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In 1982, two volumes of the Handbook of Experimental Pharmacology edited by
Professor Giulio Bertaccini, M.D., addressing Mediators and Drugs in Gastrointes-
tinal Motility I and II were published. In 1993, David R. Brown, Ph.D., edited a
volume in the Handbook of Experimental Pharmacology on Gastrointestinal Regu-
latory Peptides. Over 20 years later this latest volume of the Handbook of Experi-
mental Pharmacology aims to connect current ideas and concepts about
gastrointestinal (GI) disorders with the search for novel therapeutics. Towards
this goal, the following chapters will provide a timely state-of-the-art overview of
the GI tract in health and disease, current treatment approaches and ongoing
developments in drug discovery, and their potential for the better treatment of
patients with GI disorders. GI disorders rank among the most prevalent disorders,
with the most common including esophageal and swallowing disorders, gastric and
peptic ulcer disease, gastroparesis or delayed gastric emptying, irritable bowel
syndrome (IBS), and inflammatory bowel disease (IBD). Some of these disorders
are organic involving pathological damage to the GI tract as seen in IBD when the
bowel becomes inflamed and damaged, leading to abdominal pain, diarrhea, and
rectal bleeding. Other GI disorders such as IBS are termed “functional” disorders
because they lack a structural or biochemically defined cause. Recent estimates
suggest that one in four people suffer from a functional bowel disorder and they
represent 40% of GI problems seen by physicians. The major symptoms of common
GI disorders include recurrent abdominal pain and bloating, heartburn, indigestion/
dyspepsia, nausea and vomiting, diarrhea, and constipation. Despite GI disorders
placing a growing burden on today’s healthcare system, many GI disorders are
difficult to diagnose and the symptoms are not effectively managed. In addition,
many patients with GI disorders do not benefit from the currently available thera-
peutics. Novel effective therapeutics are thus urgently needed. Currently, there are
a limited number of medications available or approved to treat GI disorders due, in
part, to a lack of knowledge of the exact mechanisms underlying GI motility,
absorption, secretion, inflammation, and sensation. Although significant gaps in
the understanding of GI disorders still exist, new therapies are likely to emerge from
current research and development. The immune system in the gut is currently
offering a wide variety of therapeutic targets to treat IBD, whereas concepts
that have emerged to treat GI dysmotility, abdominal pain and IBS, include the



Vi Preface

brain-gut axis linking the nervous system in the GI tract to the CNS. The gut
microbiome is currently an area of active research. Moreover, our understanding
of the gut microbiota remains in its infancy; however major advances linking the
intestinal microbiome to the brain-gut axis are likely over the upcoming years and
will offer new therapeutic targets for the development of novel drugs to treat GI
disorders.

I am immensely grateful to James Barrett for inviting me to serve as the Editor of
this volume on Gastrointestinal Pharmacology in the Handbook of Experimental
Pharmacology book series. I would like to thank the editorial staff from Springer
for all their support. Most importantly, the success of this volume on Gastrointesti-
nal Pharmacology is due to each of my colleagues who generously contributed their
expertise and time to preparing such outstanding chapters for this volume of the
Handbook of Experimental Pharmacology. 1 am indebted to this team of highly
distinguished leaders in the GI field. We hope that this volume of the handbook will
serve as an essential reference to investigators and scholars involved in basic and
clinical GI research as well as individuals treating patients with GI disorders.

Oklahoma City, Oklahoma, USA Beverley Greenwood-Van Meerveld
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Abstract

The gastrointestinal (GI) system is responsible for the digestion and absorp-
tion of ingested food and liquids. Due to the complexity of the GI tract and the
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substantial volume of material that could be covered under the scope of GI
physiology, this chapter briefly reviews the overall function of the GI tract,
and discusses the major factors affecting GI physiology and function, includ-
ing the intestinal microbiota, chronic stress, inflammation, and aging with a
focus on the neural regulation of the GI tract and an emphasis on basic brain-
gut interactions that serve to modulate the GI tract. GI diseases refer to
diseases of the esophagus, stomach, small intestine, colon, and rectum. The
major symptoms of common GI disorders include recurrent abdominal pain
and bloating, heartburn, indigestion/dyspepsia, nausea and vomiting, diar-
rhea, and constipation. GI disorders rank among the most prevalent disorders,
with the most common including esophageal and swallowing disorders, gas-
tric and peptic ulcer disease, gastroparesis or delayed gastric emptying,
irritable bowel syndrome (IBS), and inflammatory bowel disease (IBD).
Many GI disorders are difficult to diagnose and their symptoms are not
effectively managed. Thus, basic research is required to drive the develop-
ment of novel therapeutics which are urgently needed. One approach is to
enhance our understanding of gut physiology and pathophysiology especially
as it relates to gut-brain communications since they have clinical relevance to
a number of GI complaints and represent a therapeutic target for the treatment
of conditions including inflammatory diseases of the GI tract such as IBD and
functional gut disorders such as IBS.

Keywords

Absorption ¢ Barrier function ¢ Central nervous system (CNS) ¢ Colon
Constipation * Diarrhea ¢ Digestion ¢ Enteric nervous system (ENS) e
Epithelial barrier « Gut microbiome ¢ Inflammation ¢ Inflammatory bowel
disease (IBD) ¢ Intestinal permeability ¢ Irritable bowel syndrome (IBS) ¢
Mucosa ¢ Secretion « Small intestine » Smooth muscle « Stress ¢ Visceral pain

1 Introduction

The overall function of the GI tract is to digest ingested nutrients through complex
processes of digestive enzyme secretion and nutrient absorption. Luminal contents
move along the GI tract via smooth muscle peristalsis, while smooth muscle
segmentation ensures adequate contact time and exposure to the absorptive epi-
thelial mucosal surface. The gut is capable of handling about 9 L of fluid per day,
which is mainly absorbed by the small intestine. This fluid movement can occur
through paracellular or transcellular routes. The former pathway involves water
movements coupled to nutrient absorption via alterations in tight junction expres-
sion, while the transcellular route involves the passage of water through apical and
basolateral membranes of epithelial cells by passive diffusion, cotransport with ions
and nutrients, or through aquaporins. During intestinal absorption the epithelial
barrier is specifically designed to protect against the movement of potentially
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harmful antigenic, toxic, or infectious material across the GI mucosal surface
(Camilleri et al. 2012).

