, n = 4) were not significantly different from
those in parallel untreated control strips (results not shown).

CaCly-induced contractions (0.01-100 mM) were concentration-dependent and
incubation with BAY 41-2272 (0.3-1-3 uM [colon], 1-3-10 uM [fundus], 30 min) reduced
these contractions significantly at a BAY 41-2272 concentration of 1 uM and 3 pM in the
colonic strips and of 3 uM and 10 uM in the fundus strips (Fig. IV.9). In an additional series,
the influence of ODQ was tested on the inhibitory effect of BAY 41-2272 (3 uM in the colon;
10 uM in the fundus) versus CaCl,-induced contractions. In the colon, ODQ per se tended to
decrease the CaCl,-induced contractions although this did not reach significance. ODQ did
not prevent the inhibitory effect of BAY 41-2272 on calcium-induced contraction. In the
fundus, ODQ had no effect per se and did not influence the reduction of calcium-induced

contractions by BAY 41-2272 (Fig. IV.10).
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Fig. IV.10 Concentration-response curves of extracellular CaCl, in the presence of DMSO, ODQ (30 uM), BAY
41-2272 (3 uM for the colon (A) and 10 uM for the fundus (B)) or ODQ + BAY 41-2272. Data represent the
means * S.E.M. of n = 6. *P<0.05, **P<0.01, ***P<0.001: BAY 41-2272 versus DSMO; ANOVA followed by a
Bonferroni multiple comparison t-test.
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IV.5 Discussion

The aim of this study was to investigate the mechanism of relaxation and the
interaction with NO of BAY 41-2272 in mouse gastric fundus and colon. The gastric fundus is
involved in gastric receptive relaxation upon food intake and fundus smooth muscle shows
sustained tonic responses. The colon is involved in colonic storage and transit and colonic
smooth muscle develops phasic activity. The results obtained illustrate that in both tissues,
BAY 41-2272 induces relaxation through cGMP-dependent and cGMP-independent
mechanisms; the interaction with NO however differs to some extent between both tissues.

In both mouse gastric fundus and colon, BAY 41-2272 induced concentration-
dependent relaxation, the maximal effect being reached at similar concentrations as
previously reported in vascular and non-vascular tissue (Bawankule et al., 2005; Priviero et
al., 2005; Teixeira et al., 2007; Bau et al., 2010). The sensitivity of the gastrointestinal tissues
seems low as relaxation by BAY 41-2272 only started at 0.3 uM in the colon and 1 uM in the
fundus, while relaxations already clearly occurred at 0.01 uM in vascular (Bawankule et al.,
2005) and tracheal (Toque et al., 2010) tissues. BAY 41-2272 stimulates sGC in a heme-
dependent way (Stasch & Hobbs, 2009) and evidence was now obtained that the BAY 41-
2272-induced relaxation in mouse gastric fundus and colon is also partially due to sGC
activation. The sGC inhibitor ODQ, in a concentration (10 uM) shown to at least partially
reduce the relaxant effect of BAY 41-2272 in different types of tissues, did not influence the
relaxant effect of BAY 41-2272 in gastric fundus and colon. But at 30 uM, it significantly
reduced the response to BAY 41-2272 in gastric fundus, and showed a tendency to reduce
that in colon. Based on the amount of sGC present and the percentage of sGC that is already
in the heme-oxidized/heme-free condition, the concentration of ODQ required to show
inhibition might differ between tissues. In detrusor muscle, 100 uM ODQ was required to
reduce the relaxant effect of BAY 41-2272 (Bau et al., 2010). Although only partially
reducing the relaxant effect of BAY 41-2272, ODQ (30 pM) completely abolished the
increase in cGMP levels by BAY 41-2272. On the one hand, this result corroborates that BAY
41-2272 acts by sGC activation in gastric fundus and colon; on the other hand, the
discrepant effect of ODQ on the increase in cGMP (abolished) and relaxation (partially
reduced) by BAY 41-2272 points to sGC-cGMP-independent mechanisms involved in

relaxation by BAY 41-2272 in gastrointestinal tissue. This correlates with data we previously
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obtained in the gastric fundus of sGCa; knockout mice, where the relaxant effect of BAY 41-
2272 was reduced but not abolished, although sGCa;f; is the predominant form in the
gastrointestinal tract (Vanneste et al., 2007). The phosphodiesterase-5 (PDE-5) inhibitor
sildenafil did not influence the relaxation by BAY 41-2272. This contrasts to observations in
arterial (Priviero et al., 2005) and corpus cavernosum (Teixeira et al., 2007) tissue, where
sildenafil enhanced BAY 41-2272-induced relaxation, but corresponds with the non-effect of
sildenafil versus BAY 41-2272 in detrusor muscle (Bau et al., 2010). The latter authors
suggested that this might be related to PDE-5 inhibitory activity of BAY 41-2272 itself, as
demonstrated in platelets (Mullershausen et al., 2004). However, Stasch et al. (2001) and
Bischoff and Stasch (2004) reported BAY 41-2272 to be devoid of PDE-5 inhibitory activity. In
the gastric fundus and colon, the cGMP increase induced by BAY 41-2272 was completely
prevented by sGC inhibition, also corroborating that inhibition of PDE-5 does not contribute
to the effect of BAY 41-2272 in these tissues. The non-effect of sildenafil versus BAY 41-2272
in gastric fundus and colon might be related to the fact that the BAY 41-2272-induced
relaxation is partially sGC-cGMP-independent and that BAY 41-2272 is able to induce a
sustained relaxation suggesting that the sGC-dependent part is associated with maintained
sGC activation. This might counteract cGMP breakdown by PDE-5. Correspondingly, the
sharp and short lasting relaxations by endogenous (EFS) and exogenous NO showed a
clearcut increase of duration in the presence of sildenafil but not in their amplitude as
studied in the fundus. The influence of PDE-5 inhibition on nitrergic relaxations differs
between tissues and conditions as discussed by O’Kane and Gibson (1999). In the latter
paper, the relaxation by exogenous authentic NO in female anococcygeus shows an increase
in duration but not in amplitude under PDE-5 inhibition, while EFS-induced nitrergic
relaxations were enhanced in both amplitude and duration. In circular muscle strips of
porcine gastric fundus, PDE-5 inhibition enhanced the duration but not the amplitude of
EFS-induced nitrergic relaxations (Lefebvre et al., 1995).

In gastrointestinal tissue, NO has been shown to be able to stimulate small
conductance Ca**-dependent K* channels (SK channels) in a cGMP-dependent or direct way
(Serio et al., 2003; Van Crombruggen & Lefebvre, 2004) and in vascular and urogenital
tissue, NO-cGMP was shown to induce relaxation involving large conductance Ca**-
dependent K* channels (BK channels; Archer et al., 1994; Gragasin et al., 2004). In mouse

gastric fundus and colon, the SK channel blocker apamin and the BK channel blocker
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charybdotoxin did not influence the relaxant effect of BAY 41-2272, excluding SK channels
and BK channels, both as a serial target of BAY 41-2272-sGC-cGMP, or as a cGMP-
independent target of BAY 41-2272. In ovine pulmonary artery, the relaxant effect of BAY
41-2272 was shown to partially rely on cGMP-independent stimulation of Na*-K*-ATPase
(Bawankule et al., 2005). As stimulation of Na*-K*-ATPase can also induce relaxation in
gastrointestinal smooth muscle (Yaktubay et al., 2009), we tested the influence of the Na*-
K*-ATPase inhibitor ouabain versus BAY 41-2272. Ouabain had no influence on the
relaxation by BAY 41-2272, as was also reported in rat mesenteric artery (Teixeira et al.,
2006b), illustrating that activation of the sodium pump is not a general mechanism of BAY
41-2272. In contrast, a cGMP-independent mechanism that was proposed to contribute to
relaxation by BAY 41-2272 in vascular, urinary and tracheal smooth muscle (Teixeira et al.,
2006a; Bau et al., 2010; Toque et al., 2010), i.e. inhibition of extracellular calcium entry, also
contributes to the relaxant effect of BAY 41-2272 in mouse gastric fundus and colon. In
these tissues, under conditions of depletion of the intracellular calcium stores and of high K*
depolarization, BAY 41-2272 concentration-dependently inhibited contractions evoked with
extracellular calcium, and this inhibitory effect of BAY 41-2272 was not prevented by the
sGC inhibitor ODQ. Surprisingly, ODQ per se tended to reduce the calcium-induced
contractions in the colonic tissues. A non-specific effect of ODQ on excitation-contraction
coupling has been reported for canine proximal colon, where it reduced histamine-induced
contractions (Franck et al., 1997). A general depression of excitation-contraction coupling by
0ODQ in mouse colon seems excluded, as it did not reduce the contractions by PGF,,.

In assays with purified sGC, BAY 41-2272 and NO synergize to stimulate enzyme
activity (Stasch et al., 2001); a synergistic interaction of BAY 41-2272 with NO donors or
endogenous NO released by EFS was reported in several tissues with measurement of
smooth muscle relaxation (Teixeira et al., 2006a; Teixeira et al., 2006b; Teixeira et al., 2007;
Toque et al.,, 2010). In mouse gastric fundus, EFS-induced relaxations, that were fully
nitrergic as abolished by NO synthesis inhibition, were enhanced by BAY 41-2272,
illustrating synergy between BAY 41-2272 and endogenous NO; relaxant responses to
exogenous NO, that were sensitive to inhibition by ODQ, were not significantly influenced
by BAY 41-2272. Our group has previously (Vanneste et al., 2007) shown via experiments in
sGCa; knockout mice that EFS with 10 s trains (1-8 Hz) relaxes gastric fundus strips mainly

through sGCa; activation while sGCa, activation only occurs at high stimulation frequencies
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and when stimulating for a sufficiently long time (8-16 Hz, 60 s); exogenous NO and BAY 41-
2272 in contrast stimulated both sGCa; and sGCa; in the concentrations tested. In the
actual study, BAY 41-2272 might thus enhance the relaxations by the 10 s trains of EFS in the
gastric fundus by sensitizing sGCa, to react to endogenous NO released by these trains. The
amount and still more the spatial distribution of endogenous NO released from nitrergic
nerves can be expected to differ from that of exogenous NO, that reaches the smooth
muscle cells over the whole surface and stimulates sGCa, as well as sGCa,. This could also
explain why BAY 41-2272 did not influence relaxations by exogenous NO in the colon. In
addition to synergy between BAY 41-2272 and NO, endogenous NO seems also partially
involved in the relaxant effect of BAY 41-2272 in vascular, cavernosal and tracheal tissue
(Teixeira et al., 2006a; Teixeira et al., 2006b; Teixeira et al., 2007; Toque et al., 2010). This
was not the case in mouse gastric fundus as L-NAME did not influence the effect of BAY 41-
2272, corresponding to observations in detrusor muscle (Bau et al., 2010). In contrast, L-
NAME reduced the relaxation by BAY 41-2272 in mouse colon, suggesting a role of
endogenous NO. It seems unlikely that BAY 41-2272 is capable of releasing endogenous NO
from nitrergic neurons, as the N-type Ca** blocker w-conotoxin and the voltage-gated Na*
channel blocker tetrodotoxin did not influence BAY 41-2272-induced relaxations. Both
toxins have been shown to reduce or abolish EFS-induced nitrergic relaxations (Kasakov et
al., 1995; Amato et al., 2009). The effect of L-NAME versus BAY 41-2272 in the colon might
be related to the fact that BAY 41-2272 sensitizes sGC to the effect of tonically released
endogenous NO. The tonic release of NO in mouse colon is indeed illustrated by the increase
in PGF,s-induced contraction by L-NAME and ODQ and the decrease in PGF,4-induced
contraction by sildenafil. Although the area above the curve of the non-adrenergic non-
cholinergic (NANC) relaxations induced by EFS in mouse colon was not significantly changed
by BAY 41-2272, an effect of BAY 41-2272 was obvious as the rebound contractions
occurring at the end of the stimulation train were abolished; these NANC rebound
contractions are most probably tachykininergic in origin (Serio et al., 1998). EFS-induced
relaxations in mouse colon are only fully nitrergic at a stimulation frequency of 1 Hz, as
shown by the abolishment with L-NAME. We previously showed that at higher stimulation
frequencies (2-8 Hz), NO acts in a redundant way together with another transmitter, that
stimulates SK channels (Dhaese et al., 2008). As we are not aware of tachykinin receptor

antagonist effects of BAY 41-2272, and as the SK channels blocker apamin did not influence
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the relaxation by BAY 41-2272, excluding potentiation of a colonic transmitter acting at SK
channels, the abolishment of the rebound contractions is most probably due to sustained
enhancement of the effect of endogenous NO, thereby preventing the breakthrough of the
rebound contractions.

In conclusion, in both mouse gastric fundus and colon, BAY 41-2272 induces
relaxation partially by activation of sGC but also via a cGMP-independent mechanism
involving inhibition of ca* entry; additional cGMP-independent mechanisms cannot be
excluded. In gastric fundus, endogenous NO does not contribute to the relaxation by BAY
41-2272, while it does in colon; in both tissues, BAY 41-2272 can enhance the effect of

endogenous NO.
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Chapter V

Influence of cinaciguat on gastrointestinal motility in apo-sGC mice

V.1 Abstract

Background. Cinaciguat (BAY 58-2667), an NO- and heme-independent sGC
activator, was shown to be more effective when sGC is oxidized in vascular tissue. In apo-
sGC mice (sGC[31Hi5105Phe knockin) both sGC isoforms (sGCa;B; and sGCa,B;) are heme-
deficient and can no longer be activated by NO; these mice, showing decreased
gastrointestinal nitrergic relaxation and decreased gastric emptying, can be considered as a
model for oxidized sGC. Our aim was to compare the influence of cinaciguat, on in vitro
muscle tone of gastrointestinal tissues, and on gastric emptying in WT and apo-sGC mice.

Methods. Gastrointestinal smooth muscle strips were mounted in organ baths for
isometric force recording and cGMP levels were determined by enzyme immunoassay.
Protein levels of sGC subunits were assessed by immunoblotting. Gastric emptying was
determined by phenol red recovery.

Key results. Although protein levels of the sGC subunits were lower in
gastrointestinal tissues of apo-sGC mice, cinaciguat induced concentration-dependent
relaxations and increased cGMP levels in apo-sGC fundus and colon to a similar or greater
extent than in WT mice. The sGC inhibitor ODQ increased cinaciguat-induced relaxations
and cGMP levels in WT fundus and colon. In apo-sGC antrum, pylorus and jejunum,
cinaciguat was not able to induce relaxations. Cinaciguat did not improve delayed gastric
emptying in apo-sGC mice.

Conclusions. Cinaciguat relaxes the fundus and colon efficiently when sGC is in the
heme-free condition; the non-effect of cinaciguat in pylorus explains its inability to improve

the delayed gastric emptying in apo-sGC mice.
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V.2 Introduction

The principal intracellular receptor for nitric oxide (NO) as smooth muscle cell
relaxant, is soluble guanylate cyclase (sGC). In both physiologically functional isoforms of
sGC (sGCayB; and sGCa,B1), NO binds to heme that is linked to His 105 in the B; subunit.
This will generate cyclic guanosine 3’-5’-monophosphate (cGMP), that mediates smooth
muscle cell relaxation (Feil et al., 2003; Toda & Herman, 2005). In the cardiovascular system,
nitrergic relaxation is therapeutically applied with NO donors, such as organic nitrates. In
pathological conditions such as heart failure and pulmonary hypertension, oxidative stress
interferes with the NO/sGC/cGMP pathway through scavenging of NO and formation of
reactive oxygen species (ROS) (Konduri et al., 2007; Mitrovic et al., 2009), that oxidize sGC
towards the NO-insensitive heme-free status (Fritz et al., 2011); treatment with organic
nitrates becomes less effective. Recently, a new class of drugs was developed, activating
sGC directly, by preference in its oxidized/heme-free position. The sGC activator cinaciguat
has been extensively studied in the cardiovascular system. Cinaciguat is more effective in
isolated blood vessels of animal models of vascular disease, associated with endogenously
induced oxidative stress, and in blood vessels of controls, pretreated with the oxidant
peroxynitrite (Stasch et al., 2006; Korkmaz et al., 2012). In spontaneously hypertensive rats
and control rats, that are pretreated with 1H[1,2,4,]Joxadiazolo[4,3-a]quinoxalin-1-one
(0DQ) -inhibiting sGC by oxidizing the heme group-, the decrease in blood pressure caused
by cinaciguat lasts longer than in normotensive controls (Stasch et al., 2002; Stasch et al.,
2006). Furthermore, cinaciguat shows beneficial effects in models of heart failure
(Boerrigter et al., 2007; Erdmann et al., 2012), pulmonary hypertension (Chester et al.,
2011), and cardiac ischemia/reperfusion (Korkmaz et al., 2009; Radovits et al., 2011;
Salloum et al., 2012).

sGC activators may thus offer a new therapy for cardiovascular diseases; when
applied for these diseases, possible effects on the gastrointestinal tract might have to be
taken into account. Indeed, the NO/sGC/cGMP pathway is also essential for physiological
gastrointestinal motility. Aging and diseases such as colitis and diabetes can lead to enteric
nitrergic dysfunction and motility disturbances (Mizuta et al., 2000; Phillips & Powley, 2007;
Zandecki et al., 2008). These conditions are associated with oxidative stress (Kashyap &

Farrugia, 2011; Cannizzo et al., 2011; Zhu & Li, 2012). Reactive oxygen species (ROS) were
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suggested to increase the likelihood of damage to enteric nitrergic neurons (Rivera et al.,
2011). It can be expected that enteric sGC will be driven to the oxidized/heme-free status in
these conditions, contributing to reduced effectiveness of the NO/sGC/cGMP pathway.
Decreased sensitivity of sGC was reported in DSS-induced colitis in mice (Hamada et al.,
2012) and rats (Van Crombruggen et al., 2008). Cinaciguat might thus be able to activate
sGC in this type of gastrointestinal disorders, possibly improving gastrointestinal dysmotility.
We recently showed that apo-sGC mice, where His at position 105 is mutated to Phe leading
to heme-free NO-insensitive sGC (Thoonen et al., 2009), can be considered as a model for
gut dysmotility under oxidative stress (Cosyns et al., 2013). The gastrointestinal
consequences of lacking NO-sensitive sGC are most pronounced at the level of the stomach,
as apo-sGC mice show an enlarged stomach, hypertrophy of the muscularis externa of
fundus and pylorus, and disturbed gastric emptying (Cosyns et al., 2013). Our aim was
therefore to investigate the effect of cinaciguat on in vitro muscle tone of the different
sections of the gastrointestinal tract, and on gastric emptying in wild-type and apo-sGC

His105Phe shift on

mice. As we had not yet investigated the consequence of the sGCB;
relaxation by exogenous NO and the endogenous inhibitory neurotransmitters in antrum -as
done before for fundus, pylorus, jejunum and colon (Cosyns et al., 2013)- this was first

examined.

V.3 Materials and methods
V.3.1 Animals

All experimental procedures were approved by the Ethical Committee for Animal
Experiments from the Faculty of Medicine and Health Sciences at Ghent University.
Homozygous sGCB;"%°P" knockin (apo-sGC; n = 80) mice and wild-type (WT; n = 94)
controls were derived from a heterozygous breeding on a mixed background (129/Svl-
C57BL/6J) (Thoonen et al., 2009). One set of experiments with cinaciguat was performed in
gastric fundus tissue of sGCa; knockout mice (C57BL/6J background; n = 6 for sGCa,
knockout mice and for C57BL/6J controls); homozygous sGCa; knockout mice were
generated by targeting exon 6 of the sGCa; gene which codes for an essential part of the
catalytic domain of sGC (Buys et al., 2008). All mice were used in the age range of 11-16
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weeks and had free access to water and Transbreed Chow (SDS, Essex, UK); when
investigating gastric emptying using phenol red, food was withheld for 16 hours with free

access to water.

V.3.2 Muscle tension experiments

V.3.2.1 Tissue preparation

Mice were sacrificed by cervical dislocation and the gastrointestinal tract was
removed and put in aerated (5 % CO, in O,) Krebs solution (composition in mM: NaCl 118.5,
KCl 4.8, KH,PO4 1.2, MgS0,4 1.2, CaCl, 1.9, NaHCO3 25.0 and glucose 10.1). The stomach was
emptied from its contents and two full wall thickness fundus strips (2 x 11 mm) and four full
wall thickness antrum strips (2 x 5 mm) were prepared by cutting in the direction of the
circular muscle layer; one full wall thickness ring (width: 2 mm) was prepared from the
pyloric region. A ~5 cm long fragment of small bowel, starting approximately 10 cm distal to
the pylorus, and a ~4 cm long segment of colon, taken above the pelvic brim, were isolated.
The fragments were opened along the mesenteric border and pinned mucosa side up in
Krebs solution. The mucosa was then removed by sharp dissection under a microscope and
2 full-thickness muscle strips (4 x 5 mm) were cut along the circular axis in the jejunal as well

as in the colonic fragment.