To ensure effective digestion and proper GI tract health requires a complex
series of coordinated neural events accomplished by the central nervous system
(CNS), the nerve network within the gut itself known as the enteric nervous system
(ENS), and a whole host of GI endocrine peptides that target specific cells and
tissues that make up the GI tract. Specialized endoderm-derived epithelial cells
termed enteroendocrine cells (EECs) form the largest endocrine organ in the body
and are widely distributed throughout the GI tract. EECs play a key role in the
control of GI function including secretion, motility, and regulation of food intake,
postprandial glucose levels, and metabolism (Latorre et al. 2016). The gut also
performs important immune functions and a vast array of inflammatory mediators
can influence the recruitment of lymphocytes and other immune cells to the gut wall
including mast cells, and at the same time modulate the activity of the gut neural
networks (O’Malley 2015; Wouters et al. 2016). Additionally, the abundance of
microbiota residing in the human intestine estimated at 10'* microorganisms plays
a pivotal role in the development of the ENS, the overall health not only of the GI
tract but also the entire human body via mechanisms that include activation of the
immune system, and production of short-chain fatty acids (SCFAs) to promote
colon cell health as well as brain-gut interactions (Patterson et al. 2014; Kabouridis
and Pachnis 2015; Moloney et al. 2016; Obata and Pachnis 2016; Sandhu et al.
2016).

2 Basic Anatomy of the GI Tract

The human GI tract is composed of multiple different organs and can be divided
into the upper and lower GI tract. The upper GI tract refers to the mouth, esophagus,
stomach duodenum, jejunum, and ileum, while the colon, rectum, and anus make up
the lower GI tract. The esophagus propels ingested food from the pharynx into the
stomach via a wave of highly coordinated esophageal peristalsis. Once in the
stomach, the food bolus is mixed with gastric acid and digestive enzymes and is
broken down to allow digested material, now called chyme, to pass through the
pyloric sphincter into the duodenum. Once in the small intestine (duodenum,
jejunum, and finally ileum) the digestive process breaks down proteins, fats, and
carbohydrates to smaller components to allow for nutrient absorption. Accessory
organs that aid in the digestive process include the salivary glands, pancreas, liver,
and gallbladder. Once the luminal contents reach the large intestine, the contents
are now called feces, and are prepared for expulsion via the rectum and anal canal.

To accomplish the digestive processes in a coordinated manner, the GI tract has
a functional anatomy that in general terms is composed of a series of layers
including the inner mucosal layer of the GI tract composed of absorptive and
secretory epithelial cells. The remaining layers of the GI tract include the sub-
mucosal layer containing nerves, lymphatics, and connective tissue; the smooth
muscle layer composed of longitudinal and circular smooth muscle; and the
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outer serosal layer. Specialized ECCs that are diffusely scattered in the GI mucosa
possess the capability of sensing the luminal content and in turn release signaling
molecules that enter the circulation to act as classic hormones on distant targets,
and act locally in a paracrine fashion on neighboring cells and on distinct neuronal
pathways including enteric and extrinsic neurons. Each type of EEC has a charac-
teristic distribution along the GI tract. Among the mediators released, cholecysto-
kinin (CCK) and glucagon-like peptide (GLP-1) play important roles in reflex
control of GI function and in regulating food intake. EECs are divided into “open
type” with a bottleneck shape and an apical prolongation with microvilli facing
towards the intestinal lumen or “closed type” that are located close to the basal
membrane, do not reach the lumen of the gut, and lack microvilli. The open-type
EEC:s directly detect luminal contents through the microvilli reaching the lumen,
whereas the closed types are thought to be activated by luminal content indirectly
either through neural or humoral pathways (Gribble and Reimann 2016; Latorre
et al. 2016). This EEC-sensory neuron connection has thus opened a new exciting
prospective on EECs and their role in the communication with ENS and CNS and
sheds new light on our understanding of the complexity of the bidirectional
communication between the brain and the gut. The therapeutic potential of
compounds working via EEC function is high. In support a GLP-1R agonist is
used to treat diabetes mellitus type 2, based on its ability to stimulate insulin
secretion from pancreatic -cells (van Raalte et al. 2016). Furthermore, in patients
that have a gastric bypass the beneficial role of GLP-1 and PYY3_3¢ secretion in the
reduction of food intake may have additional therapeutic potential to treat obesity
(Svane et al. 2016). Drugs acting to alter EEC functions may also participate in the
control of depression, anxiety, and visceral hypersensitivity, which are key
components of functional GI disorders.

2.1 Basic Functions of the Gl Tract: Gl Motility

The major functions of the GI tract are motility, secretion, and absorption. Smooth
muscle tone and contractility are modulated by interstitial cells of Cajal (ICC),
which serve as the pacemaker creating spontaneous electrical slow waves that
spread from the ICC to the smooth muscle in the presence of a stimulus such as a
neurotransmitter leading to contraction of the GI smooth muscle. The reader is
referred to excellent reviews of the topic (Ward and Sanders 2001; Sanders et al.
2016). Small and large intestinal motility is under multiple levels of control
including the ENS and CNS, as well as GI hormones and paracrine agents. In
general, there are two distinct patterns of small intestinal motility (1) following a
meal when the intestinal lumen contains chyme and (2) during the inter-digestive
period. During the digestive phase the longitudinal and circular smooth muscle of
the GI tract generates coordinated patterns of contractility termed peristalsis and
segmentation. Peristalsis occurs in waves of contraction behind and relaxation
ahead of the luminal bolus, and travels down the GI tract over short distances.
Segmentation is a mixing pattern of contractility that is more irregular and allows
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for luminal contents and digestive enzymes to have adequate contact with the
absorbing epithelium. During the inter-digestive phase, a complex pattern of motility
called the migrating motor complex (MMC) sweeps along the entire small intestine to
clear the GI tract of any remaining luminal debris. Large intestinal motility patterns
serve to impede aboral movement of luminal contents, which facilitates water absorp-
tion. Contractility patterns of the colon are predominantly non-peristaltic and mix the
colonic contents back and forth to enhance contact with the absorbing mucosa. A less
frequent pattern of colonic motility which occurs 6—8 times/day is the high-amplitude
propagating contractions (HAPC) which sweep the colon and often trigger the urge to
defecate.

2.2 Basic Functions of the Gl Tract: Gl Secretion and Absorption

The GI tract secretes up to 9 L of fluid/day containing digestive enzymes, bile, ions,
water, and mucus. Important for secretion and absorption of fluids, electrolytes, and
solutes are the epithelial cells which differ in structure and function depending on
their location in the GI tract. The stomach is a glandular organ. Gastric parietal cells
in glands within the gastric body are important for the secretion of gastric acid and
intrinsic factor, pepsinogen is secreted by the chief cells also within the gastric
body, while hormones (gastrin, histamine, serotonin, and somatostatin) are released
from EEC throughout the stomach. Most of the digestive process and intestinal
absorption of food and electrolytes occur in the duodenum, jejunum, and ileum.
Proteins, fats, and carbohydrates are broken down via the action of digestive
enzymes into smaller units in preparation for absorption into the network of
capillaries and lymphatic vessels (lacteals) by the small intestinal epithelial cells
located on the small intestinal villi. Any remaining material that is not absorbed by
the small intestine passes though the ileocecal valve into the colon. The large
intestinal mucosa is responsible for the absorption of water, solidification of the
colonic contents into feces, and then storage of the feces prior to expulsion.