V.3.2.2 Isometric tension recording

After a silk thread (USP 4/0) was attached to both ends of the strips and two L-
shaped tissue hooks were inserted into the pyloric ring, they were mounted in 7 or 15 ml
organ baths between two platinum plate electrodes (allowing electrical field stimulation;
EFS). The organ baths contained aerated (5 % CO, in O,) Krebs solution, maintained at 37°C.
Changes in isometric tension were measured using Grass force transducers (antrum,
pylorus, jejunum, colon) or MLT 050/D force transducers (fundus) and were recorded on a
PowerlLab/8sp data recording system (ADInstruments) with Chart software. EFS was
performed by means of a 4-channel custom-made stimulator.

After an equilibration period of 30 min with flushing every 10 min at a load of 0.75 g

(fundus), 0.25 g (colon) or 0.125 g (jejunum), the length-tension relationship was
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determined. Muscle tissues were stretched by load increments of 0.25 g (colon and fundus)
or 0.125 g (jejunum) and at each load level exposed to 0.1 uM (fundus and jejunum) or 1
MM (colon) carbachol to determine the optimal load (L,; the load at which maximal response
to the contractile agent occurred). The antrum strips and the pyloric rings were equilibrated
at a load of respectively 0.50 g and 0.25 g. The pyloric rings received carbachol (10 uM)
once, to check the activity of the tissue. The medium was then switched to Krebs solution
containing 1 uM atropine and 4 uM guanethidine to block cholinergic and noradrenergic
responses respectively (NANC conditions) and tissues were allowed to equilibrate for 60 min
with flushing every 15 min in this NANC Krebs solution (except for the experiments in antral
strips and one set of experiments in jejunal strips, where we studied the effect of cinaciguat

after pre-contracting the strips with carbachol).

V.3.2.3 Responses to EFS and NO in antrum

As prostaglandin F,q (PGF,q, 3 uM) induced only a very weak contractile response in
antral strips (n = 2), all relaxant stimuli were examined after pre-contraction of the strips
with 10 uM carbachol (Gil et al., 2013), once the contractile response was stabilized (~6 min
after administration of carbachol). Relaxations were induced by application of exogenous
NO (100 pM) and by application of EFS (40 V, 0.1 ms, 2-4-8 Hz for 60 s at 5 min interval).
Strips were then washed for 30 min, and were subsequently incubated for 30 min with the
sGC inhibitor ODQ (10uM), the NOS inhibitor L-NAME (300 puM), the P2Y; receptor
antagonist MRS2500 (1 uM) or the combination of L-NAME (300 uM) and MRS2500 (1 uM).
Carbachol (10 uM) was then applied again and the responses to NO and EFS were studied

again.

V.3.2.4 Responses to cinaciguat in fundus, antrum, pylorus, jejunum and colon

The responses to cinaciguat were studied after pre-contracting the tissues with
PGF,q (300 nM for fundus and jejunum, 3 uM for pylorus and colon), except for the antral
strips which were precontracted with carbachol (10 uM). Once the contractile response was
stabilized (~6 min after administration of PGF,4 or carbachol), cinaciguat was cumulatively

added to the smooth muscle strips (1-10-100 nM in fundus, jejunum and colon and 1-10-
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100-1000 nM in antrum, with an interval of 5 min between the administrations); strips were
studied in parallel in the presence of the sGC inhibitor ODQ (10 uM; 30 min incubation) or in
the presence of its solvent ethanol. In the pyloric rings, the effect of a single administration
of cinaciguat (100 nM, left in contact with the tissue for 5 min) was studied.

In jejunal strips, additional experiments were performed studying the effect of
cumulatively added cinaciguat (1-10-100-1000 nM) after pre-contracting the strips with
carbachol (0.1 uM). Additional experiments were also performed in pyloric rings without
inducing additional tone (no contractile agent was used): cinaciguat was added cumulatively
(100-1000 nM, with an interval of 5 min between the administrations).

In fundus strips from sGCa; knockout mice and their corresponding control mice, the
effect of cumulatively added cinaciguat (1-10-100 nM) and NO (1-10-100 uM) was studied.

In all set ups, time-control strips that did not get the interfering drugs or that
received the solvent of the interfering drugs were run in parallel. At the end of each

experiment, the wet weight of the smooth muscle strips was determined (mg wet weight).

V.3.2.5 Data analysis

In fundus strips and pyloric rings, the amplitude of the tonic contractile and relaxant
responses can be measured. Responses to cinaciguat and NO were determined at their
maximal level and were expressed as the percentage of contraction evoked by PGF,4 or,
when no contracting agent was given (second set of experiments in the pyloric rings), as the
percentage of the tone present in the pyloric ring at a load of 0.25 g.

As antral, jejunal and colonic strips showed phasic activity, the area under the curve
(AUC) above baseline was determined to measure the contractile responses to PGF,q or
carbachol. To express relaxant responses, the AUC for a given response was determined and
subtracted from the AUC of a corresponding period just before applying the relaxing drug or
stimulus, yielding the area above the curve (AAC) for the relaxant response. The duration of
the relaxant responses to cinaciguat was fixed at 5 min. The duration of the relaxant
responses to EFS in the antrum was determined as 60 s (i.e. the length of the stimulus train
applied). NO abolished phasic activity of antral strips for a concentration-dependent period,
after which phasic activity progressively reoccurred. The duration of the relaxant responses

to NO was therefore determined as the time necessary for phasic activity to regain 50 % of
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the interval between the mean peak level of phasic activity during the 2 min before
administration of NO and the minimum tone level during the NO response. This calculation
was performed during the 1% cycle of carbachol-NO-EFS and the determined duration was
again used for the NO-induced responses in the 2" cycle of carbachol-NO-EFS. AAC

responses are expressed as (g.s)/mg wet weight.

V.3.3 c¢GMP analysis, Western blot of sGC subunits and oxidative stress levels
V.3.3.1 cGMP analysis

Circular muscle strips from the gastric fundus and distal colon were prepared as for
the muscle tension experiments. Before mounting them in the organ baths with aerated
Krebs solution, they were weighed to determine the tissue wet weight. The optimal load L,
was determined and the Krebs solution was replaced with Krebs solution containing 1 uM
atropine and 4 puM guanethidine, to have the same conditions as in the muscle tension
experiments. After pre-contraction with PGF,q, cinaciguat (100 nM) or its solvent were
added to the organ baths; cinaciguat was also added to strips, incubated for 30 min with
0DQ (10 uM). Exactly 5 min after adding cinaciguat or its solvent, strips were snap frozen in
liquid nitrogen and they were stored at -80°C until further processing.

cGMP was extracted and quantified using an enzyme immunoassay kit (Cayman
Chemical cyclic GMP EIA kit, Michigan, USA). Briefly, frozen tissues were pulverized by a
Mikro-Dismembrator (B. Braun Biotech International, Melsungen, Germany), homogenized
in 5 % trichloroacetic acid (TCA) and centrifuged for 15 min at 4°C at 2000 g to collect the
supernatant. The supernatant was washed three times with water-saturated ether to
extract the TCA after which it was dried under nitrogen at 60°C. After drying, it was
dissolved in a 10 times volume of assay buffer. Then, samples, controls and standards were
acetylated and were added to the enzyme immunoassay plate to incubate for 18 h at 4°C.
Optical density was measured with a 96-well plate reader (Biotrak Il, Amersham Biosciences,
Buckinghamshire, UK) at 405 nm. The concentration of cGMP was expressed as pmol/g wet

weight.
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V.3.3.2 Western blot analysis

After the mice were sacrificed by cervical dislocation, the whole fundus, antrum and
pylorus, and 4 cm mucosa-free segments of jejunum and colon were snap frozen and stored
at -80°C. Tissue samples were powdered at -70°C (Retsch MM301, Haan, Germany) and then
further homogenized in 150 ul ice cold DBB buffer (0.5 mM EDTA, 20 % glycerol, 20 mM
hepes, 350 mM NaCl, 0.5 % triton X-100) supplemented with 0.3 uM aprotinin, 25 mM -
glycerolphosphate, 1 mM leupeptin, 1 mM NaVOs;, 5 mM NaF, 1 mM pefabloc SC and 1
tablet ‘complete’ EDTA-free protease inhibitor cocktail per 50 ml (all from Roche
Diagnostics), using a mechanical homogenizer (Polytron PT1600E, Fisher Scientific, Aalst,
Belgium) for protein extraction. Samples were then centrifuged at 14000 g for 30 min at 4°C
and the supernatant was collected. Protein extracts (30 ug) were separated on a 10 % SDS
polyacrylamide gel and transferred to nitrocellulose membranes. After blocking of the
membrane (5 % skim milk, 0.1 % Tween-20), blots were incubated with the following
antibodies: rabbit polyclonal antibody specific for sGCa; (Sigma Aldrich G4280; dilution
1:10000), for sGCa, (Abcam ab42108; dilution 1:500), and for sGCB; (Sigma Aldrich G4405;
dilution 1:2000), and mouse monoclonal antibody specific for actin (MP Biomedicals;
dilution 1:500), to correct for unequal loading. Detection and analysis of sGCa; and sGCP;
was performed with the Odyssey system (Odyssey 2.1.12, Li-Cor Biosciences, Cambridge,
UK) using fluorophore-coupled secondary antibodies (goat anti-rabbit IRDye 800CW for
sGCa; and sGCP; (Li-Cor Biosciences; 1:5000 dilution), and goat anti-mouse IRDye 680 for
actin (Li-Cor Biosciences; 1:15000 dilution)). Detection of sGCa, was done with Amersham
Hyperfilm ECL (GE healthcare) and Pierce® ECL chemiluminescent substrate (Fisher Scientific)
using the following secondary antibodies: goat-anti-rabbit IgG HPR for sGCa, (Cell signaling
7074; dilution 1:2000) and sheep anti-mouse IgG HRP for the loading control actin (GE
Healthcare NA931; dilution 1:5000). Analysis of the bands was done by densitometry

(Imagel) and results were normalized to actin.

V.3.3.3 Oxidative stress levels

Samples were obtained and stored as for the western blot analysis. As an indicator of

oxidative stress, the levels of malondialdehyde/4-hydroxy-2-non-enal (MDA/HNE) were
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measured by the Lipid Peroxidation Assay (Oxford Biomedical Research, Michigan, USA) in
whole fundus and antrum, and in 4 cm mucosa-free segments of colon and jejunum of both
WT and apo-sGC mice, according to the manufacturer’s protocol. MDA/HNE levels were
normalized to total protein content and were expressed as nmol/mg protein.

The actual reactive oxygen species (ROS) levels in whole fundus and in colon
segments were quantified using the Iluminol derivative L-012, a highly sensitive
chemiluminescence probe. Intestinal tissue samples were homogenized in 10 volumes 50
mM Tris-HCl buffer (pH 7.5) and centrifuged at 10000 g for 15 min at 4°C. Supernatants
were then incubated with L-012 (100 uM) and luminescence was counted (Victor Wallac,
PerkinElmer, Massachusetts, USA) after a 10 min interval, allowing the plate to dark-adapt.
ROS levels were normalized to total protein content and were expressed as arbitrary

units/mg protein (AU/mg protein).

V.3.4 Gastric emptying

Mice were fasted overnight. Cinaciguat or the corresponding amount of solvent was
administered intraperitoneally (IP; 300 pg/kg) or intravenously (IV; 300 pg/kg, 100 ug/kg or
30 pg/kg) and 15 min (IP injections) or 5 min (IV injections) later 250 I of a phenol red meal
(0.1 % w/v dissolved in water) was administered by gavage to measure gastric emptying as
adapted from de Rosalmeida et al. (2003). Fifteen minutes after gavage, mice were
sacrificed by cervical dislocation and the stomach and small bowel were clamped at both
sides. Both organs were cut into small fragments and placed into 20 ml of 0.1 N NaOH in a
50 ml Falcon tube. The stomach and the small bowel were homogenized for approximately
30 s and allowed to stand for 20 min at room temperature. 10 ml of supernatant was placed
into a 15 ml Falcon tube and centrifuged for 10 min at 1600 g. Proteins in 5 ml supernatant
were precipitated with 0.5 ml of 20 % TCA and the solution was centrifuged for 20 min at
1600 g. 0.5 ml of supernatant was added to 0.667 ml of 0.5 N NaOH and the absorbance of
300 pl of this mixture was spectrophotometrically determined at 540 nm in a Biotrak Il plate
reader (Amersham Biosciences). Gastric emptying was calculated as the amount of phenol
red that left the stomach as % of the total amount of phenol red recovered and the phenol

red recovery was determined as the amount of phenol red recovered, expressed as % of the
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amount of phenol red administered. The phenol red recovery was 58 + 4 % in WT mice (n =

50) and 68 + 3 % in apo-sGC mice (n = 36).

V.3.5 Drugs used

The following drugs were used: atropine sulphate, guanethidine sulphate,
carbamoylcholine chloride (carbachol), N®-nitro-L-arginine methyl ester hydrochloride (L-
NAME), prostaglandin F,q tris salt (PGF,q), phenol red (all obtained from Sigma-Aldrich,
Diegem, Belgium), 8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-1,4(2H,3H)dione
sodium salt (L-012; Wako Pure Chemical Industries Ltd., Osaka, Japan), (1R*,25%*)-4-
[2-lodo-6-(methylamino)-9H-purin-9-yl]-2-(phosphonooxy)bicyclo[3.1.0]hexane-1-methanol
dihydrogen phosphate ester tetraammonium salt (MRS2500) and 1H[1,2,4,]oxadiazolo[4,3-
aJquinoxalin-1-one (ODQ) (both from Tocris Cookson, Bristol, UK) and 4-[((4-carboxybutyl)-
(2-[(4-phenethylbenzyl)oxy]lphenethyl)amino)methyl] benzoic acid (cinaciguat; kindly
provided by Bayer Healthcare GmbH, Wuppertal, Germany). All drugs were dissolved in de-
ionized water except for the following: cinaciguat, which was dissolved in 60 % PBS, 20 %
DGME and 20 % Cremophor EL (Fluka AG, Diegem, Belgium) and ODQ, which was dissolved
in 100 % ethanol. A saturated NO (2 mM) solution was prepared by bubbling oxygenated
Krebs solution with 99.9 % NO gas (Air Liquide, Belgium) (Kelm & Schrader, 1990).

V.3.6 Statistics

All results are expressed as means = S.E.M. n refers to tissues obtained from
different animals unless otherwise indicated. Comparison between apo-sGC and WT tissues
or tissues studied in parallel was done with an unpaired Student’s t-test (2 groups) or by a
one-way analysis of variance (ANOVA) followed by a Bonferroni multiple comparison t-test
(more than 2 groups). Comparison within tissues of either WT or apo-sGC was done by a
paired Student’s t-test (before and after an interfering drug or solvent). A P-value less than

0.05 was considered to be statistically significant (GRAPHPAD, California, USA).
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V.4 Results

V.4.1 Response to EFS and NO in antrum

Carbachol (10 uM) induced a combined tonic and phasic response in antrum smooth
muscle strips. The tone decreased back to baseline within 3 min after addition of carbachol,
but the increase in phasic activity remained stable for at least 30 min. In both WT and apo-
sGC strips, EFS suppressed phasic activity and, upon ending stimulation, a rebound
contraction was observed (Fig. V.1A: representative traces for WT strips; not shown for the
apo-sGC mice as these are similar to the traces for the WT mice). The EFS-induced
relaxations were not influenced by ODQ (10 uM; n = 6 for WT and for apo-sGC; results not
shown) or L-NAME (300 uM; Fig. V.1A, C and D). In both WT and apo-sGC strips, the
selective P2Y; antagonist MRS2500 (1 pM) reduced the relaxant responses at all
frequencies; in the apo-sGC strips the responses were nearly abolished for EFS at 2 and 4 Hz
(Fig. V.1A, C and D). The combination of L-NAME (300 uM) plus MRS2500 (1 uM) abolished
the relaxant responses completely in the WT strips at 2 and 4 Hz; at 8 Hz, there was still a
very small response present (Fig. V.1A and C). In the apo-sGC strips, the combination of L-
NAME and MRS25000 did not have more effect on EFS-induced relaxations than MRS2500
alone (Fig. V.1D).

Nitric oxide (100 uM) suppressed phasic activity in WT strips shortly: within one
minute phasic activity was back to normal (Fig. V.1B). ODQ (10 uM) tended (p = 0.13) to
reduce this response to NO (Fig. V.1B; respectively 0.81 + 0.31 versus 0.30 * 0.13 (g.s)/mg
wet weight, n = 6). L-NAME (300 uM), MRS2500 (1 uM) or L-NAME plus MRS2500, had no
influence on NO-induced relaxation (n = 6; results not shown). In apo-sGC strips, the

relaxant response to NO was totally abolished (n = 6; results not shown).
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Fig. V.1 Relaxant responses to EFS and NO in antrum of WT and apo-sGC mice.

(A-B) Representative traces showing the inhibitory responses in carbachol pre-contracted circular muscle strips
of the antrum from a WT mouse for EFS (A; 40 V, 0.1 ms, 2-4-8 Hz, 60 s) when EFS was repeated in control
conditions (no interfering agent), and before and after L-NAME (300 uM), MRS2500 (1 uM) or the combination
of L-NAME (300 uM) plus MRS2500 (1 uM) and for exogenous NO (B; 100 uM) when NO was repeated in
control conditions (no interfering agent), and before and after ODQ (10 uM). (C-D) Frequency-response curves
of EFS (40 V, 0.1 ms, 2-4-8 Hz, 60 s) in antrum strips of WT mice (C) and apo-sGC mice (D) when EFS was
repeated in control conditions (no interfering agent), and before and after L-NAME (300 uM), MRS2500 (1 puM)
or the combination of L-NAME (300 uM) plus MRS2500 (1 uM). Data represent the means + S.E.M. of n=6. * P
<0.05, ** P<0.01, *** P < 0.001: after versus before (paired Student’s t-test).
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V.4.2 Responses to cinaciguat; sGC subunit levels

V.4.2.1 Fundus

PGF,y (300 nM) induced an increase in tone in fundus strips; in preliminary
experiments, it was shown that this increase in tone was stable for at least 30 min. The
effective relaxant concentrations of cinaciguat were also determined in preliminary
experiments. In the effective concentration range (1-10-100 nM), addition of cinaciguat
induced concentration-dependent relaxations in strips from both WT and apo-sGC mice. The
relaxing responses to cinaciguat consisted of a sustained decline in tone (Fig. V.2A). At the
lowest given concentration of cinaciguat (1 nM), the response was significantly (P<0.05)
greater in strips from apo-sGC mice than in WT mice (35 + 8 % relaxation in apo-sGC versus
14 + 5 % relaxation in WT), but the difference between apo-sGC and WT mice did not reach
significance at higher concentrations of cinaciguat (for 10 nM cinaciguat: 76 + 10 % in apo-
sGC versus 54 £ 10 % in WT; for 100 nM cinaciguat: 102 £ 9 % in apo-sGC versus 92 + 13 % in
WT; Fig. V.2B). After incubation with cinaciguat (100 nM), no increase in cGMP levels was
seen in strips from WT mice, whereas in strips from apo-sGC mice, cGMP levels were
increased by 3-fold (P<0.01); compared to cGMP levels in strips of WT mice incubated with
cinaciguat, cGMP levels in strips of apo-sGC mice incubated with cinaciguat were twice as
high (Fig. V.2C).

Incubation with the sGC inhibitor ODQ (10 uM) increased the relaxing effect of
cinaciguat at all concentrations in strips from WT mice, reaching significance (P<0.05) at 10
and 100 nM. In strips from apo-sGC mice, ODQ did not have any influence on the relaxing
effect of cinaciguat (Fig. V.2A and B). Correspondingly, in strips from apo-sGC mice,
cinaciguat did not induce a further increase in cGMP in the presence of ODQ, but a
significant 8-fold increase (P<0.001) in cGMP levels by cinaciguat was seen in WT strips that
were incubated with ODQ; the latter cGMP levels were significantly more pronounced than
in strips of the apo-sGC mice (Fig. V.2C).

The relative protein expression of the sGC subunits, sGCa;, sGCa, and sGCB,, was
lower in the fundus of apo-sGC mice compared to the fundus of WT mice, reaching

significance for sGCa; (P<0.001) and sGCB; (P<0.05) (Fig. V.2D).
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Fig. V.2 Relaxant and cGMP responses to cinaciguat and Western blot analysis of sGC subunits in gastric
fundus of WT and apo-sGC mice. (A) Representative traces showing the responses to cinaciguat (1-10-100 nM)
in PGF,4-pre-contracted circular muscle strips of the gastric fundus from a WT (left) and an apo-sGC mouse
(right) in the presence of the sGC inhibitor ODQ (10 uM; lower trace) or its solvent ethanol (upper trace). (B)
Relaxations to cinaciguat (1-10-100 nM) in fundus strips of WT and apo-sGC mice after incubation with ODQ
(10 uM) or its solvent (ethanol). Data represent the means + S.E.M. of n = 6-8. * P < 0.05: ODQ versus ethanol
(unpaired Student’s t-test); ° P < 0.05: apo-sGC versus WT (unpaired Student’s t-test). (C) cGMP levels in
fundus strips of WT and apo-sGC mice after incubation with the solvent of cinaciguat, cinaciguat (100 nM)
itself and cinaciguat in the presence of ODQ (10 uM). Data represent the means = S.E.M. of n = 12 for the
solvent and cinaciguat group and of n = 6 for the ODQ + cinaciguat group. ** P<0.01: cinaciguat versus solvent
(one-way ANOVA followed by a Bonferroni multiple comparison t-test); 4% p<0.001: ODQ + cinaciguat versus
cinaciguat (one-way ANOVA followed by a Bonferroni multiple comparison t-test); ° P<0.05: apo-sGC versus
WT (unpaired Student’s t-test). (D) Western blot analysis of the relative protein expression levels of sGCa,,
sGCa, and sGCB, in the fundus of WT and apo-sGC mice, expressed relative to the household protein actin.
Data represent the means £ S.E.M. of n = 5-6. * P<0.05, *** P<0.001: apo-sGC versus WT (unpaired Student’s t-
test). Representative Western blot results were added showing the sGC subunits and the corresponding
household protein actin, to correct for unequal loading.
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In strips from sGCa; knockout mice, the relaxant responses to cinaciguat (1-10-100

nM) were nearly abolished compared to those in strips from control WT mice (Fig. V.3A and

C). The relaxant response to NO (1-10-100 uM) tended to be lower in strips from sGCay

knockout mice only reaching significance (P<0.05) for 100 uM NO (Fig. V.3B and D).
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Fig. V.3 Relaxant responses to cinaciguat and NO in gastric fundus of WT and sGCa; knockout mice.

(A-B) Representative traces showing the responses to cinaciguat (A; 1-10-100 nM) and exogenously applied NO
(B; 1-10-100 uM) in PGF,4-pre-contracted circular muscle strips of the gastric fundus from a WT (upper trace)
and an sGCa; knockout mouse (lower trace). (C-D) Relaxations by cinaciguat (C; 1-10-100 nM) and exogenously
applied NO (D; 1-10-100 uM) in fundus strips of WT and sGCa; knockout mice. Data represent the means *
S.E.M. of n = 5-6. * P<0.05, ** P<0.01, *** P<0.001: sGCa, knockout versus WT (unpaired Student’s t-test).

V.4.2.2 Antrum

In both WT and apo-sGC antrum strips, cinaciguat (1-10-100-1000 nM) did not have

any effect on the phasic activity induced by carbachol, either in the absence (n = 2 for WT

and for apo-sGC) or in the presence of ODQ (n = 2 for WT and for apo-sGC) (Fig. V.4A).
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The relative protein expression of the sGC subunits, sGCa;, sGCa, and sGCB;, was
lower in the antrum of apo-sGC mice compared to the antrum of WT mice, reaching

significance for sGCa; (P<0.05) (Fig. V.4B).
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Fig. V.4 Lack of effect of cinaciguat and Western blot analysis of sGC subunits in antrum of WT and apo-sGC
mice. (A) Representative traces showing the responses to cinaciguat (1-10-100-1000 nM) in carbachol pre-
contracted circular muscle strips of the antrum from a WT (left) and an apo-sGC mouse (right) in the presence
of the sGC inhibitor ODQ (10 uM; lower trace) or its solvent ethanol (upper trace). (B) Western blot analysis of
the relative protein expression levels of sGCa;, sGCa, and sGCPB; in the antrum of WT and apo-sGC mice,
expressed relative to the household protein actin. Data represent the means + S.E.M. of n = 6. * P<0.05: apo-
sGC versus WT (unpaired Student’s t-test). Representative Western blot results as for 2.

V.4.2.3 Pylorus

PGF,q (3 pM)-induced responses in pyloric rings from WT and apo-sGC mice
consisted of an increase in tone. Cinaciguat (100 nM) however did not have any effect on
the tone induced by PGF,4 (n =5 for WT and for apo-sGC; results not shown). The effect of
cinaciguat (100-1000 nM) was then studied in pyloric rings that did not receive any
contracting agent. 4 out of 7 rings from WT mice showed a sustained decline in tone when
given 100 nM cinaciguat (Fig. V.5A). Subsequent addition of a higher concentration of

cinaciguat (1000 nM) did not induce further relaxation (results not shown). 3 out of 7 rings
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from WT mice did not show a clearcut effect to 100 nM (Fig. V.5A) or 1000 nM (results not
shown) cinaciguat (mean relaxation to 100 nM cinaciguat in the 7 rings from WT mice: 12 +
4 %). None of the pyloric rings from apo-sGC mice showed a clearcut relaxant effect of
cinaciguat (100-1000 nM) as observed in 4 out of 7 WT pyloric rings (Fig. V.5B).

The relative protein expression of the sGC subunits, sGCa; and sGCB1, was lower in

the pyloric rings of apo-sGC mice compared to the pyloric rings of WT mice (P<0.05) (Fig.

V.5B).
PYLORUS

Apo-sGC

100 nM
l

100 nM 1 min
!

100 nM
!

100 nM

B s ow
B apo-sGC
c
85° L
2 g
g8, -
5%
(]
o
sGCa4 sGCa, sGCB,
0 — 0, CESe—— [, —

actin sk actin @EEPmS  ,ctin -

Fig. V.5 Relaxant responses to cinaciguat and Western blot analysis of sGC subunits in pylorus of WT and
apo-sGC mice. (A) Traces showing the responses to cinaciguat (100 nM) in pyloric rings from WT mice (left),
and from apo-sGC mice (right) when no contractile agent was used. (B) Western blot analysis of the relative
protein expression levels of sGCay, sGCa, and sGCB, in pyloric rings of WT and apo-sGC mice, expressed
relative to the household protein actin. Data represent the means + S.E.M. of n = 5-6. * P<0.05: apo-sGC versus
WT (unpaired Student’s t-test). Representative Western blot results as for figure 2.
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V.4.2.4 Jejunum

In both WT and apo-sGC jejunal smooth muscle strips, PGF,q (300 nM) induced a
combined tonic and phasic response. The tone decreased back to baseline within 3 min after
addition of PGF,q, but the increase in phasic activity remained stable for at least 30 min.
Cinaciguat (1-10-100 nM) did not have any effect on phasic activity induced by PGF,q in WT
(Fig. V.6A) or apo-sGC strips (n = 4 for WT and for apo-sGC). Incubation with the sGC
inhibitor ODQ (10 uM) did not influence this non-effect of cinaciguat (Fig. V.6A; n = 4 for WT
and for apo-sGC).

Also when jejunal strips were contracted with carbachol (0.1 uM), inducing a similar
contractile response as PGF,q, cinaciguat (1-10-100-1000 nM) had no inhibitory effect (n = 4

for WT and for apo-sGC; results not shown).
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Fig. V.6 Lack of effect of cinaciguat and Western blot analysis of sGC subunits in jejunum of WT and apo-
sGC mice. (A) Representative traces showing the responses to cinaciguat (1-10-100 nM) in PGF,q-pre-
contracted circular muscle strips of the jejunum from a WT (left) and an apo-sGC mouse (right) in the presence
of the sGC inhibitor ODQ (10 uM; lower trace) or its solvent ethanol (upper trace). (B) Western blot analysis of
the relative protein expression levels of sGCa;, sGCa, and sGCPB, in the jejunum of WT and apo-sGC mice,
expressed relative to the household protein actin. Data represent the means + S.E.M. of n = 6. ** P<0.01, ***
P<0.001: apo-sGC versus WT (unpaired Student’s t-test). Representative Western blot results as for figure 2.
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The relative protein expression of the sGC subunits, sGCa;, sGCa, and sGCB;, was
lower in the jejunum of apo-sGC mice compared to the jejunum of WT mice, reaching

significance for sGCa; (P<0.01) and sGCB; (P<0.001) (Fig. V.6B).

V.4.2.5 Colon

In colonic strips from WT and apo-sGC mice, PGF,4 (3 uM) induced an increase in
tone with superimposed phasic activity. The effective relaxant concentrations of cinaciguat
were determined in preliminary experiments. In this effective concentration range (1-10-
100 nM), addition of cinaciguat induced concentration-dependent relaxations in strips from
both WT and apo-sGC mice, that consisted of a sustained decline in tone combined with
suppression of phasic activity (Fig. V.7A). The relaxant responses to cinaciguat did not
significantly differ between WT and apo-sGC mice (Fig. V.7B); when 100 nM of cinaciguat
was given, WT and apo-sGC strips completely lost PGF,4-induced tone and only limited
phasic activity was still present (Fig. V.7A). cGMP levels were not increased in WT strips after
incubation with cinaciguat (100 nM), but in apo-sGC strips, cGMP levels were increased by
2-fold (P<0.05); compared to cGMP levels in strips of WT mice incubated with cinaciguat,
cGMP levels in strips of apo-sGC mice incubated with cinaciguat were 30 % higher (Fig.
V.70C).

Incubation with the sGC inhibitor ODQ (10 uM) increased the relaxing effect of
cinaciguat at all concentrations in strips from WT mice, reaching significance (P<0.05) at 1
nM of cinaciguat. In strips from apo-sGC mice, ODQ did not significantly influence the
relaxing effect of cinaciguat, although at 10 and 100 nM of cinaciguat, the relaxation caused
by cinaciguat tends to be increased after incubation with ODQ (Fig. V.7A and B). This
corresponds with the results found for the cGMP levels: in WT strips, a significant 4.5-fold
increase in cGMP levels by cinaciguat (P<0.001) was seen after incubation with ODQ; in apo-
sGC strips, a small increase in cGMP levels (P<0.05) was seen after administration of
cinaciguat in the presence of ODQ versus those induced by cinaciguat alone (Fig. V.7C).

The relative protein expression of the sGC subunits, sGCa; and sGCB1, was lower in the
colon of apo-sGC mice compared to the colon of WT mice, reaching significance for sGCB;

(P<0.05) (Fig. V.7D).
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Fig. V.7 Relaxant and cGMP responses to cinaciguat and Western blot analysis of sGC subunits in colon of
WT and apo-sGC mice. (A) Representative traces showing the responses to cinaciguat (1-10-100 nM) in PGF,4-
pre-contracted circular muscle strips of the distal colon from a WT (left) and an apo-sGC mouse (right) in the
presence of the sGC inhibitor ODQ (10 uM; lower trace) or its solvent ethanol (upper trace). (B) Relaxations to
cinaciguat (1-10-100 nM) in distal colon strips of WT and apo-sGC mice after incubation with ODQ (10 uM) or
its solvent (ethanol). Data represent the means + S.E.M. of n = 7-8. * P < 0.05: ODQ versus ethanol (unpaired
Student’s t-test). In the presence of ODQ (10 uM), the contractile response to PGF,y in WT colonic strips was
more than 50 % less pronounced than in its absence (contraction to PGF,q in (g.s)/mg wet weight: 18.8 £ 3.0 in
the presence of ODQ versus 40.0 + 16.5 in the presence of ethanol; n = 8). This means that there is less
contractile activity to suppress, which will per se decrease the absolute relaxant responses to cinaciguat. The
relaxant responses to cinaciguat of WT colonic strips in the presence of ODQ were therefore corrected by
multiplication with the factor “Response to PGF,, in WT strips receiving ethanol/response to PGF,y, in WT
strips receiving ODQ”. The contractile responses to PGF,4 in apo-sGC strips (contraction to PGF,q in (g.s)/mg
wet weight: 15.5 £ 5.5 in the presence of ODQ and 18.1 + 8.3 in the presence of ethanol; n = 7-8) were also
more than 50 % lower when compared to the contractile response to PGF,q in WT control strips receiving
ethanol. The relaxant responses to cinaciguat in apo-sGC strips (strips that received ethanol and strips that
were incubated with ODQ) were therefore corrected by multiplying with, respectively, a factor “Response to
PGF,q in WT control strips/response to PGF,, in apo-sGC control strips” and “Response to PGF,q in WT control
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strips/response to PGF,, in apo-sGC strips that received ODQ”. (C) cGMP levels in colon strips of WT and apo-
sGC mice after incubation with the solvent of cinaciguat, cinaciguat (100 nM) itself and cinaciguat in the
presence of ODQ (10 uM). Data represent the means = S.E.M. of n = 12 for the solvent and cinaciguat group
and of n = 5-6 for the ODQ + cinaciguat. * P<0.05: cinaciguat versus solvent (one-way ANOVA followed by a
Bonferroni multiple comparison t-test); . P<0.05, 4% p<0.001: ODQ + cinaciguat versus cinaciguat (one-way
ANOVA followed by a Bonferroni multiple comparison t-test).(D) Western blot analysis of the relative protein
expression levels of sGCa,, sGCa, and sGCPB; in the colon of WT and apo-sGC mice, expressed relative to the
household protein actin. Data represent the means + S.E.M. of n = 6. * P<0.05: apo-sGC versus WT (unpaired
Student’s t-test). Representative Western blot results as for figure 2.

V.4.3 Oxidative stress levels

MDA/HNE levels in fundus, antrum, jejunum and colon and ROS levels measured

with L-012 in fundus and colon were not different in apo-sGC versus WT mice (Table V.1).

Table V.1 Levels of MDA/HNE as an indicator of oxidative stress and actual ROS levels measured with L-012.

MDA/HNE L-012
nmol/mg protein AU/mg protein
WT Apo-sGC WT Apo-sGC
Fundus 1.3+0.1 1.3+0.2 Fundus 84.3+5.1 84.2+5.0
Antrum 0.82 £0.05 0.75+0.05 Colon 1949+ 8.6 2145+47.4
Jejunum 1.5+0.1 1.8+0.1
Colon 1.0+0.1 09+0.1

Values are means * S.E.M. of n = 6 (MDA/HNE) or n = 3 (L-012) .

V.4.4 Influence of cinaciguat on gastric emptying

After injection of the solvent of cinaciguat, gastric emptying was consistently
significantly delayed in apo-sGC mice (Fig. V.8A-D). Intraperitoneal administration of
cinaciguat (300 pg/kg) did not improve the delayed gastric emptying in apo-sGC mice nor
did it influence that in WT mice. Intravenous injection of cinaciguat (300 pg/kg and 100
ug/kg) delayed gastric emptying significantly in WT mice (P<0.05), but had no influence on
gastric emptying in apo-sGC mice. Intravenous injection of 30 ug/kg of cinaciguat did not
have this inhibitory effect on gastric emptying in the WT mice, but it was also not able to

improve the delayed gastric emptying in apo-sGC mice (Fig. V.8).
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Fig. V.8 Gastric emptying in WT and apo-sGC mice after administering cinaciguat or its solvent.

Gastric emptying after intraperitoneal (A: 300 pg/kg) or intravenous injection (B: 300 pg/kg; C: 100 pg/kg; D
30 ug/kg) of cinaciguat or its solvent. Data represent the means + S.E.M. of n = 4-8. * P<0.05: cinaciguat versus
solvent (unpaired Student’s t-test); ® P<0.05, °° P<0.01, °°° P<0.001: apo-sGC versus WT (unpaired Student’s t-
test).
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V.5 Discussion

The disturbed gastric emptying and intestinal transit in apo-sGC mice illustrate the
importance of NO-sensitive sGC in gastrointestinal motility (Cosyns et al., 2013). The aim of
the present study was to compare the effect of cinaciguat, an NO- and heme-independent
sGC activator, on gastrointestinal motility in WT and apo-sGC mice.

Apo-sGC mice with their heme-free sGC can be considered as a model for gut
dysmotility under oxidative stress as under disease conditions associated with oxidative
stress, sGC will also be oxidized towards an NO-insensitive, heme-free status (Stasch et al.,
2006; Fritz et al., 2011). This does not mean that oxidative stress levels should be increased
in gastrointestinal tissues of apo-sGC mice; in gastrointestinal tissues of apo-sGC mice,
MDA/HNE levels, that are an indicator of oxidative stress as MDA and HNE are key products
of the peroxidative decomposition of lipids, were not different from those in WT mice; for
fundus and colon, this was confirmed by direct measurement of ROS with L-012, which
reacts with superoxide and hydrogen peroxide, but also with the reactive nitrogen species
peroxynitrite (Daiber et al., 2004). The protein levels of the sGC subunits (sGCa;, sGCa;, and
sGCB;1) however tended to be reduced or were even significantly reduced in the
gastrointestinal tissues of apo-sGC mice. This is in agreement with previous reports
suggesting that oxidation or loss of the heme group make sGC more prone for ubiquitination
and subsequent proteosomal degradation (Stasch et al.,, 2006; Hoffmann et al., 2009;
Meurer et al., 2009).

At the level of the gastric fundus and distal colon, cinaciguat induced concentration-
dependent relaxations in both WT and apo-sGC strips, the maximal effect being reached at
similar concentrations as previously reported in vascular tissue (Stasch et al., 2002; Stasch et
al., 2006). Although the protein levels of sGCa; and sGCB; were lower in apo-sGC fundus
and colon, the relaxant responses to cinaciguat in fundus and colon strips were similar or
even higher in apo-sGC mice. This suggests that cinaciguat is more efficient when sGC is in
the heme-free condition, as was previously reported for vascular tissue (Stasch et al., 2006).
The data obtained with the sGC inhibitor ODQ, that is thought to inhibit sGC by oxidation of
its heme group (Schrammel et al., 1996), corroborate this conclusion: after incubation with
0DQ, the relaxant responses to cinaciguat were greatly increased in WT fundus and colon

strips. The efficacy of cinaciguat to activate sGC in the oxidized/heme-free condition was
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also confirmed by measurement of cGMP: in the absence of ODQ, cGMP levels were only
increased by cinaciguat in fundus and colon strips of apo-sGC mice but not of WT mice, but
in the presence of ODQ, cinaciguat produced a pronounced increased in cGMP levels in
fundus and colon strips of WT mice. Unexpectedly, ODQ also significantly increased
cinaciguat-induced cGMP levels in colon strips of apo-sGC mice, correlating with a clearcut
tendency to increased relaxation by cinaciguat in the apo-sGC colon strips in the presence of
0ODQ. This is remarkable, as sGC is expected to be in the heme-free state already. We do not
have an explanation for this. Although it has been reported that the degree of measurable
cGMP increase in smooth muscle strips can differ enormously for a similar degree of
nitrergic relaxation (Garcia-Pascual & Triguero, 1994; Smits & Lefebvre, 1996), depending
upon the nitrergic stimulus, it was surprising to see no increase at all in cGMP levels in WT
fundus and colon after the addition of 100 nM cinaciguat as this induced pronounced
relaxation in both WT tissues. This might imply that other mechanisms, besides activation of
sGC and generation of cGMP, are involved in the relaxation caused by cinaciguat in WT
fundus and colon; however, no other mechanisms than sGC activation have been reported
so far to explain smooth muscle relaxation by cinaciguat. An alternative possibility is that
cinaciguat might induce moderate compartimentalized increases in cGMP, that cannot be
found upon homogenization of the tissue. Correspondingly, maintained NO-induced
relaxation, sensitive to the inhibitory effect of ODQ but without a significant increase in
cGMP levels was reported for aortic rings of sGCa;-KO mice, suggesting that local non-
measurable cGMP increases via sGCa,B; are responsible for the induction of the nitrergic
relaxation; the amount of sGCa, was indeed maintained in the sGCa;-KO mice (Mergia et al.,
2006). We previously showed that the amount of sGCa; is also maintained (De Backer et al.,
2008) and that the relaxant response to exogenous NO is only moderately reduced
(Vanneste et al., 2007) in the gastric fundus of sGCa;-KO mice. The latter was confirmed in
the actual study; however, the relaxant effect of cinaciguat was practically non-existent in
gastric fundus strips of sGCa;-KO mice. This supports that the relaxation of WT strips by
cinaciguat in the absence of ODQ is related to sGC activation, as it was reported that
cinaciguat preferentially stimulates sGCa;3; (Haase et al., 2010).

The evaluation of the response to exogenous NO in antrum illustrated the presence
of an NO-sensitive cGMP-mediated relaxant pathway in antrum, as the ODQ-sensitive

relaxation by NO in WT antrum was not present in antrum of apo-sGC mice. The study of
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EFS under NANC conditions confirmed that NANC inhibitory neurotransmission in mouse
antrum is largely purinergic (Gil et al.,, 2013) with a supporting redundant role of NO.
Indeed, EFS-induced relaxations were of similar size in WT and apo-sGC antrum; while the
relaxant responses by EFS at 2 and 4 Hz were abolished by the P2Y; receptor antagonist
MRS2500 plus the NO synthesis inhibitor L-NAME in WT antrum, MRS2500 alone abolished
them in apo-sGC antrum, the contribution of NO through cGMP already being excluded by
the sGC[31HiSlOSPhe mutation. The small relaxation seen by EFS at 8 Hz under combined
nitrergic plus purinergic blockade, might indicate contribution of an additional transmitter.
The release of another unidentified neurotransmitter, besides NO and ATP, was also
suggested for the pylorus and colon (Soediono & Burnstock, 1994; Ishiguchi et al., 2000; Van
Crombruggen & Lefebvre, 2004; Cosyns et al., 2013). Cinaciguat was not able to induce
relaxations in WT and apo-sGC antrum strips. As endogenous NANC relaxation in the antrum
is largely dependent upon purinergic signaling, lower amounts of sGC might be present to
be activated. However, sGC levels in antrum were similar to those in other gastrointestinal
tissues. Additionally, also for the colon a large part of the inhibitory response is attributed to
purinergic signaling (Van Crombruggen & Lefebvre, 2004; Dhaese et al., 2008; Gil et al.,
2013), and cinaciguat causes relaxation in this tissue. Still more intriguing, cinaciguat was
also not able to induce a relaxation in WT and apo-sGC jejunum strips, either when
contracted by PGF,, or by carbachol, to exclude the possibility that the used contractile
agent determines the non-effect of cinaciguat, as it was reported before that the agents by
which contraction is induced can affect the ability to induce smooth muscle relaxation
(Gibson et al., 1994). Still, endogenous NANC inhibitory responses in the jejunum are sGC-
dependent and fully nitrergic in nature (Dhaese et al., 2009). Cinaciguat is expected to be
more efficient when sGC is in the oxidized condition (Stasch et al., 2006), but MDA/HNE
levels in antrum and jejunum were similar to those in colon and fundus; the MDA/HNE
values were also comparable to those reported in the literature for mouse small intestine
(0.97 nmol/mg protein; Diao et al., 2012), rat small intestine (2.09 nmol/mg protein; Liu et
al., 2013) and rat colon (1.17 nmol/mg protein; Larrosa et al., 2009). We have thus no
explanation for the lack of effect of cinaciguat in WT and apo-sGC antrum and jejunum, nor
for its ineffectiveness in the pylorus of apo-sGC mice.