23 Basic Functions of the Gl Tract: Gl Barrier Function

Solute and particulate matter moves across the intestinal epithelium in a regulated
manner either between epithelial cells or across the apical membrane of epithelial
cells. Routes of transport across the epithelium include passive permeability
(relevant for the passage of larger hydrophilic compounds), transcellular transport
of lipophilic and small hydrophilic compounds, transcellular route via aqueous
pores of small hydrophilic compounds, and active carrier-mediated absorption of
nutrients and electrolytes, and endocytosis, followed by transcytosis and exo-
cytosis of larger peptides, proteins, and particles. Transport between epithelial cells
occurs via the tight junction region. Far from being static, tight junctions are
continually being monitored and regulated by both intra- and extracellular signals.
Several types of proteins contribute to the development of tight junctions including
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the claudin family of proteins that form the actual paracellular pore within the tight
junction and are associated with other transmembrane proteins called occludins.
Zonula occludens (ZO)-1 and other cytoplasmic proteins, such as ZO-2 and ZO-3,
attach and serve as junctional complex proteins. Also relevant to the barrier
properties are adherens, junctions that are defined as a cell junction where the cyto-
plasmic face is linked to the actin cytoskeleton. At the basal pole of the intercellular
space, desmosomes are formed by interactions between desmoglein, desmocollin,
desmoplakin, and keratin filaments (Camilleri et al. 2012; Volynets et al. 2016). An
important function of the gut epithelium is its protective role, functioning as a barrier
between the external environment and the internal milieu. Several components form
the multilayered intestinal barrier that is region specific; in the upper GI tract, gastric
acid, pancreatic juice, and production of antimicrobial substances serve as a first line
of defense. Next, the microenvironment close to the epithelium consists of the
unstirred water layer, glycocalyx, and mucus layer, and below are epithelial cells
separated by tight junctions. Under pathophysiological conditions, increases in epi-
thelial permeability allow products to translocate the epithelial barrier including
luminal antigens, toxins, and microbial fermentation. These products are capable of
activating afferent nerve endings leading to visceral afferent sensitization, which is
important since several different human diseases, including IBD, celiac disease
(CD), and IBS, have been associated with increases in gut permeability and abnor-
mal barrier function (Camilleri et al. 2012; Ohman et al. 2015).

3 Neural Control of the GI Tract

The neural innervation of the GI tract allows for the movement of contents along
the GI tract, secretion of digestive enzymes, and absorption of luminal contents and
makes certain that information from GI tract is carefully integrated and that the
appropriate reflex responses are generated to ensure that all parts of the digestive
system function in concert.

3.1 Enteric Nervous System

Contained within the gut wall is the ENS that is a subdivision of the autonomic
nervous system (ANS) and is capable of autonomous activity. The ENS contains
many of the transmitters and neuromodulators found in the CNS and is organized
into specific circuits that control smooth muscle and mucosal function. These
circuits within the ENS allow for the routine mechanisms of digestion to proceed
without the involvement of the CNS. The ENS contains sensory neurons, motor
neurons, and a complex number of interneurons that enable the information from
the GI tract to be carefully integrated. Within the ENS, intrinsic primary afferent
neurons are synaptically connected to interneurons that control the activity of
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motor neurons regulating the GI musculature and secretomotor neurons inner-
vating secretory cells.

3.2 Extrinsic Innervation of the GI Tract

The gut also has a dense extrinsic afferent innervation that transmits sensory
information to the brain and spinal cord and is used as a basis of reflexes through
parasympathetic and sympathetic nerves. Sensory information is conveyed from the
GI tract to the brain stem and spinal cord via vagal and spinal (splanchnic and
pelvic) afferents, respectively. Gut afferents are also involved in nausea and
vomiting, feeding, and satiety, and in addition generate sensations particularly
under pathophysiological circumstances when the bowel can become hypersensi-
tive leading to visceral pain. Within the GI tract, extrinsic nociceptors can respond
to multimodal stimuli, depending on receptor expression, including stretch, pH,
bacterial products, substances released from immune cells, and neurotransmitters
released from the ENS or ECCs. The nociceptors have nerve endings throughout the
layers of the GI tract (mucosal, submucosal, muscular) and their cell bodies are
located in the dorsal root ganglion (DRG). The first synapse is in the superficial
layers of the dorsal horn of the spinal cord. The nociceptive signal is then transmit-
ted to the spinal cord and pain signals reach the brain via the spinothalamic tract and
dorsal column. Within the brain, the signal is then relayed to cortical areas for
localization and to limbic areas for the emotional component of the pain response.
Output from the cortical and limbic regions in response to the pain of GI origin
activates descending inhibitory circuitry within the brain stem that causes release of
inhibitory neurotransmitters within the dorsal horn of the spinal cord. Although
vagal afferents were not previously thought to be involved in the mediation of
visceral pain, evidence suggests a role for vagal transmission of anti/pro-
nociceptive signals, which bypasses the spinal cord.

3.3 Visceral Afferent Sensitization

Peripheral sensitization normally develops rapidly and is relatively short-lived.
Visceral afferent sensitization can occur in response to increases in epithelial
permeability which allows luminal antigens, toxins, and microbial fermentation
products to translocate the epithelial barrier to activate afferent nerve endings.
Furthermore, intestinal inflammation and release of immune mediators at the site
of injury can produce long-term alterations in the physiology of the afferent termi-
nals. Mediators such as cytokines, prostaglandins, histamine, proteases, and/or low
pH at the site of an acute injury activate receptors on the afferent terminals to
increase intracellular second messengers causing the release of neurotransmitters,
such as substance P, calcitonin gene-related peptide, and/or nitric oxide, which can
further sensitize visceral afferents. The second messenger systems (protein
kinase A, protein kinase C) also lead to changes in gene expression that induces
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neuronal plasticity to alter the expression of receptors (neurokinin receptor 1, tyro-
sine receptor kinase A, prostaglandin receptor, protease-activated receptors, etc.)
that leads to persistent changes in the excitability of the neuron, through modifying
the expression or function of ion channels (sodium, calcium, and potassium).