Liquid gastric emptying was decreased in apo-sGC mice, as we reported previously

(Cosyns et al., 2013), probably related to impaired pyloric relaxation. Mashimo et al. (2000)
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similarly suggested that functional pyloric obstruction, due to a loss in nitrergic
neurotransmission, contributes to a great extent to the delay in gastric emptying seen in
nNNOS-KO mice. The inability of cinaciguat to relax the pylorus of apo-sGC mice might thus
explain the inability of cinaciguat to improve delayed gastric emptying in apo-sGC mice.
Surprisingly, when giving 300 or 100 pg/kg intravenously to WT mice, gastric empting was
delayed. Injection of the same doses of cinaciguat has shown to cause a sudden drop in
mean arterial blood pressure of 20-25 mmHg in mice for about 15-25 min (Vandendriessche
et al.,, 2013). This drop in blood pressure will decrease tissue perfusion and thus gastric
blood flow, which might induce gastric dysmotility and delayed gastric emptying. In the apo-
sGC mice, cinaciguat also causes a pronounced decrease in blood pressure (Thoonen, 2010),
but as gastric emptying is already severely delayed in these mice, the hypotension will not
lead to additional delay.

In conclusion, the NO- and heme-dependent sGC activator cinaciguat relaxes the
fundus and colon efficiently when sGC is in the heme-free condition corresponding to its
preferential activation of heme-free sGC in vascular tissue. But it is unable to relax the
antrum, pylorus and jejunum of NO-insensitive, heme-free apo-sGC mice. This non-effect of
cinaciguat in pylorus explains its inability to improve the delayed gastric emptying in apo-

sGC mice.
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Protective effect of exogenous nitrite in postoperative ileus

VI.1 Abstract

Background. As the pathogenesis of postoperative ileus (POI) involves inflammation
and oxidative stress, similar to ischemia/reperfusion injury that can be counteracted with
nitrite, we investigated whether nitrite can protect against POl and intended to elucidate
the mechanisms involved.

Methods. POI was induced in C75BL/6J mice by small intestinal manipulation (IM);
sodium nitrite (48 nmol) was administered intravenously just before IM. Intestinal transit
was assessed using fluorescent imaging. Bethanechol-stimulated jejunal circular muscle
contractions were measured in organ baths. Inflammatory parameters, neutrophil
infiltration, inducible nitric oxide synthase (iNOS) activity, oxidative stress, mitochondrial
complex | activity and cyclic guanosine monophosphate (cGMP) were measured in the
intestinal muscularis.

Key results. Pre-treatment with nitrite markedly improved the delay in intestinal
transit and restored the reduced intestinal contractility observed 24 h following IM. This was
associated with reduced protein levels of tumor necrosis factor alpha (TNFa), interleukine-6
(IL-6) and monocyte chemoattractant protein-1 (MCP-1), as well as reduced iNOS activity
and oxidative stress; the associated neutrophil influx was not influenced by nitrite.
Treatment with nitrite did not influence the observed reduction in mitochondrial complex |
activity following IM, but it did increase cGMP levels. Pre-treatment with the NO scavenger
carboxy-PTIO or the soluble guanylate cyclase (sGC) inhibitor ODQ abolished nitrite-induced
protective effects.

Conclusions. An intervention with exogenous nitrite can be a valuable tool in the
treatment of POI. Nitrite-induced protection, shown to be dependent on NO, is not related

to inhibition of mitochondrial complex |, but the activation of sGC does play a role.
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VI.2 Introduction

Postoperative ileus (POIl) is a transient impairment of gastrointestinal motility,
commonly seen after abdominal surgery. It usually resolves within 3 days, but when
prolonged, it can lead to increased morbidity, prolonged hospitalization and increased
healthcare cost (Kehlet & Holte, 2001). The pathophysiology of POI is marked by an acute
neurogenic phase followed by a prolonged inflammatory phase (Boeckxstaens & de Jonge,
2009). The inflammatory phase is characterised by the activation of resident macrophages
in the muscular layer, which release inflammatory cytokines such as tumor necrosis factor
alpha (TNFa) and interleukin 6 (IL-6), chemokines such as monocyte-chemoattractant
protein-1 (MCP-1) and adhesion molecules such as intercellular adhesion molecule-1 (ICAM-
1). MCP-1 and ICAM-1 will recruit circulatory leukocytes, that together with the activated
resident macrophages will enhance release of nitric oxide (NO) through inducible NO
synthase (iNOS). NO has potent inhibitory effects on the gastrointestinal motility and causes
ileus (Bauer & Boeckxstaens, 2004; Turler et al., 2006). Additionally, reactive oxygen species
(ROS) might contribute to POI; our group previously reported an increase in intestinal
oxidative stress levels starting shortly after intestinal manipulation (IM) (De Backer et al.,
2009).

Exogenous administration of nitrite was shown to protect heart, liver, kidney and
brain from ischemia/reperfusion (I/R) injury (Duranski et al., 2005; Jung et al., 2006; Shiva et
al., 2007; Tripatara et al., 2007). The main mechanisms underlying I/R injury include the
generation of ROS and the activation of an inflammatory cascade; both mechanisms make
cells more susceptible to cell death (Sanada et al., 2011). The exact mechanism of the
protective effect of nitrite in I/R models is not completely understood. Although iNOS-
derived NO contributes to inflammatory damage in I/R injury, evidence suggests that
exogenous nitrite needs to be reduced to NO to become effective as the NO-scavengers 2-
phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) and carboxy-PTIO prevent the
beneficial effect of nitrite (Duranski et al., 2005; Shiva et al., 2007). Beneficial effects might
be dependent on providing sufficient NO at areas with a shortage due to deficiency of the
two constitutive NO synthases (endothelial and neuronal), which in case of hypoxia cannot
produce NO anymore and might even produce ROS. Nitrite is unique in that it will be

reduced to NO preferentially under hypoxic conditions, and might thus provide NO where
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needed (Raat et al., 2009). This can less systematically be obtained with NO donors, that
were shown to induce beneficial, no or even detrimental effects in I/R models (Hoshida et
al., 1996; Zhu et al., 1996; Mori et al., 1998; Lozano et al., 2005; Li et al., 2009).

Two possible mechanisms of action have been suggested in the protective effect of
nitrite-derived NO against I/R injury. Shiva et al. (2007) showed in a hepatic I/R model that
nitrite can lead to reversible inhibition of mitochondrial complex | by S-nitrosation;
inhibition of mitochondrial complex | dampens the electron transfer and was shown to limit
mitochondrial ROS production (Lesnefsky et al., 2004; Shiva et al., 2007). Inhibition of
mitochondrial complex | as a pathway for the nitrite-induced protective effect was also
described in a cardiac ischemia/reperfusion model (Dezfulian et al., 2009). In contrast,
Duranski et al. (2005) showed in a model of hepatic I/R that nitrite protection was
dependent on signalling via soluble guanylate cyclase (sGC), as it was completely abolished
by the sGC inhibitor 1H[1,2,4,]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ). An sGC-dependent
protective effect of nitrite was also suggested in a model of TNF-induced sepsis, in which
TNF is known to cause inflammation accompanied by oxidative stress; treatment with nitrite
decreased oxidative stress, mitochondrial damage and mortality, and this protection by
nitrite was largely abolished in sGCa; knockout mice (Cauwels et al., 2009).

Treatment of POl remains mostly supportive and no real treatment or prevention currently
exists. As the pathogenesis of POI also involves inflammation and oxidative stress, similar to
I/R that can be counteracted with nitrite, the aim of this study was to investigate whether

nitrite can protect against POl and to elucidate the mechanisms involved.

VI.3 Materials and methods

VI.3.1 Animals

Male C57BL/6J mice (20-25 g, n = 153) were purchased from Janvier, Le Genest St-
Isle, France and had free access to water and commercially available chow. All experimental
procedures were approved by the Ethical Committee for Animal Experiments from the

Faculty of Medicine and Health Sciences at Ghent University.
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VI.3.2 Hepatic I/R model

The hepatic I/R protocol has been described previously (Duranski et al., 2005). Mice
were anaesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), dissolved in 0.9 %
normal saline and administered intraperitoneally (i.p.). Body temperature of the mice was
kept constant during the entire period of surgery and ischemia by use of a heat lamp. A
midline laparotomy was performed and the intestine was gently lifted from the body cavity
to access the liver. A microaneurysm clamp was applied for 45 min to the left branch of the
portal vein and hepatic artery, resulting in ischemia of the left lateral and median lobes of
the liver. This leads to segmental (70%) ischemia, preventing mesenteric venous congestion
by allowing portal decompression through the caudate and right lobe of the liver. Just after
placing the clamp, mice were injected with heparin (100 mg/kg; i.p.) to prevent blood
clotting. During the period of ischemia, the intestine was placed back in the abdominal
cavity and the liver was kept moist using gauze soaked in 0.9 % normal saline. Halfway
ischemia, sodium nitrite (48 nmol) or its solvent (phosphate buffered saline; PBS) was
administered into the vena cava inferior. After 45 min, the microaneurysm clamp was
removed and the abdomen was closed with 2 layers of continuous sutures. Non-operated
mice served as controls. The liver was reperfused for 5 h, and following this period, serum
was collected and frozen at -80°C for determination of liver transaminase levels; these
enzymes are liver specific and are released from the liver during injury. Liver aspartate
aminotransferase/alanine aminotransferase (AST/ALT) levels were spectrophotometrically

analyzed (Cobas 8000C; Roche, Basel, Switzerland) and expressed as U/I.

VI.3.3 POl model

Mice were anesthetized with inhaled isoflurane (5 % induction, 2 % maintenance)
and the abdomen was opened by midline laparotomy. POl was induced by compressing the
eventrated small intestine by using sterile moist cotton applicators for 5 min. Sodium nitrite
(48 nmol) or its solvent (PBS) was administered into the inferior vena cava just before IM.
After IM, the bowel was repositioned in the abdominal cavity and the incision was closed by
two layers of continuous sutures. Mice were sacrificed 6 or 24 h after surgery and the

gastrointestinal tract was removed. Non-operated mice served as controls.
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In an additional set of experiments, we studied the influence of the NO scavenger
carboxy-PTIO (1 mg/kg in PBS, i.p. 30 min before IM) and the sGC inhibitor ODQ (20 mg/kg
in DMSO, i.p. 30 min before IM) and its solvent DMSO on nitrite-mediated effects in
manipulated mice. Mice were sacrificed 24 h after surgery and the gastrointestinal tract was
removed.

After measuring transit, the small intestine was flushed with aerated (5 % CO, in O,)
ice cold Krebs solution (composition in mM: NaCl 118.5, KCl 4.8, KH,PO,4 1.2, MgS0,4 1.2,
CaCl, 1.9, NaHCOs; 25.0 and glucose 10.1) containing 1 mM PMSF and divided into 6
segments. In the mice sacrificed 24 h after surgery, one segment was used to test the
contractile response to bethanechol (see below); in the rest of the segments, the mucosa
was removed by using a glass slide and the muscularis was stored at -80°C until further

processing.

VI.3.4 Evaluation of intestinal motility

Intestinal transit was assessed by evaluating the distribution of a nonabsorbable
tracer, i.e. fluorescein-labeled dextran (FD70; 70 kDa) in the gastrointestinal tract 24 h
postoperatively, as described previously (De Backer et al., 2008). Mice were gavaged 200 pl
of FD70 (25 mg/ml in distilled water) 22h30 postoperatively. Ninety minutes later, the
animals were sacrificed, the abdomen was cut open, a ligature was placed around the lower
oesophagus (just above the cardia) and rectum, and the entire gastrointestinal tract was
excised. Next, the mesenterium was removed and the gastrointestinal tract was pinned
down in a custom-made Petri dish (5 x 30 cm) filled with aerated (5% CO, in O,) Krebs
solution containing 1 mM PMSF (Sigma Aldrich). Immediately after, FD70 was visualized
using the Syngene GeneFlash system (Syngene, Cambridge, UK), consisting of a UV-light
source, an excitation filter (410-510 nm conversion screen), a 8-bit monochrome CCD
camera equipped with an 8-48 mm f/1.2 zoom lens, and an emission bandpass filter (550-
600 nm emission) to detect fluorescence. Two full-field images -one in normal illumination
mode and another in fluorescent mode- were taken and subsequently matched for analysis;
the fluorescent intensity throughout the entire gastrointestinal tract was analyzed and
calculated using Intestinal Transit Software (written as an ImageJ plugin; can be downloaded

at www.heymans.ugent.be/En/DownloadsEn.htm). Data were expressed as the percentage
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of fluorescence intensity per segment (stom, stomach; sb, small bowel segments 1-10; caec,
caecum; col, colon segments 1-2) and plotted in a histogram. The geometric center (GC) was
calculated by the following formula: (% FD70 per segment x segment number)/100.
Contractile activity was evaluated using the muscarinic agonist bethanechol. Briefly,
a mid-jejunal segment of the small intestine was opened along the mesenteric border and
pinned mucosa side up in Krebs solution. The mucosa was removed by sharp dissection
under a microscope and a full-thickness muscle strip (4 x 5 mm) was cut along the circular
axis. After a silk thread (USP 4/0) was attached to both ends of the strip, it was mounted in a
7 ml organ bath, which contained aerated (5 % CO, in O,) Krebs solution, maintained at
37°C. Changes in isometric tension were measured using Grass force transducers and
recorded on a PowerlLab/8sp data recording system (ADInstruments) with Chart software.
After an equilibration period of 60 min with flushing every 15 min at a load of 0.25 g,
carbachol (10 uM) was added once to check the functional viability of the muscle
preparations. The tissues were then allowed to equilibrate for 30 min at 0.25 g with flushing
every 10 min in Krebs solution, after which they were exposed to increasing concentrations
of bethanechol (cumulative 0.3-300 uM; 2 min interval). As jejunal strips show phasic
activity, the area under the curve (AUC) above baseline was determined to measure the

contractile responses to bethanechol. Responses are expressed as (g.s)/mg wet weight.

VI.3.5 cGMP analysis

cGMP was extracted and quantified using an enzyme immunoassay kit (Cayman
Chemical, Michigan, USA). Briefly, frozen tissues were pulverized by a Mikro-Dismembrator
U (B-Braun, Melsungen, Germany), homogenized in 5 % trichloroacetic acid (TCA) and
centrifuged for 15 min at 4°C at 2000 g to collect the supernatant. The supernatant was
washed three times with water-saturated ether to extract the TCA after which it was dried
under nitrogen at 60°C. After drying, it was dissolved in a 10 times volume of assay buffer.
Then, samples, controls and standards were acetylated and were added to the enzyme
immunoassay plate to incubate for 18 h at 4°C. Optical density was measured with a 96-well
plate reader (Biotrak Il, Amersham Biosciences, Buckinghamshire, UK) at 405 nm. The

concentration of cGMP was expressed as pmol/g wet weight.
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VI.3.6 Mitochondrial isolation and complex | activity

Mitochondria were isolated as described by Gadicherla et al. (2012). Briefly,
intestinal muscularis segments were placed in 1 ml isolation buffer (200 mM mannitol, 50
mM sucrose, 5 mM KH,PO4, 5 mM MOPS, 1 mM EGTA, and 0.1 % BSA; pH adjusted to 7.15
with KOH), and minced into fine pieces. The suspension was homogenized with a teflon
pestle homogenizer and was subsequently centrifuged at 8000 g for 10 min. The pellet was
re-suspended in 1 ml isolation buffer and then centrifuged at 750 g for 10 min; the
supernatant was centrifuged again at 8000 g for 10 min, and the final pellet, enriched in
mitochondria, was re-suspended in 200 ul isolation buffer. Mitochondria isolated as
described above were then centrifuged at 10000 g and the pellet was re-suspended in
hypotonic buffer (25 mM potassium phosphate buffer with 5 mM MgCl,; pH 7.2). After
dilution to the appropriate concentration (0.5 mg/ml), mitochondria were subjected to
three rounds of freeze-thaw cycles. The fractured mitochondria were used to measure
complex | activity.

Complex | activity was determined by monitoring the change in transmittance from
oxidation of NADH to NAD" at 340 nm (FLUOstar, BMG Labtech, Ortenberg, Germany). To 20
ul of mitochondria protein, hypotonic buffer containing 1 mM KCN, 0.1 mM NADH and 0.25 %
BSA was added. The reaction was initiated by the addition of 160 uM ubiquinone (CoQy;
Sigma Aldrich) and the decrease in optical density due to oxidation of NADH was measured
for 10 minutes. Complex | activity was determined in the absence and presence of rotenone
(mitochondrial complex | inhibitor; 50 uM; Sigma Aldrich); the rate of transmittance in the
presence of rotenone was subtracted from the rate of transmittance without rotenone, to
obtain rotenone sensitive activity. Rate of activity was calculated using the extinction
coefficient of NADH, 6.18 mM™ cm™ with slopes derived over the 10 min period. Results
were normalized to total protein content (Pierce BCA Protein Assay Kit, ThermoScientific,

Illinois, USA) and expressed as pmol/min/mg protein.
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VI.3.7 Protein expression levels of MCP-1, IL-6 and TNFa

Protein expression levels of IL-6, MCP-1 and TNFa were determined by enzyme-
linked immunosorbent assay (ELISA), according to the manufacturer’s protocol (Invitrogen,
Merelbeke, Belgium). Briefly, intestinal tissue samples were homogenized with a Mikro-
Dismembrator, dissolved in 10 (MCP-1 and IL-6) or 5 (TNFa) volumes of 20 mM PBS buffer
(pH 7.4) containing protease inhibitors (Complete Mini Protease Inhibitor EDTA-free tablets,
Roche, Basel, Switzerland), and centrifuged at 10000 g for 15 min at 4°C. The supernatant
(100 pl) was added to the appropriate microtiter wells, after which the plate was covered
and incubated at room temperature. After 2 hours, the solution was thoroughly aspirated
from the wells and wells were washed with wash buffer. 100 ul of IL-6 or MCP-1 Biotin
Conjugate Solution or 50 ul of TNFa Biotin Conjugate Solution was added to each well, after
which the plate was covered and incubated at room temperature. After 30 (IL-6), 45 (MCP-
1) or 90 min (TNFa), the solution was aspirated from wells and wells were washed with
wash buffer. Streptavidin-HRP Working Solution (100 ul) was then added to each well, after
which the plate was covered and incubated at room temperature. After 30 (IL-6 and TNFa)
or 45 min (MCP-1), the solution was thoroughly aspirated from wells and wells were washed
with wash buffer. Stabilized Chromogen (100 pl) was then added to each well and incubated
at room temperature in the dark. After 30 (IL-6 and TNFa) or 20 min (MCP-1), Stop Solution
(100 ul) was added to each well and the absorbance was measured at 450 nm. Results were
normalized to total protein content (Pierce BCA Protein Assay Kit) and expressed as pg/mg

protein.

VI.3.8 Neutrophil infiltration

Myeloperoxidase (MPO) activity was measured as an index of neutrophil infiltration,
and was based on a previously described protocol (de Jonge et al., 2003). Frozen tissue
samples were homogenized with a Mikro-Dismembrator and dissolved in 10 volumes of 50
mM potassium phosphate buffer (pH 6.0) containing 0.5 % hexadecyl-trimethylammonium
bromide (HETAB). The homogenate was sonicated on ice (15 pulses of 0.7 s at full power)
and subsequently subjected to freeze/thaw. The suspension was centrifuged (14000 g, 20

min, 4 °C) and 10 pl of the supernatant was added to 200 ul of assay mixture, containing
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ready-to-use TMB substrate, 0.5% HETAB, and 10 mM EDTA (on ice). The optical density was
immediately read at 620 nm (Biotrak Il). The reaction was then allowed to proceed for 3 min
at 37 °C. The reaction was stopped by placing the 96-well plate on ice, and the optical
density was measured again. One unit of MPO activity was defined as the amount of
enzyme that produces a change in optical density of 1.0 per minute at 37 °C. Results were
normalized to total protein content (Pierce BCA Protein Assay Kit) and expressed as U/mg

protein.