34 Central Sensitization

In the presence of maintained injury or inflammation, visceral afferent sensitization
can be prolonged by changes in gene expression. These genes may alter the
expression of channels, receptors, or mediators in the sensory neuron. They may
also modify the amount and pattern of neurotransmitters released by central nerve
terminals in the brain and spinal cord. This alters the way that sensory signals are
processed within the CNS and contributes to “central sensitization” which involves
neuronal remodeling within the dorsal horn of the spinal cord and brain. Such spinal
and supraspinal neuroplastic changes likely contribute to chronic pain. Within the
dorsal horn of the spinal cord, there are two mechanisms that increase pain signals
reaching the brain: (1) increased synaptic transmission and/or (2) decreased des-
cending inhibitory modulation. Thus, a combination of increased excitation and
disinhibition can produce a persistent hyperexcitable state in the second-order
neuron and chronic nociceptive signaling. The increased synaptic transmission
occurs via glutamate to activate a second-order neuron, causing activation of
sodium-permeable alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors followed by the subsequent activation of sodium and calcium-
permeable N-methyl-p-aspartate (NMDA) receptors. Primary afferents also release
algesic mediators, such as substance P, which activates second messenger signaling
that initiates remodeling of the second-order neuron by the primary nociceptor
leading to changes in the properties of the receptors present in the dendritic
structure of the second-order neuron (Woolf and Salter 2000). Decreased des-
cending inhibitory modulation at the level of the spinal interneurons leads to
hypersensitivity within the dorsal horn of the spinal cord via the release of
neurotransmitters from the primary nociceptive afferent activating presynaptic
receptors on the inhibitory interneuron, causing hyperpolarization of the inhibitory
interneuron and a decreased release of gamma-aminobutyric acid (GABA) and/or
glycine onto the second-order neuron. In the brain a similar mechanism to produce
chronic visceral pain can be invoked within the central pain matrix in the brain by
which ascending afferent information from the second-order spinal neurons leads to
hyperexcitability within the central pain matrix by increasing the sensory signals
reaching the tertiary neurons within the thalamus, raphe, or parabrachial nucleus,
which then enhances signaling to secondary cortical and limbic structures.
Remodeling of integration nuclei (amygdala, ACC/MCC, insula) can make the
perception of the noxious stimulus more unpleasant, producing an enhanced nega-
tive emotional response (Staud 2012). Imaging studies have demonstrated that in
patients with chronic visceral pain, there is increased activation of brain regions that
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integrate pain signals and produce negative affect, such as the amygdala and insula,
along with a decreased activity in pain inhibitory/positive affect nuclei, such as the
prefrontal cortex (PFC) and cingulate. In particular, the amygdala is a key nucleus
that integrates noxious visceral signals with anxiety/fear behaviors and hyper-
activation could influence not only multiple nuclei in the central pain matrix, but
also descending brainstem nuclei that modulate GI function. Additionally, the
altered signaling within the central pain matrix disrupts the descending dorsal
column inhibitory pathway by modulating the activity in the periaqueductal gray
(PAG) and rostroventral medulla (RVM). Recently, a significant amount of atten-
tion has been given to a subgroup of EECs secreting 5-HT and their role in visceral
perception. 5-HT is a key neurotransmitter in the control of nociceptive responses
and mood, with receptors located in both the periphery and CNS. Much evidence
suggests that activation of 5-HT receptors, specifically 5-HT3 and 5-HT,, sends
signals from the gut to the CNS through vagal afferent fibers, which activate
multiple pathways including those involved in nociception (Chen et al. 2009;
Zhang et al. 2011; Browning 2015).

4 Gl Pathophysiology

Proper functioning of the GI tract is essential for supporting life; however disorders
of the GI tract are common, unpleasant, and complex affecting the mucosa,
musculature, and neural innervation from the esophagus to the colon, and mani-
fested as ulceration, inflammation, obstruction, diarrhea, constipation, and abdomi-
nal pain. A growing body of evidence suggests that defects in intestinal barrier
function are associated with diseases of the GI tract. Abnormalities in GI function
can lead to life-threatening diseases such as IBD or conditions that severely affect
quality of life such as gastroesophageal reflux disease (GERD) and IBS. The
symptoms of common GI disorders are worsened during periods of stress and
negative emotions. Stress has profound effects on the GI tract with both chronic
adult stress and early-life stress being capable of modifying central pain circuitry,
as well as causing changes in motility and permeability throughout the GI tract. A
generally accepted hypothesis is that dysfunction of the bidirectional communica-
tion between the brain and the gut in response to chronic stress activates the
hypothalamic pituitary (HPA) axis and autonomic nervous system and plays a
role in the symptomatology of functional GI disorders such as IBS. Inflammation
of the gut mucosal surface has substantial effects on enteric and extrinsic afferent
neuronal function though complex changes in neuroimmune interaction. In rodent
models, acute colitis alters enteric neuronal function and evidence suggests that
these changes are persistent despite recovery from the gut inflammation. Although
the effects of an intestinal inflammation on the CNS are less clearly understood,
patients with IBD exhibit centrally mediated comorbidities including anxiety,
depression, and fatigue, which strongly suggests altered brain function in response
to peripheral inflammation perhaps through alterations in central immune-mediated
mechanisms. Evidence supporting this concept has been derived from experimental
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models of acute colitis in which transient inflammation leads to long-term visceral
pain as well as long-term altered expression of CRF in the paraventricular nucleus
of the hypothalamus (PVN) (Greenwood-Van Meerveld et al. 2006). Recent evi-
dence points to changes in the gut microbiota playing a key role in GI disorders.
Specifically, disorders directly affecting the GI tract such as IBS and CD have been
shown to exhibit microbial dysbiosis. Gut inflammation causes marked alterations
in the gut microbiota populations and may play a role in gut-brain miscommuni-
cation. Another important factor altering the physiology of the GI tract is age. The
normal functioning of the gut is compromised as we age, with the elderly often
complaining of constipation, hemorrhoids, heartburn, decreased energy, and food
allergies. In nonhuman primate models, aging was shown to have profound effects
on the intestinal epithelial barrier and the neural control of smooth muscle contrac-
tility (Tran and Greenwood-Van Meerveld 2013, 2014). The impact of aging on the
intestinal barrier and immune system was recently reviewed (Man et al. 2014).
There are also numerous animal studies showing that aging has significant effects
on the enteric and extrinsic neural innervation of the GI tract (reviewed by Bitar
et al. 2011). Understanding the effects of aging on the gut is of growing and
profound importance in light of demographic data demonstrating a steady increase
in the aging population.

4.1 Stress and the Gl Tract

There is a substantial amount of compelling evidence that psychological and physical
stressors play an important role in the onset and modulation of GI disorders. It is a
generally accepted hypothesis that dysfunction of the bidirectional communication
between the brain and the gut, in part through activation of the principal neuroendo-
crine stress system, namely the HPA axis, plays a role in the symptomatology of IBS.
The HPA axis is activated by stress causing the release of CRF from the paraventricular
nucleus of the hypothalamus (PVN) into the hypophyseal portal circulation to bind in
the anterior pituitary. Adrenocorticotropic hormone (ACTH) is then released from the
pituitary into the systemic circulation to cause the synthesis and release of the gluco-
corticoid cortisol (corticosterone in rats) from the adrenal cortex. Multiple lines of
evidence have shown that activation of central mechanism(s) by stress results in colo-
rectal hypersensitivity, and involves descending facilitation from the brain to induce
remodeling of colorectal responsiveness via sensitization of spinal dorsal horn neurons.
Brainstem regions responsible for the modulation of descending inhibitory pain signals
are modulated by both pain and stress. The periaqueductal gray (PAG) receives
excitatory signaling from the prefrontal cortex (PFC) and inhibitory signaling from
the amygdala. The rostroventral medulla (RVM) receives not only direct nociceptive
information from the spinoreticular pathway but also integrated pain and stress signals
from the amygdala and PAG. Additionally, the locus coeruleus (LC) and amygdala
form a circuit that can potentiate both endocrine and autonomic stress responses.
Central structures regulating affective and sensory processes including the amygdala,
insula, cingulate, and prefrontal cortex show enhanced activation in IBS patients.
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In animal models with visceral hypersensitivity and in IBS patients, imaging studies
have shown that limbic regions regulating sensory processing and emotion, including
the amygdala, show greater responsiveness in response to visceral stimulation. The
amygdala is an important limbic structure involved in the potentiation of the HPA axis
with diffuse connections to pain-modulatory networks, and has been implicated to
influence visceral sensitivity and may contribute to the aberrant HPA activity observed
in IBS patients. The amygdala is sensitive to corticosteroids but in contrast to the
hippocampus and prefrontal cortex, the amygdala facilitates behavioral, neuro-
endocrine, and autonomic responses to stress. Thus, this altered balance in stress modu-
lation induced by amygdala hyperactivity may represent an essential aspect of
alterations in GI motor function, colonic permeability, and colorectal sensitivity appar-
ent in IBS. In support, elevating amygdala corticosterone in rats by stereotaxically
implanting corticosterone micropellets onto the CeA causes a persistent increase in the
sensitivity to visceral stimuli as well as induces anxiety-like behavior (Greenwood-Van
Meerveld et al. 2001). These findings suggest that in IBS patients exposed to chronic
stress increased amygdala activation dysregulates the HPA axis and may be particularly
relevant to the etiology and pathophysiology of IBS. Evidence also suggests that
remodeling of the epigenome by chronic stress may result in long-term changes in
gene expression. Recent studies have also demonstrated the importance of histone
acetylation in stress-induced pain of GI origin by showing that direct administration
into the brain of a histone deacetylase (HDAC) inhibitor reversed visceral hypersensi-
tivity induced by stress or activation of the amygdala with corticosterone (Tran et al.
2013, 2015). In another study exposure to early-life stress (ELS) was associated with
CRF promoter hypomethylation and an increase in CRF transcriptional responses to
stress in adulthood suggesting that neonatal stress is capable of causing long-lasting
epigenetic changes in the CRF expression within the HPA axis (Chen et al. 2012).
During stress and inflammation mast cell mediators such as TNF-a, tryptase [via
protease-activated receptor type 2 (PAR-2)], nerve growth factor (NGF), and inter-
leukins may affect paracellular permeability (by altering expression of claudins in the
tight junctions) or transcellular uptake route (by increasing macro-pinocytosis), thereby
disrupting the barrier to antigens and bacteria. The release of serine proteases from mast
cells results in the activation of PAR-2 on epithelial cells; further, activation of PAR-2
has been linked with tight junction disassembly and increased permeability. It is
thought that this increase in permeability in response to stress activates and sensitizes
sensory nerves within the gut and this barrage of afferent information leads to peri-
pheral and central sensitization to produce visceral hypersensitivity.

4.2 Gut Immune System

The GI tract has a complex innate and adaptive mucosal immune system that is
capable of monitoring the luminal content for a diverse array of innocuous antigens
including commensal microbiota and food antigens (oral tolerance) versus invasion
of the host by potentially toxic pathogens. The immune cells that reside in the
intestine mucosa, mesenteric lymph nodes, and Peyer’s patches make up the
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gut-associated lymphoid tissue (GALT). Cells of the GALT, dendritic cell,
macrophages and B-cells make up the antigen-presenting cells and shape the
responses of a heterogeneous population of T cells. Such response can be tolero-
genic against commensal bacterial antigens or immunogenic against invading
pathogens. Together, the cells of the GALT play a role in both innate and adaptive
immunity and are pivotal for maintaining immune homeostasis in the gut. The
maintenance of a delicate balance between tolerance and immune system activation
is key for overall gut health with abnormalities in this equilibrium leading to patho-
logies of the gut including IBD, CD, and food intolerances. The complexity of the
gut immune system is beyond the scope of this chapter; however, the reader is
referred to excellent reviews by Mann and Li (2014); Reboldi and Cyster (2016);
and Vitale et al. (2016).

4.3 Effect of Aging on the GI Tract

Disorders of the GI tract are common in the elderly; however the precise trait(s) of aging
that contribute to the vulnerability of the GI tract are poorly understood. Despite the need
to further understand age-associated factors that increase the susceptibility to GI dys-
function, there is a paucity of studies investigating the key factors in aging that affect the
GI tract. Thus far studies in rodents have demonstrated that aging alters intestinal
smooth muscle contractility (O’Mahony et al. 2002), as well as the neural innervations
of the GI tract musculature (Phillips and Powley 2007) and sensory signaling (Keating
et al. 2016). Several studies in rodents have also reported an increase in intestinal
permeability to macromolecules with age (Hollander and Tarnawski 1985; Katz et al.
1987; Ma et al. 1992; Annaert et al. 2010). Specifically, advancing age was shown to
correlate with an enhanced transepithelial permeability of p-mannitol, indicating that
there may be an age-associated decline in barrier function (Mullin et al. 2002). Our latest
findings showed that a pivotal contributing factor to geriatric vulnerability to GI
dysfunction may be increased colonic permeability via age-associated remodeling of
intestinal epithelial tight junction proteins. We found that epithelial permeability was
greater in colonic biopsies isolated from older baboons (Tran and Greenwood-Van
Meerveld 2013). Supporting this observation, we discovered that there is significant
tight junction remodeling including a decrease in ZO-1, occludin, and JAM-A proteins,
and an increase in claudin-2 expression in old baboon colon compared to young. Upon
investigation of the potential mechanisms that may be responsible for age-associated
changes in tight junction protein expression, we found an increase in miR-29a, but no
observable differences in GLUL expression. We also measured an elevated level of
pro-inflammatory cytokines, in the absence of overt inflammation as assessed via
routine histology and MPO activity, supporting the claim that inflammatory cytokines
modulate intestinal permeability through regulation of tight junction protein expression
and trafficking. Advanced age is associated with reduced neurotransmitter content and
expression. It has been shown that spinal levels of calcitonin gene-related peptide
(CGRP) and substance P (SP) are decreased in aged rats compared to younger animals,
as is the expression of dopamine and serotonin receptors. Available data suggests that
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advanced age likely has differential effects on subpopulations of neurons in the ENS
which demonstrate regional- and species-specific differences. In summary, aging has
profound effects on the GI tract and future research is required in relevant animal models
to delineate the mechanisms responsible for age-related pathologies of the GI tract.