V1.3.9 iNOS activity

Inducible NO synthase (iNOS) enzyme activity was assayed by measuring the
conversion of [>H]-arginine to [>H]-citrulline using a NOS activity assay kit (Cayman Chemical,
Michigan, USA), according to the manufacturer's recommended protocol. Briefly, frozen
tissues were pulverized with a Mikro-Dismembrator and dissolved in 5 volumes of ice-cold
homogenization buffer (250 mM Tris-HCI (pH 7.4), 10 mM EDTA and 10 mM EGTA). The
homogenates were then centrifuged (10000 g, 15 min, 4°C) and 10 pl of the supernatant
was added to 40 pl reaction mix (25 ul of Reaction Buffer (50 mM Tris-HCI (pH 7.4), 6 uM
tetrahydrobiopterin, 2 uM flavin adenine dinucleotide, 2 pM flavin adenine
mononucleotide), 5 pl of 10 mM NADPH (prepared in 10 mM Tris-HCl), 1 pl of [*H]-arginine
(1 uCiful), 5 ul 8 MM MgAcetate, 4 ul calmoduline and 4 pl H,0). The reaction samples were
then incubated for 1 hour at room temperature, and the reaction was stopped by adding
400 pl of Stop Buffer (50 mM HEPES (pH 5.5), 5 mM EDTA) to the reaction sample. 100 pl of
the equilibrated resin was then added into each reaction sample and the reaction samples
were then transferred in the provided spin cups, which were centrifuged for 30 s in a
microcentrifuge at full speed. The eluate was then transferred to scintillation vials, and,
after adding 2 ml scintillation solution (Ultima Gold, Canberra Packard, USA) to each vial, the
radioactivity was quantified in a liquid scintillation counter (Packard Tri-Carb 2100 TR,
Canberra Packard, USA). Results were normalized to total protein content (Pierce BCA
Protein Assay Kit) and iNOS activity was expressed as % of [3H]—citrulline in tissue from

control non-manipulated mice.
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VI.3.10 Oxidative stress levels

Tissue ROS levels were quantified using 8-amino-5-chloro-7-phenylpyrido[3,4-
d]pyridazine-1,4(2H,3H)dione sodium salt (L-012), as described previously (Castier et al.,
2005). Intestinal tissue samples were homogenized with a Mikro-Dismembrator (B-Braun,
Melsungen, Germany), dissolved in 10 volumes of 50 mM Tris-HCI buffer (pH 7.5) containing
protease inhibitors (Complete Mini Protease Inhibitor EDTA-free tablets, Roche, Basel,
Switzerland), and centrifuged at 10000 g for 15 min at 4°C. 195 pul of supernatant was
incubated with 5 pl of L-012 (100 puM) and luminescence was measured (VictorWallac,
PerkinElmer, Massachusetts, USA) after a 10 min interval, allowing the plate to dark-adapt.
ROS levels were normalized to total protein content (Pierce BCA Protein Assay Kit) and

expressed as Arbitrary Units/mg protein.

VI.3.11 Drugs used

The following drugs were used: carbamyl-B-methylcholine chloride (bethanechol), 2-
phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (carboxy-PTIO), rotenone, sodium
nitrite, ubiquinone (CoQ;) (all obtained from Sigma-Aldrich, Diegem, Belgium), carbachol
(Fluka AG, Diegem, Belgium), fluorescein-labeled dextran (70 kDa; Invitrogen, Merelbeke,
Belgium), 8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-1,4(2H,3H)dione sodium salt
(L-012; Wako Pure chemical Industries Ltd., Osaka, Japan) and 1H[1,2,4,]oxadiazolo[4,3-
aJquinoxalin-1-one (ODQ; Tocris Cookson, Bristol, UK). All drugs were dissolved in de-ionized
water except for the following: sodium nitrite and carboxy-PTIO in 10 mM PBS (pH 7.4) and
ODQ in DMSO.

VI.3.12 Data analysis

All results are expressed as means + S.E.M. n refers to tissues obtained from
different animals. Statistical analysis was performed using a one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison t-test. A P-value less than 0.05 was

considered to be statistically significant (Graphpad, San Diego, CA, USA).
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V1.4 Results

VI.4.1 Confirmation of the protective effect of nitrite in hepatic I/R injury

In a first series of experiments we investigated whether the protective effect of
nitrite in an I/R model of the liver, as previously reported by Duranski et al. (2005), could be
reproduced. Both ALT and AST levels (markers for liver injury) were significantly (P<0.001)
increased after I/R of the liver (ALT: 628.8 + 88.9 U/I after I/R versus 92.0 + 13.8 U/l in
controls; AST: 458.8 + 44.1 U/| after I/R versus 162.1 + 13.8 U/l in controls; n = 6-7).
Administration of 48 nmol (optimal dose reported by Duranski et al. (2005)) of nitrite during
ischemia limited this increase (P<0.001; ALT: 193.9 + 17.5 U/I; AST: 257.1 + 24.6 U/l; n = 6-7),
showing its protective effect in hepatic I/R injury. Having confirmed the efficacy of 48 nmol

of nitrite, this dose was selected for testing in our model of POI.

VI.4.2 Effect of nitrite on manipulation-induced intestinal dysmotility

In non-operated control mice, fluorescein-labelled dextran (70 kDa) moved to the
distal part of the small bowel, whereas in mice that had been intestinally manipulated,
fluorescein-labelled dextran was retained in the proximal part of the small bowel (Fig.
VI.1A); this delay in intestinal transit was reflected by a significant reduction in geometric
centre (GC; Fig. VI.1B). Pre-treatment with nitrite reduced the manipulation-induced delay
in transit, as indicated by a significant increase in GC (Fig. VI.1A and B).

The inhibition of intestinal transit after IM reflects inhibited smooth muscle
contractile activity of the small intestine; compared to controls, IM caused a reduction in
cholinergic contractile activity, indicated by a significantly reduced E..x of the cumulative
concentration-response curve of bethanechol in jejunal smooth muscle strips. The
contractile activity of smooth muscle strips of manipulated mice, that were pre-treated with

nitrite, was restored to that of non-manipulated control mice (Fig. VI.1C).
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Fig. VI.1 Effect of nitrite on manipulation-induced intestinal dysmotility.

Transit histograms (A) and geometric centre (B) for the distribution of fluorescein-labelled dextran (70 kDa)
along the gastrointestinal tract (stom, stomach; sb, small bowel segments; col, colon segments), measured 24
h after intestinal manipulation (IM). E,..x of bethanechol-stimulated (cumulative 0.3-300 uM; 2 min interval)
concentration-response curves of jejunal circular muscle contractile activity (C). Data represent the means +
S.E.M. of n = 14-15. *P<0.05, **P<0.01, ***P<0.001: one-way ANOVA followed by a Bonferroni multiple
comparison test.

VI.4.3 Effect of nitrite on manipulation-induced inflammation and oxidative stress

The inflammatory cytokines TNFa and IL-6 and chemokine MCP-1 were significantly
increased 24 h after manipulation of the intestine. Pre-treatment with nitrite reduced the
IM-induced increase in cytokine/chemokine release, although not significantly for TNFa;
note however that TNFa levels in nitrite-treated manipulated mice were no longer
significantly different from those in non-operated control mice (Fig. VI.2A-C). MCP-1 protein
levels were also assayed 6 h after IM: protein levels were 40 % higher than when measured
24 h after IM, but the IM-induced increase in MCP-1 levels could not be reduced by nitrite
(Fig. VI.2C).

Neutrophil recruitment (MPO) into the muscularis was significantly increased 6 and
24 h after IM; compared to 6 h after IM, the influx of neutrophils was doubled at 24 h.
Surprisingly, pre-treatment with nitrite markedly reduced the neutrophil infiltration at 6 h,

but not at 24 h after IM (Fig. VI.2D).
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iNOS activity increased non-significantly at 6 h and significantly at 24 h after IM. Pre-
treatment with nitrite reduced this IM-induced elevation in iINOS activity significantly at 6 h
and non-significantly at 24 h; note that iNOS activity in nitrite-treated manipulated mice was
no longer significantly different from those in non-operated control mice at both 6h and 24
h after IM (Fig. VI.2E).

Oxidative stress, as measured with the chemiluminescent dye L-012, was not
increased at 6 h after IM, but was markedly increased 24 h after surgery. Pre-treatment with
nitrite reduced this IM-induced increase, though non-significantly; note however that
oxidative stress levels of nitrite-treated manipulated mice were no longer significantly

different from those in non-operated controls (Fig. VI.2F).
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Fig. VI.2 Effect of nitrite on manipulation-induced inflammatory responses and oxidative stress.

Effect of nitrite on intestinal manipulation (IM)-induced changes in TNFa (A), IL-6 (B) and MCP-1 (C) protein
levels, in neutrophil infiltration (D; myeloperoxidase, MPQ), in iNOS enzyme activity (E), and in oxidative stress
(F; assessed with the luminol derivate L-012), measured 6 h (except for TNFa and IL-6) and 24 h after IM.
Values at 6 h were obtained in a separate series of experiments with its own non-manipulated control group.
Data represent the means + S.E.M. of n = 7-10. *P<0.05, **P<0.01, ***P<0.001: one-way ANOVA followed by a
Bonferroni multiple comparison test.
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VI.4.4 Investigation of the possible role of mitochondrial complex | and sGC in the effect of

nitrite

Mitochondrial complex | activity was significantly reduced 6 and 24 h after IM. Pre-
treatment with nitrite did not influence this reduction in enzyme activity after IM
(Fig. VI.3A).

cGMP levels in the intestinal muscularis were significantly reduced 6 and 24 h after
IM. Pre-treatment with nitrite increased these reduced cGMP levels after IM, although non-
significantly at 24 h; but cGMP levels at 24 h of manipulated mice that were pre-treated

with nitrite were no longer significantly lower than those of non-operated controls

(Fig. VI.3B).
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Fig. VI.3 Effect of nitrite on manipulation-induced changes in mitochondrial complex | activity and cGMP.
Effect of nitrite on intestinal manipulation (IM)-induced changes in mitochondrial complex | activity (A) and
cGMP levels (B), measured 6 h and 24 h after IM. Values at 6 h were obtained in a separate series of
experiments with its own non-manipulated control group. Data represent the means * S.E.M. of n = 8.
*P<0.05, **P<0.01, ***P<0.001: one-way ANOVA followed by a Bonferroni multiple comparison test.

These results suggest that the nitrite-induced protective effect in POl might be
dependent on sGC activation. This was further elaborated by exploring the influence of the
sGC inhibitor ODQ on nitrite-mediated protective effects. Administration of ODQ completely
prevented the accelerating effect of nitrite on delayed transit in manipulated mice, as
evident from the reduction in GC to a level comparable to that in non-treated manipulated

mice (Fig. VI.4A); correspondingly, the cholinergic contractile activity of jejunal smooth
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muscle strips was significantly reduced back to the level of non-treated manipulated mice
(Fig. VI.4A and B). Inflammatory parameters (Fig. VI.5A-C) and oxidative stress levels (Fig.
VI.5D) were increased or had a clear tendency to be increased after pre-treating nitrite-
treated manipulated mice with ODQ. In addition, pre-treatment with ODQ prevented the
nitrite-induced increase in cGMP levels in manipulated mice (Fig. VI.5E).

DMSO, the solvent of ODQ, was tested in parallel in nitrite-treated manipulated
mice, to exclude the possibility that DMSO alone would have an influence per se on the

protective effects of nitrite, but it was without influence (results not shown; n = 6).
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Fig. VI.4 Influence of the sGC inhibitor ODQ and the NO scavenger carboxy-PTIO on nitrite-induced
protection against manipulation-induced intestinal dysmotility.

Geometric centre for the distribution of fluorescein-labelled dextran (70 kDa) along the gastrointestinal tract,
measured 24 h after intestinal manipulation (IM; A). E..x of bethanechol-stimulated (cumulative 0.3-300 uM; 2
min interval) concentration-response curves of jejunal circular muscle contractile activity (B). Data represent
the means * S.E.M. of n = 6-8. ***P<0.001: one-way ANOVA followed by a Bonferroni multiple comparison
test.

VI.4.5 Influence of the NO scavenger carboxy-PTIO on nitrite-induced protection

The protective effects of nitrite in POl appear to be NO dependent, as the NO
scavenger carboxy-PTIO completely inhibited the nitrite-induced protection on
gastrointestinal motility in manipulated mice (Fig. VI1.4). Similar to ODQ, pre-treatment with
carboxy-PTIO increased or at least had a tendency to increase inflammatory parameters
(Fig. VI.5A-C) and oxidative stress levels (Fig. VI.5D), when comparing them to those of
nitrite-treated manipulated mice. The nitrite-induced increase in cGMP levels of

manipulated mice was also prevented by carboxy-PTIO.
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Fig. VI.5 Influence of ODQ and carboxy-PTIO on the effect of nitrite versus manipulation-induced changes in
inflammatory markers, oxidative stress and cGMP.

TNFa (A) and MCP-1 protein levels (B), INOS enzyme activity (C), oxidative stress (D; assessed with the luminol
derivate L-012), and cGMP levels (E), measured 24 h after IM. Data represent the means + S.E.M. of n = 5-8.
*P<0.05, **P<0.01, ***P<0.001: one-way ANOVA followed by a Bonferroni multiple comparison test.
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VI.5 Discussion

lleus, a transient impairment of gastrointestinal motility, is a common complication
seen after abdominal surgery for which no single preventive means exists. As the
pathogenesis of POl involves inflammation and oxidative stress, similar to I/R injury that can
be counteracted with nitrite, we investigated whether nitrite can protect against POI.

The inflammatory response triggered by handling of the intestine is now generally
accepted as a key event in POl (Bauer & Boeckxstaens, 2004; Boeckxstaens & de Jonge,
2009). Previous studies have shown that surgical manipulation of the small intestine
activates the resident macrophages in the muscularis externa, resulting in the release of
macrophage-derived cytokines, chemokines and adhesion molecules (Wehner et al., 2007).
This local molecular inflammatory response is followed by a cellular inflammatory response
with extravasation of circulatory leukocytes -mainly neutrophils and monocytes- into the
intestinal muscularis (Kalff et al., 1998; Kalff et al., 1999). iINOS expressed in recruited and
resident leukocytes will then lead to enhanced release of NO, which directly modulates the
contractile activity of the muscularis, contributing to inhibition of gastrointestinal transit
and POI (Kalff et al., 2000; Turler et al., 2006). Similarly, when manipulating the murine
intestine in this study, this was followed by (1) an increase in inflammatory cytokines and
chemokines, (2) an influx of neutrophils and (3) an increase in iNOS activity in the intestinal
muscularis. For the increased levels of the chemokine MCP-1 and of MPO, a marker of
neutrophil influx, a certain trend was observed over time: compared with the levels
observed at 6 h after IM, MCP-1 was reduced with 40 % and neutrophil influx was doubled
at 24 after IM; this corresponds to the time course for MCP-1 and MPO levels reported in
previous rodent studies (de Jonge et al., 2003; Wehner et al., 2007; Schmidt et al., 2012).

The extent of intestinal dysmotility was demonstrated to be proportional to the level
of intestinal inflammation (Kalff et al., 1998), and prevention or reduction of the
manipulation-induced inflammatory response by e.g. inhibition of macrophage function or
inhibition of leukocyte infiltration by ICAM-1 blockade attenuated dysmotility (The et al.,
2005; Wehner et al., 2007). In accordance, we showed that administration of nitrite
effectively accelerated the manipulation-induced delay in gastrointestinal transit
corresponding with suppression of the inflammatory response, as evidenced by a reduction

in the inflammatory cytokines TNFa and IL-6 and in MCP-1 chemokine levels 24 h after IM.
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Surprisingly, at 6 h after manipulation, increased levels of the chemokine MCP-1, known to
play an essential role in the recruitment of monocytes to sites of injury in several
inflammatory models (Lu et al., 1998), were not reduced by nitrite. This is in contrast with
the results for MPO, a marker for neutrophil influx: nitrite reduced the influx of neutrophils
at 6 h but not at 24 h after IM although the manipulation-induced decrease of
gastrointestinal transit and the associated reduced contractile activity were almost
completely restored by nitrite 24 h after IM. We do not have an explanation for the time-
differential influence of nitrite on monocytes and neutrophils, but some degree of reduced
monocyte infiltration and of delayed neutrophil infiltration seems involved in the protective
effect of nitrite.

Reactive oxygen species (ROS) might also contribute to POIl. Anup et al. (1999)
reported that surgical manipulation of the rat intestine resulted in an increase of activity of
one of the few ROS generating enzyme systems, xanthine oxidase, in the enterocytes. This
was associated with widened intercellular spaces and increased mucosal permeability;
changes which were prevented by pretreatment of the animals with xanthine oxidase
inhibitors (Anup et al., 2000). In addition, our group previously reported an increase in
oxidative stress in mouse small intestine after IM; reducing ROS generation (with the CO-
releasing molecule CORM-3) correlated with a positive effect on postoperative intestinal
transit (De Backer et al., 2009). In the present study, we measured an increase in oxidative
stress in the intestinal muscularis 24 h after IM; nitrite attenuated this increase, thereby
helping to reduce ileus. In line with our results, antioxidant effects of nitrite were also
demonstrated in an I/R model of the brain and in an ischemic model of the heart, in this way
providing protection against I/R injury (Jung et al., 2006; Singh et al., 2012).

Nitrite will be reduced to NO under hypoxic conditions (Raat et al., 2009). This
concept led to studies testing nitrite as a NO donor in experimental I/R models of the heart,
liver, kidney and brain (Duranski et al., 2005; Jung et al., 2006; Shiva et al., 2007; Tripatara
et al., 2007); nitrite will provide NO at the time and location needed, showing its superiority
against the use of classical NO donors that have yielded conflicting results in previous I/R
studies, probably due to their lack of ‘specificity’ (Hoshida et al., 1996; Zhu et al., 1996; Mori
et al., 1998; Lozano et al., 2005; Li et al., 2009). The critical role for nitrite-derived NO in I/R
models was apparent from the fact that the protective effects of nitrite were abolished in

the presence of an NO scavenger (Duranski et al., 2005; Jung et al., 2006; Shiva et al., 2007;
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Tripatara et al., 2007). In the actual study, administration of the NO scavenger carboxy-PTIO
completely inhibited the nitrite-induced protection of gastrointestinal dysmotility after IM
and increased or at least had a tendency to increase the associated inflammatory
parameters and oxidative stress levels; this supports the idea of a mechanism requiring the
reduction of nitrite to NO to protect against POI. This might be related to temporarily
decreased oxygen levels in the intestine, due to repetitive momentary ischemia by IM.

Two possible mechanisms of action have been suggested in the protective effect of
nitrite-derived NO against I/R injury, namely reversible inhibition of mitochondrial complex |
by S-nitrosation (Shiva et al., 2007; Dezfulian et al., 2009) and activation of sGC by NO
(Duranski et al., 2005; Jung et al., 2006). In correspondence with I/R studies, mitochondrial
complex | activity was significantly decreased after IM, probably due to temporally
decreased oxygen levels during manipulation, necessary for oxidative phosphorylation.
Although nitrite-induced protection by inhibition of the electron transport might seem
counterintuitive, the continuation of mitochondrial oxidative phosphorylation in the context
of low O, generates ROS, mitochondrial calcium overload, and the release of cytochrome c
(Shiva et al., 2007; Chen et al., 2007). Consequences to the cell include oxidative damage,
opening of the mitochondrial permeability transition pore, and activation of apoptotic
cascades, all favouring cell death. Pre-treatment with nitrite did not influence complex |
activity in mice upon IM, indicating that nitrite protection in our POl model is not mediated
via reversible inhibition of mitochondrial complex I. We therefore focused on a possible
mechanism via the NO-sGC-cGMP pathway, as was before suggested in I/R models of liver
and brain, in an ischemic heart model, and in a model of TNF-induced sepsis (Duranski et al.,
2005; Jung et al., 2006; Cauwels et al., 2009; Singh et al., 2012). In correspondence with the
findings in the ischemic heart model where cGMP levels were also measured (Singh et al.,
2012), IM significantly decreased cGMP levels in the intestinal muscularis but pre-treatment
with nitrite increased these cGMP levels again, supporting the idea that the protective
effect of nitrite in POl might be dependent on sGC, generating cGMP upon activation. The
fact that both the NO-scavenger carboxy-PTIO and the sGC inhibitor ODQ brought intestinal
cGMP levels in nitrite-treated manipulated mice back to those of non-treated manipulated
mice, and that they prevented nitrite-induced protection on IM-induced intestinal
dysmotility and nitrite-induced reduction of IM-induced inflammation and oxidative stress,

corroborates that the nitrite-induced protection in the POl model must be mediated via
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sGC. The exact mechanism by which the nitrite-NO-sGC-cGMP pathway exerts its protective
effects in POl is still to be elucidated. In an I/R model of the brain it was demonstrated that
the protective effect of nitrite-derived NO via sGC activation was dependent upon its
vasodilatory effects (Jung et al., 2006), while in a model of I/R injury in isolated mouse heart
(Bell et al., 2003), activation of sGC by an NO donor led to opening of the mitochondrial Karp
channels, thereby preserving mitochondrial function by preventing mitochondrial
permeability transition pore opening and cytochrome c release, normally leading to cell
death (Korge et al., 2002). The latter might play a role in the effect of nitrite in POI, as
enterocyte mitochondrial dysfunction was shown to be associated with surgical
manipulation of the intestine; this dysfunction was prevented in the presence of the NOS
substrate L-arginine (Thomas et al., 2001; Anup et al., 2001).