5 Summary and Conclusion

The GI tract is a complex organ and is responsible for the effective digestion and
nutrient absorption. To accomplish this undertaking the GI tract has specialized and
region-specific anatomical, histological, and functional diversities that are con-
trolled by a complex interaction between neuronal, hormonal, and paracrine ele-
ments. Under pathophysiological conditions, disorders may involve pathological
damage to the GI tract as apparent in IBD where the GI tract becomes inflamed and
damaged, leading to abdominal pain, diarrhea, and even rectal bleeding. In contrast,
other GI disorders, such as IBS, lack a structural or biochemically defined abnor-
mality and are termed “functional” disorders. Currently, there are a limited number
of medications available to treat GI disorders in part due to a lack of knowledge of
the exact mechanisms underlying the complex physiology of GI motility, absorp-
tion, secretion, inflammation, and sensation. Although these significant gaps in the
understanding of GI disorders exist today, it is likely that new therapies will emerge
from current basic and translational research. Since alterations in the bidirectional
communication between the brain and the gut are likely associated with an impair-
ment of gut functions, approaches that have emerged to treat GI dysmotility,
abdominal pain, and IBS include mechanisms linking the nervous system in the
GI tract to the CNS. Another area of active research is the gut microbiome, and
although our understanding of the microbiota within the gut remains in its infancy,
major advances linking the intestinal microbiome to the brain-gut axis will likely
offer new therapeutic targets for the development of novel drugs to treat GI dis-
orders. Another approach will be to focus on intestinal barrier dysfunction which
has been associated with many GI disorders. EEC receptors on the luminal side
could also be a potential target of new drugs to activate hormonal and neuronal
pathways providing a novel approach to treat diseases such as diabetes and obesity.
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Abstract

Symptoms referable to the upper digestive tract are associated with
abnormalities of upper gastric neuromuscular function including abnormalities
of motility, sensation, and absorption. Of the upper digestive tract, the stomach
is of particular importance in its role in symptom generation and is highlighted in
this chapter. Gastric symptoms can be associated with alterations in the rates of
gastric emptying, impaired accommodation, heightened gastric sensation, or
alterations in gastric myoelectrical activity and contractility. Treatment of gas-
tric neuromuscular disorders requires an understanding of pathophysiology of
the disorders, the appropriate use and interpretation of diagnostic tests, and the
knowledge of effective treatment options. This chapter covers the pathophysiol-
ogy and current treatment approaches to disorders of the upper gastrointestinal
tract, focusing on classic disorders of the stomach, particularly gastroparesis and
functional dyspepsia.

Keywords
Dumping syndrome ¢ Functional dyspepsia * Gastroparesis

1 Introduction

Symptoms referable to the upper digestive tract are associated with abnormalities of
upper gastric neuromuscular function including abnormalities of motility, sensation,
and absorption (Boeckxstaens et al. 2016). The stomach is of particular importance in
the upper digestive tract. Gastric symptoms can be associated with alterations in the
rates of gastric emptying, impaired accommodation, heightened gastric sensation, or
alterations in gastric myoelectrical activity and contractility (Parkman and Jones 2009).
Treatment of gastric neuromuscular disorders requires an understanding of pathophys-
iology, appropriate use and interpretation of diagnostic tests, and treatment options
(Parkman et al. 1995; Camilleri et al. 1998). These tests include measures of gastric
emptying, contractility, electrical activity, regional gastric motility of the fundus, an-
trum, pylorus, and tests of sensation and compliance. In addition to these gastric
function tests, tests are being developed to help better understand the afferent sensory
pathways from the stomach to the central nervous system that mediate gastric sensa-
tion. This chapter covers the pathophysiology and current treatment approaches to dis-
orders of the upper gastrointestinal tract, focusing on gastric disorders, particularly the
classic gastric disorder of gastroparesis.

2 Normal Gastric Neuromuscular Physiology

Normal gastric physiology is best described in terms of its patterns in the fasting
state and the responses of the stomach that occur in response to food intake (the fed
response) (Camilleri et al. 1998; Camilleri 2006).
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2.1 Fasting Gastric Motility

Fasting gastric contractile patterns are characterized by a cyclic motor phenomenon
called the migrating motor complex (MMC) (Camilleri et al. 1998). In healthy
people, it occurs approximately once every 90 min in the fasting state, most
prominently at night. The fasting state generally starts approximately 4 h after
meal ingestion when the stomach has completely emptied a meal. The fasting
contractile patterns comprise a period of quiescence (phase I), a period of intermit-
tent pressure activity (phase II), and an activity front, during which the stomach and
small intestine contract at their highest frequency (phase III). During the phase III
MMC, contraction frequencies reach 3 per minute in the stomach and 12 per minute
in the proximal small intestine. This interdigestive contraction wave migrates down
the stomach and small intestine and serves to help empty the stomach of indigest-
ible solids and transport them down the small intestine into the colon (“the intestinal
housekeeper”). These contractile pressures, especially in the fasting period, are
generally recorded in patients with antroduodenal manometry.

2.2 Gastric Responses to Meal Ingestion

2.2.1 Gastric Accommodation

Gastric accommodation is a postprandial, vagally mediated reflex resulting in reduced
gastric tone primarily in the proximal stomach that occurs with eating a meal (Cannon
and Lieb 1911). Gastric accommodation provides a reservoir for ingested foods
without a significant increase in intragastric pressure.

The accommodation reflex has two principal components. Receptive relaxation
occurs within seconds of eating and is triggered by both oropharyngeal and gastric
stimulation. This response involves relaxation of both the lower esophageal sphincter
and proximal stomach. Adaptive relaxation is a slower process triggered by gastric or
duodenal distension and perhaps also modified by specific nutrients (Villanova et al.
1997; Jahnberg et al. 1975). The accommodation reflex is vagally mediated and re-
presents the balance between cholinergic excitatory drive and non-adrenergic non-
cholinergic (NANC) inhibitory input. The afferent signal is generated by activation of
stretch-sensitive mechanoreceptors in the stomach wall and by activation of osmo- and
chemoreceptors in the stomach and duodenum (Feinle et al. 2001). The efferent NANC
signal involves nitric oxide (NO) as the principal neurotransmitter (Boeckxstaens et al.
2002; Tack et al. 2002a) and perhaps vasoactive intestinal polypeptide (VIP) (Tonini
et al. 2000). Gastric tone is also modulated by sympathetic inputs acting directly through
post-junctional al-adrenoceptors, and indirectly on cholinergic nerve terminals
mediated by pre-junctional a2-adrenoceptors (Boeckxstaens et al. 2002; Tack et al.
2002a; Thumshirn et al. 1999a).