In conclusion, these data indicate that an intervention with exogenous nitrite can be
a valuable tool in the prevention of POIl. We demonstrated that nitrite attenuates POI in
mice, corresponding with a reduction in manipulation-induced inflammation and oxidative
stress in the intestinal smooth muscle. Mechanistically, nitrite-induced protection is
dependent on the reduction of nitrite towards NO; it is not associated with inhibition of

mitochondrial complex |, but it is clearly dependent on activation of sGC.
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Chapter VIl General discussion and conclusions

In this thesis, we investigated the gastrointestinal effects of sGC activation by NO-
independent compounds and by NO delivery via nitrite. For this, we first assessed in
genetically engineered mice what happens to gastrointestinal nitrergic signaling and motility
when NO cannot activate sGC anymore. Then, we investigated the gastrointestinal effects of
both an sGC stimulator and an sGC activator that were reported to stimulate/activate sGC
independently of NO. Finally, we investigated the possible protective effects of nitrite-

derived NO in a model of POI.

VII.1 Induction of a heme-free, NO-insensitive state of sGC has important consequences

on gastric motility

In the gastrointestinal system, NO synthesized by nNOS and released from NANC
neurons will target sGC and induce smooth muscle relaxation. NO contributes to the control
of gastrointestinal motility, as evident from the delay in gastric emptying and intestinal
transit upon NOS inhibition or in NNOS knockout mice (Huang et al., 1993; Karmeli et al.,
1997; Mizuta et al., 1999; Mashimo et al., 2000; Chiba et al., 2002; Fraser et al., 2005). Two
physiological active isoforms of sGC have been described in the gastrointestinal tract: the
predominantly expressed heterodimer sGCa;;and the less abundantly expressed sGCa,f:
(Mergia et al., 2003); our laboratory previously reported that, with regard to the regulation
of gastrointestinal motility, sGCa,B; can compensate at least partially for the absence of
sGCa;f; as gastric emptying was only mildly impaired and small intestinal transit was not
influenced in sGCa; knockout mice (Vanneste et al., 2007; Dhaese et al., 2009); these sGCa;
knockout mice do thus not allow to fully answer to what extent NO contributes to the
control of gastrointestinal motility via the sGC pathway. In both physiologically functional
isoforms of sGC, NO binds to heme that is linked to histidine 105 in the B subunit (Schmidt
et al., 2004). Recently, sGC[31HiSlOSPhe knockin (apo-sGC) mice were developed (Thoonen et
al., 2009); the resulting heme-deficient sGC isoforms retain their basal activity but can no

longer be activated by NO (Wedel et al., 1994). As a first goal of this thesis, the consequence
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of switching sGC to the heme-deficient state on nitrergic signalling and motility in the gut

was studied.

Loss of responsiveness to exogenous NO in apo-sGC mice. Due to the heme-
deficient state of sGC, the relaxant responses to exogenous NO were abolished in fundic,
antral, jejunal and colonic smooth muscle strips and in pyloric rings isolated from the apo-
sGC mice. Correspondingly, the NO donor DETA-NO failed to increase the sGC activity in
gastrointestinal tissues of apo-sGC mice. These results indicate that exogenous NO-induced
relaxation is completely dependent upon activation of sGC, which contrasts to sGC-
independent actions -such as activation of the small conductance Ca’*-dependent K
channels (SK channels)- reported in previous gastrointestinal studies (Lang & Watson, 1998;
Serio et al., 2003). The maintained responses to respectively the cell-permeable cGMP
analogue 8-Br-cGMP and VIP, that acts through adenylate cyclase coupled VIP receptors, in
the apo-sGC fundic, jejunal and colonic strips, indicate that there are no compensatory
mechanisms in the relaxant pathway downstream of sGC nor in the cAMP-induced

relaxation of apo-sGC mice.

NANC inhibitory neurotransmission in fundus, antrum, pylorus, jejunum and colon.
In accordance with previous findings from our group (Vanneste et al., 2007; Dhaese et al.,
2009), endogenous NANC inhibitory responses in the fundus and jejunum showed to be sGC-
dependent and fully nitrergic in nature as ODQ- and L-NAME-sensitive EFS-induced
relaxations observed in WT strips were virtually abolished in apo-sGC strips. Still, EFS at 8 Hz
induced relaxation -not sensitive to L-NAME- in some apo-sGC fundic strips, suggesting the
emergence of a compensatory mechanism involving another neurotransmitter than NO at
higher stimulation frequencies in the gastric fundus of apo-sGC mice. We speculate this
neurotransmitter to be VIP, as VIP is known to be released at higher stimulation frequencies
in gastric fundus (D'Amato et al., 1992; Boeckxstaens et al., 1992; Tonini et al., 2000; Mule &
Serio, 2003); in compensation for the loss of the nitrergic contribution to NANC inhibitory
neurotransmission, it might already be released in apo-sGC mice at stimulation frequencies
where this does not yet occur in WT mice. In the antrum, pylorus and colon, NANC inhibitory
neurotransmission showed to be only partially nitrergic. In mouse antrum, the study of EFS

under NANC conditions confirmed that NANC inhibitory neurotransmission is largely
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purinergic (Gil et al., 2013) with a supporting role of NO; the small relaxation seen by EFS at
8 Hz under combined nitrergic and purinergic blockade in both WT and apo-sGC antrum
strips suggests contribution of an additional transmitter, besides NO and ATP. This
neurotransmitter is still to be determined. In apo-sGC pylorus, EFS-induced relaxations were
only decreased compared to those in WT pyloric rings and in the presence of L-NAME, some
EFS-induced relaxation was maintained in WT pyloric rings, indicating that NO is not the sole
inhibitory transmitter at the level of the pylorus. Correspondingly, purinergic and nitrergic
co-transmission was suggested in rat pylorus (Soediono & Burnstock, 1994; Ishiguchi et al.,
2000). In mouse colon, it was confirmed that NO -acting via sGC- is only the principal
neurotransmitter at a stimulation frequency of 1 Hz and not at higher frequencies. Our
laboratory previously suggested that a redundant action of NO, acting at sGC, and another
neurotransmitter, acting at SK channels, is responsible for the relaxant responses to EFS at 2
to 8 Hz in mouse distal colon (Dhaese et al., 2008); this second neurotransmitter, besides
NO, is probably ATP or a related purine (Gallego et al., 2012). However, L-NAME plus the
selective SK channel blocker apamin failed to influence the relaxant responses by EFS at 2 to
8 Hz in apo-sGC mice and only partially attenuated the relaxations to EFS at 2 to 8 Hz in WT
mice, indicating that another neurotransmitter than NO and ATP must be involved in the
relaxations at 2 to 8 Hz. The presence of a yet to be defined third neurotransmitter, was also
reported in rat distal colon (Van Crombruggen & Lefebvre, 2004). To summarize, whereas
NO is not the sole inhibitory transmitter at the level of the antrum, pylorus and colon, NO is
the principal relaxant neurotransmitter -acting through activation of sGC- in the mouse
gastric fundus and jejunum. One thus expects that inducing a heme-free NO-insensitive

state of sGC in vivo, will have most influence on motility of the stomach and small intestine.

Motility in the gut. Abolished fundic nitrergic relaxation, essential for gastric
accommodation (Desai et al., 1991), in apo-sGC mice should per se lead to enhanced liquid
gastric emptying. However, similar to what was observed in nNOS knockout mice (Mashimo
et al., 2000) and cGMP-dependent protein kinase (cGKI) knockout mice (Pfeifer et al., 1998),
liquid gastric emptying in apo-sGC mice was delayed and this was associated with a marked
enlargement of the stomach and hypertrophy of the muscularis externa of the fundus. In
nNOS knockout mice, this gastric smooth muscle thickening was suggested to represent

work hypertrophy secondary to functional pyloric obstruction (Mashimo et al., 2000).

211



Chapter VI
General discussion and conclusions

Indeed, the muscular layer of the pylorus in apo-sGC mice was enlarged and the electrically
induced relaxation in pyloric rings of apo-sGC mice was decreased; impairment of pyloric
relaxation will counteract the accelerating effect of deficient fundic relaxation on gastric
emptying, leading to delayed gastric emptying (Anvari et al., 1998; Mashimo et al., 2000). In
addition to and most probably in part resulting from the disturbances in gastric emptying
-delaying the gavaged liquid test solution to enter the small intestine-, apo-sGC mice
showed delayed small intestinal transit. Similarly, impaired intestinal motility was found in
several studies with NOS-inhibitors (Karmeli et al., 1997; Chiba et al., 2002; Fraser et al.,
2005), in full sGC knockouts (Groneberg et al., 2011) and in cGKI knockout mice (Pfeifer et
al., 1998). As the endogenous NANC inhibitory responses in the jejunum showed to be sGC-
dependent and fully nitrergic in nature, it seems inevitable that an imbalance between
inhibitory (nitrergic) and excitatory (cholinergic) input during peristalsis develops,
interrupting the coordinated interplay between ascending contractions and descending
relaxations, essential for peristaltic propagation (Waterman et al., 1994). The colonic transit
was not delayed in apo-sGC mice and decreased colonic transit can thus not contribute to
the increase in whole gut transit time seen in apo-sGC mice. This was not a surprising finding
as in mouse distal colon, NO -acting via sGC- is only the principal neurotransmitter at a

stimulation frequency of 1 Hz and not at higher frequencies.

Conclusions and future perspectives. Gastrointestinal consequences of inducing a
heme-free, NO-insensitive state of sGC are most pronounced at the level of the stomach
establishing a pivotal role of the activation of sGC by NO in normal gastric functioning. In
addition, delayed intestinal transit was observed, indicating that nitrergic activation of sGC
also plays a role in the lower gastrointestinal tract. The disturbed gut motility in the apo-sGC
mice resembles that in full knockouts of sGC (Friebe et al., 2007), eliminating activation of
both sGC isoforms by NO, but also basal sGC activity. An advantage of the apo-sGC mice
over the full knockouts is that, despite the reduced life span, these mice are viable with a
median survival of 30 weeks (Thoonen, 2010). This is in sharp contrast with the short life
span of the full knockout mice, where 60 % of the mice die within the first two days after
birth (Friebe et al., 2007). The reduced survival of the full knockouts points to the pivotal
role of basal sGC activity; the produced low amounts of cGMP in apo-sGC mice seem vital

for survival. The apo-sGC mouse model allows to study heme-free sGC, as seen in oxidative
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stress conditions, and to investigate the effect of possible new therapies targeting sGC

under oxidative stress conditions.

VIl.2 NO-independent sGC stimulators/activators

Impaired nitrergic innervation of gastrointestinal smooth muscle plays a crucial role
in several disorders with gastrointestinal dysmotility, such as functional dyspepsia,
esophageal achalasia, infantile hypertrophic pyloric stenosis, delayed gastric emptying after
vagotomy and Hirschsprung's disease (Goyal & Hirano, 1996; Takahashi, 2003). Although
attempts to treat gastrointestinal motor disorders such as esophageal spasms with NO
donors have been reported (Tutuian & Castell, 2006), these agents, frequently used in
cardiovascular disorders associated with endothelial dysfunction, have not been applied
frequently for gastrointestinal dysmotility. This might possibly be related to the well-known
attenuation of their effect after long term usage due to the development of tolerance, as
was indeed reported in the treatment of achalasia with organic nitrates (Robson &
Wilkinson, 1946). Aging and diseases such as colitis and diabetes, that can also lead to
enteric nitrergic neuronal dysfunction and motility disturbances (Mizuta et al., 2000; Phillips
& Powley, 2007; Zandecki et al., 2008), are conditions associated with oxidative stress
(Kashyap & Farrugia, 2011; Cannizzo et al., 2011; Zhu & Li, 2012). ROS interfere with the NO-
sGC-cGMP pathway through scavenging of NO and through oxidation of sGC towards an NO-
insensitive heme-free status (Fritz et al., 2011). It can be expected that enteric sGC will be
driven to the oxidized/heme-free status in these conditions, making it unresponsive towards
endogenous NO but also NO donors. Directly targeting sGC in an NO-independent way
might thus be useful in some gastrointestinal disorders. During the last 15 years, two novel
drug classes have been discovered that seem to address these problems: the heme-
dependent sGC stimulators and the heme-independent sGC activators. sGC stimulators are
capable of directly stimulating the reduced form of sGC, acting in synergy with NO, but they
can also stimulate reduced sGC independently of NO, allowing to circumvent conditions
with decreased endogenous generation of NO (Stasch & Hobbs, 2009). sGC activators
preferably activate the oxidized/heme-free enzyme (Schmidt et al., 2009); these drugs

should thus target the enzyme more extensively in pathological conditions associated with
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oxidative stress. In this thesis, the influence of the sGC stimulator BAY 41-2272 and of the

sGC activator cinaciguat on gastrointestinal motility was studied.

VI.2.1 The NO-independent heme-dependent sGC stimulator BAY 41-2272 induces

gastrointestinal relaxation also by inhibiting Ca** entry

Research in cardiovascular, urogenital and respiratory smooth muscle preparations
showed that the effect of BAY 41-2272 is related to activation of sGC but additional
mechanisms of action were proposed (Bawankule et al., 2005; Teixeira et al., 2006a; Bau et
al., 2010; Toque et al., 2010). Limited information is available with regard to the effect of
BAY 41-2272 on gastrointestinal smooth muscle activity, so we intended to investigate the
effect and mechanism of action of BAY 41-2272 in gastric fundus and colon, with special
attention for the role of sGC, the interaction with NO and possible additional cGMP-

independent mechanisms.

Mechanism of action. BAY 41-2272 induced concentration-dependent relaxation in
both fundus and colon. The discrepant effect of ODQ on the increase in cGMP (abolished)
and relaxation (partially reduced) by BAY 41-2272 showed that relaxation by BAY 41-2272 in
gastrointestinal tissue is only partially dependent on sGC activation (Fig. VII.1). An
interaction with small (SK channels) or large (BK channels) conductance Ca*"-activated K
channels or with the Na*/K'-pump was excluded (Fig. VII.1), as the responses to BAY 41-
2272 were not influenced by apamin, charybdotoxin or ouabain. In contrast, a cGMP-
independent mechanism that was proposed to contribute to relaxation by BAY 41-2272 in
vascular, urinary and tracheal smooth muscle (Teixeira et al., 2006a; Bau et al., 2010; Toque
et al., 2010), i.e. inhibition of extracellular calcium entry (Fig. VII.1), also contributes to the
relaxant effect of BAY 41-2272 in mouse gastric fundus and colon; in these tissues, under
conditions of depletion of the intracellular calcium stores and of high K" depolarization, BAY
41-2272 concentration-dependently inhibited contractions evoked with extracellular
calcium, and this inhibitory effect of BAY 41-2272 was not prevented by the sGC inhibitor
oDQ.
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Fig. VIL1 Summary of the pathways that were investigated to elucidate the mechanism of action of the sGC
stimulator BAY 41-2272 in mouse gastric fundus and colon. BAY 41-2272-induced relaxation in mouse gastric
fundus and colon is only partially sGC-dependent; interaction with the small (SK channels) and large (BK
channels) conductance Ca**-dependent K* channels or the Na'/K'-pump is excluded, but an sGC-cGMP-
independent mechanism involving ca** entry blockade is demonstrated.

Contribution of endogenous NO. Endogenous NO seems partially involved in the
relaxant effect of BAY 41-2272 in vascular, cavernosal and tracheal tissue (Teixeira et al.,
2006a; Teixeira et al., 2006b; Teixeira et al., 2007; Toque et al., 2010). In the gastric fundus
however, endogenous NO does not contribute to the relaxation by BAY 41-2272, as L-NAME
does not influence it; but in colon, L-NAME had an inhibitory effect on the BAY 41-2272-
induced relaxation. Experiments were performed to investigate whether BAY 41-2272 might
indeed be able to induce release of NO from nitrergic nerves in colonic strips. The
generation of NO in nitrergic nerves is mediated by the Ca®*/calmodulin controlled neuronal
NO-synthase, which is normally activated through Ca* influx in response to an action
potential. The N-type Ca®" channel blocker w-conotoxin and the voltage-gated Na* channel
blocker tetrodotoxin, that reduce or even abolish EFS-induced nitrergic relaxations in
different preparations (Kasakov et al., 1995; Amato et al., 2009), did not influence the
relaxations by BAY 41-2272; this corroborates that BAY 41-2272 is not capable of releasing
NO from colonic nitrergic neurons. We believe that the reducing effect of L-NAME on the
relaxations by BAY 41-2272 in the colon is related to the fact that BAY 41-2272 sensitizes the
colon to the effect of tonically released NO. L-NAME will prevent the tonic release of NO so

that the part of the relaxation by BAY 41-2272 due to sensitization is gone.
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Synergy with endogenous NO. In several tissues, a synergistic interaction of BAY 41-
2272 with NO donors or endogenous NO released by EFS was reported (Teixeira et al.,
2006a; Teixeira et al., 2006b; Teixeira et al., 2007; Toque et al., 2010). In mouse gastric
fundus, EFS-induced relaxations, that were fully nitrergic as abolished by NO synthesis
inhibition, were enhanced by BAY 41-2272, illustrating synergy between BAY 41-2272 and
endogenous NO. Although the area above the curve of the EFS-induced relaxations in mouse
colon was not significantly changed by BAY 41-2272, an effect of BAY 41-2272 was obvious
as the rebound contractions -probably tachykininergic in origin (Serio et al., 1998)- occurring
at the end of the stimulation train were abolished. We mentioned before that NANC
relaxations in mouse distal colon are dependent on NO and another neurotransmitter,
acting at SK channels. As the SK channel blocker apamin did not influence the relaxations by
BAY 41-2272, the potentiation of the colonic transmitter acting at SK channels, by BAY 41-
2272 can be excluded; as also no tachykinin receptor antagonistic effects were reported for
BAY 41-2272, the abolishment of the rebound contractions is most probably due to
sustained enhancement of the effect of endogenous NO, thereby preventing the

breakthrough of the rebound contractions.

Conclusions and future perspectives. The sGC stimulator BAY 41-2272 was now also
shown to stimulate sGC in gastrointestinal tissue. In gastric fundus, endogenous NO does
not contribute to the relaxation induced by BAY 41-2272, while it does in colon; in both
tissues, synergy between BAY 41-2272 and endogenous NO was demonstrated. However, at
least one additional cGMP-independent mechanism involving inhibition of ca* entry is
involved in the relaxing effect of BAY 41-2272. One should thus be careful when thinking of
applying BAY 41-2272 as an sGC stimulator for long time usage in gastrointestinal disorders
associated with decreased endogenous generation of NO, as Ca®" entry is a process essential
for many cell functions, including proliferation, maturation, contraction, and immunity. In
addition, the sensitivity of gastrointestinal tissues seems low as relaxation by BAY 41-2272
only started at 0.3 uM in the colon and at 1 uM in the fundus, while relaxation already
clearly occurred at 0.01 uM in vascular and tracheal tissue (Bawankule et al., 2005; Toque et
al., 2010). This implies that for BAY 41-2272 to have an in vivo gastrointestinal effect, higher
doses might be necessary than those used in cardiovascular and respiratory studies

(Boerrigter et al., 2003; Evgenov et al., 2004); a possible side effect might then involve
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systemic vasodilatation, causing a sudden decrease in blood pressure. Although doses of
sGC stimulators for cardiovascular, respiratory or urogenital disorders might be lower than
those required for gastrointestinal disorders, one should still consider possible
gastrointestinal side effects. Indeed, another sGC stimulator known as BAY 63-2521
(riociguat or Adempas®) was recently approved by the FDA for treatment of pulmonary
hypertension; amongst the most common side effects, nausea, vomiting and diarrhea were
reported. BAY 41-2272 however, will never make it this far. BAY 41-2272 displayed low
metabolic stability and low oral bioavailability in rats, and showed a strong inhibition as well
as induction of metabolizing cytochrome P450 (CYP) enzymes (Mittendorf et al., 2009).
Inhibition or induction of CYP enzymes bears the risk of changing the exposure of a second,
coadministered drug. Therefore, BAYER decided not to further develop the compound

(Follmann et al., 2013).

VIl.2.2 The NO- and heme-independent sGC activator cinaciguat is not able to systematically

induce relaxation throughout the gastrointestinal tract

In both in vitro and in vivo cardiovascular studies, the sGC activator cinaciguat
showed to be more efficient in conditions associated with oxidative stress (Stasch et al.,
2006; Erdmann et al., 2012; Salloum et al., 2012; Korkmaz et al., 2012). To assess whether
cinaciguat might offer a solution for gastrointestinal conditions associated with oxidative
stress, we first investigated the influence of cinaciguat on in vitro muscle tone of
gastrointestinal tissues in both WT and apo-sGC mice -which, as mentioned before, can be
considered as a model for gut dysmotility under oxidative stress-, and then examined

whether cinaciguat could restore the delayed gastric emptying seen in apo-sGC mice.