The accommodation reflex is most often recorded using either a gastric barostat
or imaging methods such as scintigraphic radiolabelling of the gastric mucosa with
the use of single-photon emission computed tomography (SPECT). The roles for
various nutritional parameters in modifying accommodation such as meal volume
and rate of ingestion, caloric density, and macronutrient content require more un-
derstanding as this might have important clinical relevance.



20 H.P. Parkman

2.2.2 Gastric Emptying of a Meal

Normal gastric emptying reflects a coordinated effort between the fundus, antrum,
pyloric sphincter, and duodenum (Parkman et al. 1995; Camilleri et al. 1998). Coordi-
nation of these fundic-antral-pyloric-duodenal motor events is carefully regulated and
governed by gastrointestinal electrical activity through the interstitial cells of Cajal
(ICCs) and neural connectivity through enteric nerves and vagal efferent nerves from
the central nervous system. Feedback from nutrients and volume in the stomach and
small bowel impact the process of gastric emptying and are conveyed through local
enteric sensory nerves, vagal afferent nerves, and hormones.

Fundic and antral smooth muscle contractions are primarily cholinergically me-
diated. Rhythmic antral contractions, classically at 3 cycles/minute, triturate large food
particles into an appropriate size for intestinal digestion. The rate of these contractions
is governed by the electrical pacemaker area of the stomach and the pacemaker cells,
the interstitial cells of Cajal (ICCs).

Pyloric sphincter relaxation, often synchronized with antral contractions, allows
smaller food particles and chyme to pass out of the stomach into the duodenum
(Camilleri et al. 1998). Pyloric relaxation is mediated through release of inhibitory
nerves, especially nitric oxide (NO) and possibly vasoactive intestinal polypeptide
(VIP).

Solid and liquid food empty from the stomach at different rates (Camilleri et al.
1998). Liquids empty from the stomach at an exponential rate as their emptying
depends primarily on the gastric—duodenal pressure gradient with less importance
on pyloric opening. Solids are initially retained selectively within the stomach until
particles have been triturated to a size smaller than 2 mm, at which point they can be
emptied at a linear rate from the stomach.

23 Gastric Sensation

The digestive tract senses ingested meals in various ways (Parkman and Jones 2009).
Volume, osmolarity, acidity, and macronutrient composition represent the dominant
sensory modalities. Most of this sensory information is acted upon solely by the
enteric nervous system to facilitate secretion, absorption, and motility through the gut
and never reaches the level of consciousness. Some awareness of digestive sensation
such as fullness and satiation helps regulate normal eating behavior. Visceral sensa-
tion is transmitted from the digestive tract to the central nervous system primarily via
the vagus nerve and spinal afferent system.

Afferent vagal neurons project mainly to the solitary tract nucleus with secondary
projections ascending to the thalamus and directly to other brain structures involved in
arousal, homeostatic, and emotional behaviors (Sawchenko 1983; Aziz and Thompson
1998). These regions include the hypothalamus, locus coeruleus, amygdala, and peri-
aqueductal gray (PAG). Third-order neurons project from the thalamus to the sensory
cortex.

Primary spinal visceral afferent nerves synapse in the dorsal horn of the spinal cord
with secondary neurons projecting proximally through the spinoreticular, spinomesen-
cephalic, spinohypothalamic, and spinothalamic tracts (Almeida et al. 2004; Drossman
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2004; Jones et al. 2006). Spinoreticular inputs activate reflexive responses to visceral
sensation without conscious awareness. The spinothalamic tract projects to the ventral
posterior lateral, medial dorsal, and ventral medial posterior nuclei of the sensory
thalamus, from which tertiary neurons relay digestive sensory signals to the primary
somatosensory cortex (S1 and S2), the cingulate cortex, and the insula, respectively.

3 Gastric Symptoms and Pathophysiology

Symptoms may originate by four types of pathophysiological mechanisms: delayed
gastric emptying, impaired accommodation, increased perception (hypersensitiv-
ity), or accelerated gastric emptying (Table 1) (Boeckxstaens et al. 2016). This has
recently been elegantly reviewed by Azpiroz and colleagues for Rome IV Patho-
physiology (Boeckxstaens et al. 2016) and is discussed in this section. The symp-
toms from gastric dysfunction are limited and the symptoms may be similar in
character regardless of the underlying pathophysiological mechanisms involved.

3.1 Delayed Gastric Emptying

Gastric emptying reflects the net output of the stomach, which is regulated by three
areas of the stomach: proximal fundus, distal antrum, and pyloric sphincter (Malagelada
and Azpiroz 1989). Neural and hormonal pathways from the small intestine also in-
fluence gastric emptying. The tonic contraction of the proximal stomach pushes gastric
contents distally into the antrum. Impaired tonic contraction of the proximal stomach
may result in a delay in the emptying of both solids and liquids. Phasic antral con-
tractions produce the breakdown of solid particles necessary for passage through the
pylorus into the small intestine; impaired antral contractions result in the delayed emp-
tying of solids (Camilleri et al. 1998).

Delayed gastric emptying produces symptoms especially from retention of food or
chyme in the stomach. The symptoms vary from mild symptoms such as early satiety,
epigastric fullness, and nausea to severe manifestations with vomiting of food, often

Table 1 Pathophysiology
involved in gastric
disorders

Delayed gastric emptying
Gastroparesis
Functional dyspepsia
Impaired accommodation
Functional dyspepsia
Rapid gastric emptying
Dumping syndrome
Cyclic vomiting syndrome
Post fundoplication
Functional dyspepsia
Increased perception/hypersensitivity
Functional dyspepsia
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ingested many hours or even days earlier, and nutritional compromise. Absence of
fasting gastric phase III MMC activity may result in gastric bezoar formation. In-
terestingly, nausea and vomiting may occur in some patients during fasting rather
than postprandially, especially seen in diabetic patients (Parkman et al. 2016). In
some patients, this may lead to inability to eat from symptoms with resultant weight
loss. Delayed gastric emptying in the absence of mechanical obstruction is the def-
inition of the disorder gastroparesis (Grover et al. 2012; Janssen et al. 2013). Some
patients with functional dyspepsia exhibit a delay of solid emptying.

3.2 Impaired Accommodation

Impaired accommodation of the proximal stomach in response to food ingestion
increases gastric wall tension which might activate sensory endings in the gastric
wall and produce symptoms. Inappropriate relaxation might be related to impaired
enterogastric and antrofundic reflexes that normally modulate the gastric accom-
modation/emptying process (Azpiroz and Malagelada 1987; Farre and Tack 2013).
Impaired fundic accommodation/reduced proximal gastric relaxation in response to
ameal can be seen in some patients with functional dyspepsia and has been reported
to be associated with early satiety and weight loss (Tack et al. 2001). Impaired
accommodation is associated with abnormal intragastric distribution of food in
patients with functional dyspepsia, with preferential accumulation in the distal
stomach (antrum) (Troncon et al. 1994).