In vitro effect on gastrointestinal tissues. In fundus and colon strips of both WT and
apo-sGC mice, cinaciguat induced concentration-dependent relaxations. Although the
protein levels of sGCa; and sGCB; were lower in apo-sGC fundus and colon, the relaxant
responses to cinaciguat in fundus and colon strips were similar or even higher in apo-sGC
mice, suggesting that cinaciguat is more efficient when sGC is in the heme-free condition.
The data obtained with the sGC inhibitor ODQ, that is thought to inhibit sGC by oxidation of
its heme group (Schrammel et al., 1996), corroborate this conclusion: after incubation with

217



Chapter VI
General discussion and conclusions

0ODQ, the relaxant responses to cinaciguat were increased in WT fundus and colon strips.
The efficacy of cinaciguat to activate sGC in the oxidized/heme-free condition was also
confirmed by measurement of cGMP: in the absence of ODQ, cGMP levels were only
increased by cinaciguat in fundus and colon strips of apo-sGC mice but not of WT mice, but
in the presence of ODQ, cinaciguat produced a pronounced increase in cGMP levels in
fundus and colon strips of WT mice. When comparing these results in WT fundus and colon
to the corresponding functional results and cGMP levels obtained with BAY 41-2272, the
difference between sGC activators and sGC stimulators is perfectly illustrated. Whereas BAY
41-2272-induced relaxations were reduced by ODQ, cinaciguat-induced relaxations were
increased in the presence of ODQ, and whereas the BAY 41-2272-induced increase in cGMP
levels was completely abolished by ODQ, the sGC inhibitor markedly increased cGMP levels
of cinaciguat-incubated fundus and colon strips. Correlating with the ‘theory’ that was
based on results in vascular studies (Stasch & Hobbs, 2009; Schmidt et al., 2009), we now
also showed in gastrointestinal tissue that the sGC activator cinaciguat preferably activates
the oxidized/heme-free sGC enzyme, whereas the sGC stimulator BAY 41-2272 is only
capable of activating sGC in its reduced form. In antrum strips of WT or apo-sGC mice,
cinaciguat was not able to induce relaxations; in pyloric rings of WT mice, cinaciguat did not
systematically induce relaxations, while in apo-sGC pyloric rings it could not induce
relaxation at all. We mentioned before that endogenous NANC relaxation in the antrum and
pylorus is partially purinergic; one might thus expect lower amounts of sGC to be present
and to be activated, possibly explaining the lack of effect of cinaciguat in these tissues.
However, sGC levels in antrum and pylorus were similar to those in other gastrointestinal
tissues. Additionally, also for the colon a large part of the inhibitory response is attributed to
purinergic signaling (Van Crombruggen & Lefebvre, 2004; Dhaese et al., 2008; Gil et al.,
2013), and cinaciguat caused relaxation in this tissue. Still more intriguing, cinaciguat was
also not able to induce a relaxation in WT and apo-sGC jejunum strips while endogenous
NANC inhibitory responses in the jejunum are sGC-dependent and fully nitrergic in nature
(Dhaese et al., 2009). Cinaciguat is expected to be more efficient when sGC is in the oxidized
condition (Stasch et al., 2006), but oxidative stress levels in fundus and colon were not more
pronounced than those in antrum and jejunum. We have thus no explanation for the lack of
effect of cinaciguat in WT and apo-sGC antrum and jejunum, nor for its ineffectiveness in

the pylorus of apo-sGC mice.
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In vivo effect on gastric emptying. Cinaciguat could not restore the delayed gastric
emptying seen in apo-sGC mice. This might be explained by the inability of cinaciguat to
relax the pylorus of apo-sGC mice; Mashimo et al. (2000) similarly suggested that functional
pyloric obstruction, due to a loss in nitrergic neurotransmission, contributes to a great
extent to the delay in gastric emptying seen in nNOS-KO mice. After intravenous injection of
300 or 100 pg/kg cinaciguat, a clearcut delay in gastric emptying was noted in the WT mice.
As cinaciguat is known to cause a decrease in blood pressure at these doses
(Vandendriessche et al., 2013), one might expect decreased tissue perfusion and
consequently also reduced gastric blood flow, possibly leading to gastric dysmotility and
delayed gastric emptying. Cinaciguat was also reported to cause a decrease in blood
pressure in the apo-sGC mice (Thoonen, 2010), but as gastric emptying is already severely

delayed in these mice, the hypotension will not lead to additional delay.

Conclusions and future perspectives. The sGC activator cinaciguat relaxes the fundus
and colon efficiently when sGC is in the heme-free condition, corresponding to its
preferential activation of heme-free sGC in vascular tissue. But it is not able to
systematically induce relaxation throughout the gastrointestinal tract as it is unable to relax
the antrum, pylorus and jejunum of NO-insensitive, heme-free apo-sGC mice (Fig. VII.2).
More importantly, it did not improve gastric emptying in apo-sGC mice and thus not seems
a viable solution for the treatment of gastrointestinal conditions associated with oxidative
stress. In addition, the action of cinaciguat upon clinical application already seems
associated with a serious side effect; in agreement with the hypotension reported in mice,
when going through phase Il clinical trials testing the effect of cinaciguat in patients with
acute decompensated heart failure, the clinical development had to be stopped as even at
low doses, cinaciguat caused a serious decrease in blood pressure (Gheorghiade et al., 2012;

Erdmann et al., 2012).
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Fig. VII.2  Schematic overview of the results obtained in our study with the sGC activator cinaciguat.
Cinaciguat relaxes the fundus and colon efficiently when sGC is in the heme-free condition, but it is unable to
relax the antrum, pylorus and jejunum of NO-insensitive, heme-free apo-sGC mice. The non-effect of
cinaciguat in pylorus explains its inability to improve the delayed gastric emptying in apo-sGC mice.

VII.3 Nitrite reduces postoperative ileus via sGC activation

Next to the sGC stimulators/activators as alternatives to classic NO
pharmacotherapy, we also looked at the inorganic anion nitrite (NO,), which has been
reported to be a source of NO under hypoxic conditions (Lundberg et al., 2008).
Postoperative ileus (POI), a transient impairment of gastrointestinal motility, is a common
complication seen after abdominal surgery for which no single preventive means exist. As
the pathogenesis of POI involves inflammation and oxidative stress (Bauer & Boeckxstaens,
2004; De Backer et al., 2009), similar to ischemia/reperfusion (I/R) injury (Kalogeris et al.,
2012) that can be counteracted with nitrite in an NO-dependent way (Duranski et al., 2005;
Shiva et al., 2007; Dezfulian et al., 2007; Raat et al., 2009), we investigated whether nitrite

can protect against POI.

Effect of nitrite in POI. As reported before (Schmidt et al., 2012), manipulation of the
intestine increased inflammatory cytokines and chemokines, caused an influx of neutrophils
and an increase in iNOS activity in the intestinal muscularis. In addition, we found that
surgical handling of the intestine increased reactive oxygen species (ROS), corroborating
previous reports (Anup et al., 1999; De Backer et al., 2009). Pre-treatment with exogenous

nitrite attenuated POl in mice, as it almost completely prevented the delay in intestinal
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transit following intestinal manipulation and as it reduced the associated inflammatory

response and oxidative stress increase in the intestinal smooth muscle.

Mechanism of action. The protective effects of nitrite were abolished in the
presence of the NO scavenger carboxy-PTIO, supporting the idea of a mechanism that
requires the reduction of nitrite to NO to protect against POl. Two possible mechanisms of
action have been proposed for the protective effect of nitrite-derived NO against I/R injury:
reversible inhibition of mitochondrial complex | by S-nitrosation and activation of sGC
(Duranski et al., 2005; Jung et al., 2006; Shiva et al., 2007). Nitrite-induced protection in the
POI model was shown not to be mediated via reversible inhibition of mitochondrial complex
I; therefore, a possible mechanism via the NO-sGC-cGMP pathway was studied. After
surgical handling of the intestine, cGMP levels were significantly decreased in the intestinal
muscularis, but pre-treatment with nitrite increased these cGMP levels, supporting the idea
that the protective effect of nitrite in POl might be dependent on sGC, generating cGMP
upon activation. Both the NO-scavenger carboxy-PTIO and the sGC inhibitor ODQ brought
intestinal cGMP levels in nitrite-treated manipulated mice back to those of non-treated
manipulated mice; they prevented nitrite-induced protection on manipulation-induced
intestinal dysmotility and nitrite-induced reduction of manipulation-induced inflammation
and oxidative stress, corroborating that the nitrite-induced protection in the POl model

must be mediated via sGC.

Conclusions and future perspectives. An sGC-dependent protective effect of nitrite-
derived NO was demonstrated in a mouse model of POI. Whether this can be translated to
humans will need clinical investigation. Long-term intravenous infusion of sodium nitrite
proved to be safe in healthy volunteers (48 h; Pluta et al.,, 2011) and in patients with
subarachnoid hemorrhage (14 days; Oldfield et al., 2013). A principal concern about the use
of sodium nitrite in humans might be the formation of carcinogenic nitrosamines (formed
from the reaction of nitrite with secondary amines); in studies performed in the 1950s-
1980s, nitrosamines were reported to be associated with malignancies, most notably gastric
cancer. However, the European Food Safety Authority stated in their 2008 survey that the
evidence that nitrite might be associated with increased cancer risk is ambiguous and that it

mainly involves high doses of nitrite or chronic exposure (Alexander et al., 2008). In a study
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on hepatic ischemia/reperfusion, the dose of nitrite used in the mouse model of POl was
shown to induce hepatic nitrite levels lower than those present in the liver before induction
of ischemia (Duranski et al., 2005); there is thus no induction of supraphysiological nitrite
concentrations. Additionally, a single injection of this dose is sufficient to obtain the
protective effect in POl. We therefore believe that testing of sodium nitrite for POl in
humans can be considered without major safety issues. There is some evidence of intestinal
microvascular dysfunction during abdominal surgery with hypoperfusion of the
microvasculature by a combination of factors such as surgical intervention, anesthesia and
therapeutic interventions (Vellinga et al., 2010; Urbanavicius et al., 2011), thus promoting
the conditions necessary to reduce nitrite towards NO (low O;). In the operative setting,
nitrite will thus be reduced to NO at the time and location needed, which probably provides
an advantage over the classical NO donors. The fact that NO donors lack this property might
explain the conflicting results obtained with classical NO donors in I/R studies, showing
beneficial, no or even detrimental effects (Hoshida et al., 1996; Zhu et al., 1996; Mori et al.,
1998; Lozano et al., 2005; Li et al., 2009). The exact mechanism by which the nitrite-NO-sGC-
cGMP pathway exerts its protective effects in POl downstairs of ¢cGMP is still to be
elucidated. In an I/R model of the brain it was demonstrated that the protective effect of
nitrite-derived NO via sGC activation was dependent upon its vasodilatory effects (Jung et
al., 2006). It might therefore be interesting to look at the microcirculation in the small
intestine e.g. via intravital microscopy, to assess whether nitrite similarly causes
vasodilatation of the intestinal microcirculation. Another possibility would be to investigate
the contribution of mitochondrial Karp channels in the protective effect of nitrite, as in a
model of I/R injury in isolated mouse heart (Bell et al., 2003) activation of sGC by an NO
donor led to opening of the mitochondrial Karp channels thereby preserving mitochondrial
function (Korge et al., 2002); also enterocyte mitochondrial dysfunction was shown to be
associated with surgical manipulation of the intestine and this dysfunction was shown to be
prevented in the presence of the NOS substrate L-arginine (Thomas et al., 2001; Anup et al.,
2001). A mitochondrial selective Karp channel antagonist such as 5-hydroxydecanoate (5-HD)
could be used to assess if the nitrite-induced protective effects in the POl model are related
to mitochondrial Karp channel opening. As the protective effect of nitrite-derived NO
correlates with attenuation of the inflammatory response, it might also be interesting to try

to elucidate the underlying molecular mechanisms. NO donors showed to inhibit
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transcription factor NF-kB (Matthews et al., 1996; Shin et al., 1996; Bogdan, 2001) and this
was associated with a variety of anti-inflammatory effects (Phillips et al., 2009). A possibility

in the POl model thus seems that nitrite-derived NO inhibits transcription factor NF-kB.

VIl.4 General conclusion

We started this thesis by establishing the importance of nitrergic activation of sGC in
the regulation of gastrointestinal motility by using genetically manipulated mice, the so
called apo-sGC mice, which express heme-free sGC that has basal activity, but cannot be
stimulated by NO anymore. Gastrointestinal consequences of inducing a heme-free state of
sGC were most pronounced at the level of the stomach, showing delayed gastric emptying.
Subsequently, the gastrointestinal effects of the NO-independent heme-dependent sGC
stimulator BAY 41-2272 and the NO- and heme-independent stimulator cinaciguat were
investigated. BAY 41-2272 induced relaxation in both fundus and colon, but it was shown to
only partially depend upon activation of sGC; a cGMP-independent mechanism involving
inhibition of Ca** entry was demonstrated. Cinaciguat was not able to systematically induce
relaxation throughout the gastrointestinal tract; it relaxed the fundus and colon efficiently,
preferably when sGC is in the heme-free condition, but it was unable to relax the antrum,
pylorus and jejunum of NO-insensitive, heme-free apo-sGC mice. Its inability to relax the
pylorus in apo-sGC explains its inability to restore the delayed gastric emptying seen in apo-
sGC mice. In a final study, nitrite-derived NO was shown to protect against postoperative

ileus through a mechanism dependent on activation of sGC.
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Chapter VIlII Summary

The gastrointestinal tract exerts a variety of physiological processes, such as motility,
digestion, secretion, absorption and elimination. The different gastrointestinal functions are
regulated by both hormonal and neuronal control mechanisms. Neuronal control
mechanisms, mediated via the extrinsic nervous system and the enteric nervous system
(ENS), play an important role in the regulation of gastrointestinal motility. The myenteric
plexus, a part of the ENS that lies between the longitudinal and circular smooth muscle
layers, controls the contraction and relaxation of gastrointestinal smooth muscle through
the release of respectively excitatory and inhibitory neurotransmitters. Besides excitatory
cholinergic and inhibitory adrenergic pathways, also non-adrenergic non-cholinergic (NANC)
pathways are involved in the neuronal control of gastrointestinal motility. Substance P is
accepted as the primary excitatory NANC neurotransmitter and nitric oxide (NO), adenosine
triphosphate (ATP) and vasoactive intestinal peptide (VIP) mediate the inhibitory NANC
responses; NO being the primary inhibitory NANC neurotransmitter. The principal
intracellular receptor for NO as smooth muscle cell relaxant, is soluble guanylate cyclase
(sGC). In both physiologically functional isoforms of sGC (the predominantly expressed
sGCa;B; and the less abundantly expressed sGCa,B;), NO binds to heme that is linked to
histidine 105 in the B subunit. This will generate cGMP, that mediates smooth muscle cell
relaxation.

Given the important role of NO in gastrointestinal motility, it is not surprising to find
that in several disorders with gastrointestinal dysmotility, such as functional dyspepsia,
esophageal achalasia, infantile hypertrophic pyloric stenosis, delayed gastric emptying after
vagotomy and Hirschsprung's disease, impaired nitrergic innervation of gastrointestinal
smooth muscle plays a crucial role. NO donors, frequently used in cardiovascular disorders
associated with endothelial dysfynction, have not been applied frequently in
gastrointestinal disorders, possibly because of the well-known attenuation of their effect
after long term usage due to the development of tolerance. Aging and diseases such as
colitis and diabetes, can also lead to enteric nitrergic neuronal dysfunction and motility

disturbances. These conditions are associated with oxidative stress; ROS interfere with the
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NO-sGC-cGMP pathway through scavenging of NO and oxidation of sGC towards an NO-
insensitive heme-free status. It can be expected that enteric sGC will be driven to the
oxidized/heme-free status in these conditions, making it unresponsive towards endogenous
NO but also NO donors.

We investigated (Chapter Ill) the consequences on gastrointestinal nitrergic
signalling and motility of inducing a heme-free status of sGC, as induced by oxidative stress.
This was done by using sGCBlHiSlOSPhe knockin (apo-sGC) mice. The histidine 105 residue of
the B; subunit is a crucial amino acid for the binding of the heme group to sGC; the resulting
heme-deficient sGC isoforms retain their basal activity but can no longer be activated by NO.
Correspondingly, nitrergic signalling was completely abolished in the apo-sGC mice and it
was confirmed that whereas NO is not the sole inhibitory transmitter at the level of the
antrum, pylorus and colon, NO is the principal relaxant neurotransmitter -acting through
activation of sGC- in the mouse gastric fundus and jejunum. Inducing a heme-free, NO-
insensitive state of sGC should thus have most influence on in vivo motility of the stomach
and small intestine. Indeed, the apo-sGC mice showed delayed gastric emptying and
intestinal transit, while the colonic transit was not influenced. The apo-sGC mice also
showed a marked enlargement of the stomach and hypertrophy of the muscularis externa
of the fundus, suggested to represent work hypertrophy secondary to deficient pyloric
relaxation.

During the last 15 years, two novel drug classes have been discovered that seem to
address the problem of reduced availability of NO and/or oxidation of sGC towards the NO-
insensitive, heme-free status: the heme-dependent sGC stimulators and the heme-
independent sGC activators. sGC stimulators are capable of directly stimulating the reduced
form of sGC, acting in synergy with NO, but they can also stimulate reduced sGC
independently of NO, allowing to circumvent conditions with decreased endogenous
generation of NO. sGC activators preferably activate the oxidized/heme-free enzyme; these
drugs should thus target the enzyme more extensively in pathological conditions associated
with oxidative stress. Reports on the gastrointestinal effects of sGC stimulators/activators
are limited.

We first investigated the gastrointestinal effects of the sGC stimulator BAY 41-2272
(Chapter IV). Its effect and mechanism of action was studied in mouse gastric fundus and

colon. BAY 41-2272 induced concentration-dependent relaxation in both tissues and
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increased cGMP levels. The sGC inhibitor ODQ totally inhibited this BAY 41-2272-induced
increase of cGMP, but only partially reduced the corresponding relaxation, suggesting that
the mechanism of action of BAY 41-2272 is indeed dependent on sGC activation, but also
that additional cGMP-independent mechanisms must be involved. Responses to BAY 41-
2272 were not significantly influenced by apamin, charybdotoxin or ouabain, excluding
interaction with small and large conductance Ca**-activated K* channels and with the
Na*/K*-pump. Under depletion of intracellular calcium, CaCl,-induced contractions were
significantly reduced by BAY 41-2272 in an ODQ-insensitive way. This suggested a cGMP-
independent mechanism for BAY 41-2272, involving inhibition of ca* entry. In colon, but
not in fundus, the NO synthase inhibitor L-NAME caused a significant decrease in BAY 41-
2272-induced responses; we believe that BAY 41-2272 sensitizes the colon to the effect of
tonically released NO, an effect that is abolished in the presence of L-NAME. In both fundus
and colon, BAY 41-2272 can enhance the effect of endogenous NO; NANC relaxation by
electrical field stimulation in the fundus was increased in the presence of BAY 41-2272,
while in colon, rebound contraction at the end of the stimulation train was no longer visible.
This suggests synergy of BAY 41-2272 with endogenously released NO.

As sGC activators were reported to preferably activate the oxidized/heme-free
enzyme, the influence of the sGC activator cinaciguat (Chapter V) was assessed on muscle
tone in the different parts of the gastrointestinal tract i.e. fundus, antrum, pylorus, jejunum
and colon, and on gastric emptying in both wild type (WT) and apo-sGC mice. Although the
protein levels of the sGC subunits were lower in gastrointestinal tissues of apo-sGC mice,
cinaciguat induced concentration-dependent relaxations in apo-sGC fundus and colon to a
similar or greater extent than in WT mice, suggesting that cinaciguat is more efficient when
sGC is in the heme-free condition. The data obtained with ODQ -inhibiting sGC by oxidizing
the heme group- corroborate this conclusion: after incubation with ODQ, cinaciguat-induced
relaxations were greatly increased in WT fundus and colon. The efficacy of cinaciguat to
activate sGC in the oxidized/heme-free condition was also confirmed by measurement of
cGMP: in the absence of ODQ, cGMP levels were only increased by cinaciguat in fundus and
colon of apo-sGC mice but not of WT mice, but in the presence of ODQ, cinaciguat produced
a pronounced increase in cGMP levels in fundus and colon of WT mice. The preferential
activation of heme-free sGC by cinaciguat was now thus also confirmed in gastrointestinal

tissue. However, in apo-sGC antrum, pylorus and jejunum, cinaciguat was not able to induce
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relaxations; we do not have an explanation for this inconsistency of cinaciguat in the
gastrointestinal tract. The non-effect of cinaciguat in the pylorus explains the inability of
cinaciguat to improve the delayed gastric emptying in apo-sGC mice.

Next to the sGC stimulators/activators as alternatives to classic NO pharmacotherapy,
the inorganic anion nitrite (NO,), which has been reported to be a source of NO under
hypoxic conditions, can be considered. We studied nitrite in a model of postoperative ileus
(Chapter VI). Exogenous administration of nitrite showed to protect the heart, liver, kidney
and brain from ischemia/reperfusion injury; a possible mechanism of action is activation of
sGC by NO, produced from nitrite under hypoxic conditions. Postoperative ileus is a transient
impairment of gastrointestinal motility commonly seen after abdominal surgery. The surgical
handling of the bowel during abdominal surgery leads to muscular inflammation and
oxidative stress, two factors known to also play a major role in ischemia/reperfusion injury.
The aim of our last study was therefore to investigate whether nitrite also has a protective,
possibly sGC dependent, effect in postoperative ileus. Corresponding to previous studies on
ileus, we found that manipulation of the intestine increased inflammatory cytokines and
chemokines, caused an influx of neutrophils, an increase in iNOS activity and increased ROS
in the intestinal muscularis. Pre-treatment with nitrite markedly improved the delay in
intestinal transit and reduced the associated inflammatory response and oxidative stress in
the intestinal smooth muscle. This protective effect of nitrite was shown to require the
reduction of nitrite to NO, as in the presence of the NO scavenger carboxy-PTIO, the
protective effects of nitrite were completely abolished. Moreover, the involvement of the
NO-sGC-cGMP pathway was demonstrated (1) as the manipulation-induced decrease in
cGMP levels in the intestinal muscularis was again increased after pre-treatment with nitrite,
(2) as both the NO-scavenger carboxy-PTIO and the sGC inhibitor ODQ brought intestinal
cGMP levels in nitrite-treated manipulated mice back to the cGMP levels of non-treated
manipulated mice, and (3) as both carboxy-PTIO and ODQ prevented nitrite-induced
protection on manipulation-induced intestinal dysmotility and nitrite-induced reduction of

manipulation-induced inflammation and oxidative stress.

Conclusions. The pivotal role of the activation of sGC by NO in normal gastric motility
and small intestinal transit was established, and apo-sGC mice, which express heme-free

sGC, were shown to be a model of gut dysmotility under oxidative stress. The NO-
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independent heme-dependent sGC stimulator BAY 41-2272 was shown to exert its relaxing
effect in mouse gastric fundus and colon partially through a cGMP-dependent mechanism
and at least one additional cGMP-independent mechanism involving Ca®>" entry blockade.
The NO- and heme-independent activator cinaciguat relaxed the mouse fundus and colon
efficiently when sGC is in the heme-free condition, corresponding to its preferential
activation of heme-free sGC in vascular tissue, but it was unable to relax the antrum, pylorus
and jejunum of NO-insensitive, heme-free apo-sGC mice. The non-effect of cinaciguat in
pylorus explains its inability to improve the delayed gastric emptying in apo-sGC mice.
Finally, an sGC-dependent protective effect of nitrite-derived NO was demonstrated in a

model of postoperative ileus.
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Chapter IX Samenvatting

Het gastro-intestinale stelsel is betrokken in verschillende fysiologische processen
zoals motiliteit, vertering, secretie, absorptie en eliminatie. De verschillende gastro-
intestinale functies worden geregeld door zowel hormonale als neuronale
controlemechanismen. Neuronale controlemechanismen, gemedieerd via zowel het
extrinsieke als het intrinsieke of enterische zenuwstelsel, spelen een belangrijke rol in de
regeling van de gastro-intestinale motiliteit. De myenterische plexus, een onderdeel van het
enterische zenuwstelsel die gelegen is tussen de longitudinale en circulaire gladde
spierlagen, regelt de contractie en relaxatie van de gastro-intestinale gladde spieren door
het vrijstellen van respectievelijk contractiele en relaxerende neurotransmitters. Naast
contractiele cholinerge en relaxerende adrenerge neurotransmitters, zijn ook zogenaamde
niet-adrenerge niet-cholinerge (NANC) neurotransmitters betrokken in de controle van de
gastro-intestinale motiliteit. Substantie P is aanvaard als de primaire contractiele NANC
neurotransmitter en stikstofmonoxide (NO), adenosine trifosfaat (ATP) en vaso-actief
intestinaal peptide (VIP) vertegenwoordigen de relaxerende NANC neurotransmitters,
waarbij NO de belangrijkste is. NO veroorzaakt relaxatie van gladde spiercellen door
activering van oplosbaar guanylaatcyclase (sGC), zijn belangrijkste intracellulaire receptor. In
beide fysiologisch functionele isovormen van sGC (sGCa;B; en sGCa,B;, waarvan sGCa1f; de
meest voorkomende is in het gastro-intestinale stelsel), zal NO binden aan de heemgroep
van sGC die is gekoppeld aan histidine 105 van de B; subeenheid. Dit zal leiden tot de
generatie van cGMP, welke zal zorgen voor de relaxatie van de gladde spiercellen.

Gezien het belang van NO in de gastro-intestinale motiliteit, is het niet onverwacht
dat in verschillende aandoeningen met verminderde gastro-intestinale motiliteit, zoals
functionele dyspepsie, achalasie van de slokdarm, infantiele hypertrofische pylorusstenose,
vertraagde maaglediging na vagotomie en de ziekte van Hirschsprung, verminderde nitrerge
innervatie van de gastro-intestinale gladde spier een cruciale rol speelt. NO-donoren,
veelvuldig gebruikt bij cardiovasculaire aandoeningen geassocieerd met endotheliale
dysfunctie, worden niet vaak aangewend voor gastro-intestinale stoornissen, mogelijk

vanwege de bekende vermindering van het effect bij langdurig gebruik door de ontwikkeling
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van tolerantie. Veroudering en ziektes zoals colitis en diabetes kunnen ook leiden tot
enterische nitrerge neuronale dysfunctie en stoornissen in de motiliteit. Deze aandoeningen
zijn geassocieerd met oxidatieve stress; reactieve zuurstofspecies (RZS) interfereren met de
signaalweg van NO-sGC-cGMP door het wegvangen van NO en door oxidatie van sGC naar
een NO-ongevoelige, heem-vrije status. Men kan dus verwachten dat sGC naar de
geoxideerde/heem-vrije status zal worden gedreven bij deze aandoeningen, waardoor het
ongevoelig wordt voor endogeen NO maar ook voor NO-donoren.

We onderzochten (Hoofdstuk Ill) de gevolgen van het induceren van een heem-vrije
status van sGC, zoals veroorzaakt door oxidatieve stress, op de gastro-intestinale nitrerge
signalisatie en de gastro-intestinale motiliteit. Dit werd gedaan met behulp van sGCBlHismsphe
knock in (apo-sGC) muizen. Histidine 105 van de B; subeenheid is een cruciaal aminozuur
voor de binding van de heemgroep van sGC; de resulterende heem-vrije isovormen van sGC
behouden hun basale activiteit, maar kunnen niet meer worden geactiveerd door NO.
Bijgevolg was de nitrerge relaxatie dan ook volledig opgeheven in de apo-sGC muizen en
werd bevestigd dat NO niet de enige relaxerende neurotransmitter is in antrum, pylorus en
colon, maar wel in fundus en jejunum, en dat de desbetreffende nitrerge relaxatie volledig
berust op activatie van sGC. Het induceren van een heem-vrije, NO-ongevoelige toestand
van sGC zal dus het meest invloed hebben op de in vivo motiliteit van de maag en de dunne
darm. Inderdaad, de apo-sGC muizen vertoonden een vertraagde maaglediging en
vertraagde transit in de dunne darm, terwijl de transit in de dikke darm niet was beinvloed.
De apo-sGC muizen vertoonden ook een duidelijke vergroting van de maag en hypertrofie
van de buitenste spierlaag van de fundus, voor dewelke gesuggereerd werd dat dit “werk”
hypertrofie voorstelt, secundair aan gebrekkige relaxatie van de pylorus.

Gedurende de laatste 15 jaar werden twee nieuwe klasses geneesmiddelen ontdekt
die het probleem van de verminderde beschikbaarheid van NO en/of oxidatie van sGC naar
de NO-ongevoelige, heem-vrije status lijken aan te pakken: de heem-afhankelijke sGC
stimulatoren en de heem-onafhankelijk sGC activatoren. sGC stimulatoren kunnen de
gereduceerde vorm van sGC stimuleren, in synergie met NO, maar ook onafhankelijk van
NO, waardoor ze een aanwinst zouden kunnen zijn bij aandoeningen geassocieerd met
verminderde endogene productie van NO. sGC activatoren activeren bij voorkeur de

geoxideerde/heem-vrije vorm van het sGC enzym; deze zouden dus sGC efficiénter moeten
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activeren bij pathologische aandoeningen geassocieerd met oxidatieve stress. Informatie
over de gastro-intestinale effecten van sGC stimulatoren en activatoren is echter beperkt.

We onderzochten eerst de gastro-intestinale effecten van de sGC stimulator BAY 41-
2272 (Hoofdstuk IV). Het effect en het werkingsmechanisme van BAY 41-2272 werd
bestudeerd in de maagfundus en het colon van de muis. BAY 41-2272 induceerde
concentratie-afhankelijke relaxatie in beide weefsels en verhoogde het gehalte van cGMP.
De sGC inhibitor ODQ verhinderde deze BAY 41-2272-geinduceerde toename van cGMP
volledig, maar reduceerde slechts gedeeltelijk de overeenkomstige relaxatie, wat suggereert
dat het werkingsmechanisme van BAY 41-2272 inderdaad afhankelijk is van sGC activering,
maar ook dat aanvullende cGMP-onafhankelijke mechanismen betrokken moeten zijn. De
BAY 41-2272-geinduceerde relaxaties werden niet significant beinvioed door apamine,
charybdotoxine of ouabaine, wat interactie uitsluit met de Ca**-geactiveerde K'-kanalen
met lage (SK kanalen) en hoge geleiding (BK kanalen) en met de Na'/K'-pomp. Onder
depletie van intracellulair calcium, werden CaCl,-geinduceerde contracties aanzienlijk
verminderd door BAY 41-2272 op een ODQ-ongevoelige manier. Dit suggereert een cGMP-
onafhankelijk mechanisme voor BAY 41-2272, waarbij inhibitie van de Ca” influx betrokken
is. In het colon, maar niet in de fundus, veroorzaakte de NO-synthase inhibitor L-NAME een
significante reductie van de BAY 41-2272-geinduceerde responsen; wij menen dat BAY 41-
2272 het colon sensibiliseert voor het effect van tonisch vrijgegeven NO, een effect dat
wordt tenietgedaan in aanwezigheid van L-NAME. In zowel fundus als colon kan BAY 41-
2272 het effect van endogeen NO versterken; NANC relaxatie door elektrische
veldstimulatie in de fundus was verhoogd in aanwezigheid van BAY 41-2272, terwijl in het
colon de contractie aan het einde van de stimulaties niet meer zichtbaar was. Dit suggereert
synergie van BAY 41-2272 met endogeen vrijgesteld NO.

Aangezien voor sGC activatoren werd gemeld dat deze bij voorkeur het
geoxideerde/heem-vrije sGC enzym activeren, bestudeerden we de invloed van de sGC
activator cinaciguat (Hoofdstuk V) op de spiertonus in verschillende delen van het gastro-
intestinale stelsel, meer bepaald in fundus, antrum, pylorus, jejunum en colon, en op de
maaglediging van zowel wild type (WT) als apo-sGC muizen. Hoewel de eiwitgehaltes van de
sGC subeenheden lager waren in de gastro-intestinale weefsels van apo-sGC muizen,
induceerde cinaciguat in apo-sGC muizen concentratie-afhankelijke relaxaties in fundus en

colon van een vergelijkbare of zelfs grotere orde dan deze in WT muizen, wat suggereert dat
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cinaciguat efficiénter is wanneer sGC zich in heem-vrije toestand bevindt. De data verkregen
met ODQ -dat sGC inhibeert door oxidatie van zijn heemgroep- bevestigen deze conclusie:
na incubatie met ODQ waren de cinaciguat-geinduceerde relaxaties sterk toegenomen in
fundus en colon van WT muizen. Het vermogen van cinaciguat om sGC in de
geoxideerde/heem-vrije toestand te activeren werd ook bevestigd via de metingen van
cGMP: in afwezigheid van ODQ werden de gehaltes van ¢cGMP enkel verhoogd door
cinaciguat in fundus en colon van apo-sGC muizen en niet in die van WT muizen, terwijl in
de aanwezigheid van ODQ er ook een uitgesproken toename van cGMP-gehaltes
veroorzaakt werd door cinaciguat in fundus en colon van WT muizen. De preferentiéle
activering van heem-vrij sGC door cinaciguat werd nu dus ook bevestigd in gastro-intestinale
weefsels. In antrum, pylorus en jejunum van apo-sGC muizen, kon cinaciguat evenwel geen
relaxaties induceren; we hebben geen verklaring voor deze inconsistentie van cinaciguat in
het gastro-intestinale stelsel. Het niet relaxeren van de pylorus door cinaciguat verklaart wel
het onvermogen van cinaciguat om de vertraagde maaglediging in apo-sGC muizen te
herstellen.

Naast de sGC stimulatoren/activatoren als alternatief voor de klassieke
farmacotherapie met NO, kan ook het anorganische anion nitriet (NO,’), waarvan gemeld is
dat het een bron van NO is onder hypoxische omstandigheden, in aanmerking worden
genomen. We bestudeerden nitriet in een model van postoperatieve ileus (Hoofdstuk VI).
Exogene toediening van nitriet toonde reeds aan hart, lever, nieren en hersenen te
beschermen tegen schade door ischemie/reperfusie; een mogelijk mechanisme is de
activering van sGC door NO, gegenereerd uit nitriet onder hypoxische omstandigheden.
Postoperatieve ileus is een tijdelijke vermindering van de gastro-intestinale motiliteit, vaak
voorkomend na abdominale operaties. De chirurgische manipulatie van de darm tijdens
abdominale operaties leidt tot inflammatie en oxidatieve stress, twee factoren die ook een
belangrijke rol spelen bij schade door ischemie/reperfusie. Het doel van onze laatste studie
was dan ook om te onderzoeken of nitriet ook een beschermend, eventueel sGC-afhankelijk,
effect heeft bij postoperatieve ileus. Overeenkomstig met vorige studies over ileus, vonden
we dat manipulatie van de darm leidde tot een verhoging van de inflammatoire cytokines en
chemokines, een instroom van neutrofielen, een toename van de iNOS activiteit en
verhoogde RZS in de intestinale muscularis. Voorbehandeling met nitriet verbeterde de

vertraging in de darmtransit aanzienlijk en verminderde de bijhorende inflammatoire
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respons en oxidatieve stress in de intestinale gladde spieren. Voor dit beschermende effect
van nitriet bleek de reductie van nitriet naar NO nodig, aangezien in de aanwezigheid van
carboxy-PTIO, dat NO “wegvangt”, de beschermende effecten van nitriet volledig werden
tenietgedaan. Bovendien werd de betrokkenheid van NO en activatie van sGC aangetoond
(1) aangezien het gehalte van c¢cGMP in de intestinale muscularis dat daalde door
manipulatie, terug was toegenomen na voorbehandeling met nitriet, (2) aangezien zowel
carboxy-PTIO als de sGC inhibitor ODQ de intestinale gehaltes van cGMP in nitriet-
behandelde gemanipuleerde muizen terug naar de gehaltes van cGMP van niet-behandelde
gemanipuleerde muizen bracht, en (3) aangezien zowel carboxy-PTIO als ODQ de nitriet-
geinduceerde bescherming tegen manipulatie-geinduceerde intestinale dysmotiliteit en de
nitriet-geinduceerde daling van manipulatie-geinduceerde inflammatie en oxidatieve stress

verhinderden.

Conclusies. De centrale rol voor de activering van sGC door NO in de motiliteit van
de maag en in de transit van de dunne darm werd bevestigd, en apo-sGC muizen, die over
heem-vrij sGC beschikken, kunnen als een model voor verstoorde gastro-intestinale
motiliteit onder oxidatieve stress voorgesteld worden. Voor de NO-onafhankelijke heem-
afhankelijke sGC stimulator BAY 41-2272 werd aangetoond dat het relaxerend effect in
maagfundus en colon gedeeltelijk via een cGMP-afhankelijk mechanisme verloopt en ten
minste via één extra cGMP-onafhankelijk mechanisme, waarbij Ca?* influx geblokkeerd
wordt. De NO- en heem-onafhankelijke activator cinaciguat relaxeerde de fundus en het
colon efficiént wanneer sGC in de heem-vrije toestand was, wat overeenkomt met zijn
preferentiéle activering van heem-vrij sGC in vaatweefsel, maar het was niet in staat om
antrum, pylorus en jejunum van NO-ongevoelige, heem-vrije apo-sGC muizen te relaxeren.
Het ontbreken van een relaxerend effect in de pylorus verklaart het onvermogen van
cinaciguat om de vertraagde maaglediging in apo-sGC muizen te herstellen. Ten slotte werd
een sGC-afhankelijk beschermend effect voor nitriet aangetoond in postoperatieve ileus,
waarbij nitriet eerst gereduceerd moet worden tot NO teneinde een beschermend effect te

vertonen.
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dit project. Leander, bedankt voor de kweek en levering van de trangene muisjes en de
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western blots hadden we snel mooie resultaten.

Ook wil ik de leden van de examencommissie - prof. C. Cuvelier, prof. W. Ceelen,
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ondersteuning en het luisterend oor wanneer de experimenten niet zo vlot liepen of ik mijn
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Dinesh, | couldn’t wish for a better ‘roommate’. Thanks for all the scientific discussions and
to let me get to know a little bit more about your culture. Men en Sabine, sommige collega’s
worden meer dan collega’s... Blij jullie te hebben leren kennen! Ik zal onze sushi dates nooit
vergeten. Filip, Joline, Vicky, bedankt voor de leuke en interessante gesprekken en het delen
van ervaringen/aanvaringen met studentjes. Danielle, bedankt voor alle administratieve
hulp en het steeds snel en zorgvuldig in orde brengen van de vele bestellingen. Tom, Bart,
Sam, Diego, bedankt voor alle technische hulp! Vooral Diego bleek meermaals de redder in

tijden van crisismomenten!

Maar ook in de rest van blok B heb ik genoten van de goede sfeer. Bedankt Kelly,
Bart, Charlotte en Lies. Bij jullie langskomen was altijd garantie op een goede lachbui!
Eliene, Yves-Paul, Stéphanie, Annelies, Melissa, Marijke, bedankt voor de fijne
samenwerking, de Zuid-Amerikaanse presidenten en de leuke roddels. Ashish, thanks for

introducing me into the world of mitochondria.

Valere, Valere, Valere, jij krijgt hier een hoofdstukje apart. Wat zou ik zonder u
gedaan hebben! Niet alleen stond je steeds klaar mij te helpen bij praktisch werk, ook voor
een goede babbel en mijn hart eens te luchten kon ik steeds bij je terecht. Wat heb ik me
geamuseerd al die jaren met jou in het labo! En niet te vergeten op de recepties... Waar we
dikwijls als eersten arriveerden en als laatsten weer vertrokken. |k leerde ook veel mensen
kennen dankzij je enorm uitgebreide kennissenkring. ledereen kent Valere en Valere kent

iedereen. Je bent dan ook een memorabel figuur. Vele dokters herinneren je nog als de
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‘champetter’ van bij de OSCE oefeningen. Je geeft oprecht om je collega’s en je werk en dat
merk je. Zelfs na je pensioen blijf je actief. Niet alleen voor onze dienst, maar ook om die
mannen op het eerste nog maar eens uit de nood te helpen... Valére, ik kan je niet genoeg
bedanken! Ik hoop dat ik je nog veel mag tegenkomen; is het niet in ‘den Aldi’ of het
wondermooie Geraardsbergen, dan misschien dan bij een sportieve escapade in het

Liedermeerspark?

Uiteraard wil ik ook de vriendjes en vriendinnetjes bedanken. Dorine, Kimmie, Bart,
ik denk dat jullie nog steeds niet goed weten waar ik mij de voorbije vier jaar mee bezig heb
gehouden. ‘lets met muizen..” Niettegenstaande hebben jullie steeds geinteresseerd
geluisterd naar wat ik te vertellen had. Bart, enorm, enorm bedankt om die turf van een
thesis na te lezen... Dat getuigt alleszins van doorzettingsvermogen! Kim, altijd blij wanneer
je nog eens naar Gent komt en we nog eens een restaurantje kunnen uitproberen vergezeld
van deugddoende vrouwenklets. Dorine, we zien elkaar niet zoveel meer als vroeger, maar
als ik je nodig heb weet ik dat je er steeds staat. Ik beloof dat ik nu wat meer tijd vrij zal

maken om eens naar Deftinge af te zakken en eens met Stannetje op stap te gaan!

Vervolgens wil ik ook mijn dank betuigen aan ‘de bende van de Gregorio’. Bedankt
voor de gezellige etentjes, de toffe sfeer, en vooral het luisterend oor bij een glaasje (of
twee, drie...). Ann, Esther, Jarich, Jens, Jurgen, Ruth, Tom, ... en al de rest die nu en dan eens
binnenstuikte: merci! In het bijzonder wil ik Ruth bedanken voor onze therapeutisch
loopsessies. Mijn onregelmatige uren maakten afspreken niet altijd even gemakkelijk, maar

daar had je, ondanks je drukke agenda en Yuna, geen problemen mee.

Uiteraard wil ik ook Joscha, mijn ouders en familie bedanken. Mijn liefste Joscha’tje,
ge zijt een specialleke. Als er iemand voor afleiding kon zorgen was jij het well Mama, papa,
bedankt om me steeds alle kansen te geven en er altijd en in alle omstandigheden te zijn.

Jullie zijn de beste! Dank je wel voor alles!
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