3.3 Increased Gastric Sensitivity

Distending the stomach can produce conscious sensations similar to the symptoms
reported by patients with gastric functional disorders. Perception of gastric distension
depends on activation of tension rather than elongation or volume receptors in the
gastric wall (Distrutti et al. 1999). Some patients with functional dyspepsia exhibit
increased perception of gastric distension or hypersensitivity of the stomach (Coffin
et al. 1994). Gastric hypersensitivity is more prevalent in patients with predominant
epigastric pain (Karamanolis et al. 2006). Gastric hypersensitivity can coexist with
impaired gastric accommodation to meal ingestion and delayed gastric emptying.

The cause and mechanism of gastric hypersensitivity are not known. In normal
conditions, gastric sensitivity is modulated by several mechanisms. For example,
lipids in the small intestine increase perception of gastric distension. This modulatory
mechanism is up-regulated in patients with functional dyspepsia, and may contribute
to symptoms. Altered perception in a subset of patients with dyspepsia appears to
occur as a consequence of an acute, possibly viral, gastroenteritis, which leads to
impaired nitrergic nerve function in the proximal stomach (Tack et al. 2002b). Central
mechanisms may also play a role. For example, anxiety is negatively correlated with
pain and discomfort threshold in hypersensitive functional dyspeptic patients (Van
Oudenhove et al. 2007).
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3.4 Accelerated Gastric Emptying

In some patients, mainly after partial or complete gastrectomy, rapid gastric emptying
is accompanied by vasomotor and gastrointestinal symptoms. This dumping syn-
drome may be observed after vagotomy, intentional or unintentional at the time of
surgery at the gastroesophageal junction. Symptoms typically occur after ingestion of
liquids and meals with increased carbohydrates. Dumping symptoms can be sub-
divided into “early dumping” and “late dumping” symptoms. “Early dumping” occurs
in the first hour after meal ingestion and is associated with both abdominal and
systemic symptoms due to the rapid passage of hyperosmolar contents into the small
bowel leading to a shift of fluids from the intravascular compartment to the gut lumen.
This induces intestinal distension and gastrointestinal symptoms like bloating, abdom-
inal pain, and diarrhea (Vecht et al. 1997). Enhanced release of several gastrointestinal
hormones, including enteroglucagon, vasoactive intestinal polypeptide, peptide YY,
pancreatic polypeptide, and neurotensin, are thought to cause a systemic and splanch-
nic vasodilation, most likely explaining the vasomotor symptoms. Late dumping oc-
curs 1-2 h postprandially and results from reactive hypoglycemia. Rapid gastric
emptying induces high glycemic levels, which lead to increased insulin secretion.
Because of the long half-life of insulin, late reactive hypoglycemia may occur.

4 Disorders Associated with Altered Gastric Motility
and Function

4.1 Gastroparesis

Gastroparesis is a symptomatic chronic disorder of the stomach characterized by
delayed gastric emptying in the absence of mechanical obstruction. Symptoms of
gastroparesis are variable and include early satiety, postprandial fullness, nausea,
vomiting, abdominal distension, and upper abdominal discomfort (Parkman et al.
2004). Delayed gastric emptying is also common in functional dyspepsia, occurring
in approximately 25-40% of patients (Stanghellini et al. 1996; Sarnelli et al. 2003).

The correlation between symptoms and delayed gastric emptying is variable
(Horowitz et al. 1989; Koch et al. 1989; Talley et al. 1989). Postprandial fullness,
nausea, and vomiting have been reported to predict delayed emptying in patients
with functional dyspepsia (Stanghellini et al. 1996; Sarnelli et al. 2003). In patients
with diabetes, abdominal fullness and bloating were found to predict delayed gas-
tric emptying (Jones et al. 2001). In some drug trials of prokinetic agents, symp-
tom improvement correlated with acceleration of gastric emptying (Camilleri et al.
1989; Jian et al. 1989); however, in other studies, this relationship has not been
demonstrated (Snape et al. 1982; McCallum et al. 2007). In individuals with symp-
toms of gastroparesis who have normal rates of gastric emptying, other motor, myo-
electric, or sensory abnormalities may elicit symptoms (Parkman et al. 1995).
Perhaps different pathophysiology may explain different symptoms seen in upper
GI disorders (Table 2).
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Table 2 Relationship of gastric pathophysiologic alterations and symptoms

Pathophysiology Associated symptoms
Delayed gastric emptying Vomiting
Postprandial fullness
Delayed proximal gastric emptying Heartburn
Regurgitation
Impaired proximal gastric accommodation Early satiety
Weight loss
Hypersensitivity Abdominal pain
Belching
Weight loss
Gastric dysrhythmias Nausea

Gastroparesis occurs in many clinical settings; idiopathic, diabetic, and postsur-
gical etiologies comprise the majority of cases in most series. In one series of 146
patients, gastroparesis was idiopathic in 36%, diabetic in 29%, and postsurgical in
13% of patients (Soykan et al. 1998). Several gastrointestinal and systemic diseases
are associated with gastroparesis.

Delayed gastric emptying of solids after gastric surgery or vagal nerve injury is
common with patients most commonly experiencing vomiting, weight loss, and
bezoar formation. The incidence of postsurgical gastroparesis varies from 5 to 25%
(Eagon et al. 1992). The dominant mechanism appears to be vagal injury with re-
sultant loss of both fundal tone and antral peristalsis (Eagon et al. 1992).

4.2 Generalized Disorders of Gastrointestinal Motility

Gastroparesis may occur as a component of a generalized gut dysmotility syndrome.
Chronic intestinal pseudo-obstruction is a syndrome with recurrent symptoms sug-
gestive of intestinal obstruction in the absence of mechanical blockage. Radiolog-
ic findings of chronic intestinal pseudo-obstruction include luminal dilation with
air-fluid levels throughout the small intestine. Chronic intestinal pseudo-obstruction
can be caused by a variety of systemic diseases, including scleroderma, amyloidosis,
myxedema, long-standing diabetes mellitus, and paraneoplastic complications most
commonly seen with small-cell lung carcinoma. However, many cases are idiopathic
in nature. The two main forms of chronic intestinal pseudo-obstruction are myopathic
and neuropathic. Antroduodenal manometry may assist in differentiating these two
forms (Camilleri et al. 1998). In intestinal myopathy, low-amplitude contractions that
propagate normally are seen. In intestinal neuropathy, contractions are normal in
amplitude but disorganized in morphology, including disruption of phase III activity,
bursts of nonpropagating activity during fasting, and failure to convert from the fasting
to the postprandial fed motor pattern.
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4.3 Dumping Syndrome and Rapid Gastric Emptying

Dumping syndrome is characterized by rapid gastric emptying accompanied by
gastrointestinal and vasomotor symptoms. It occurs mainly after partial or complete
gastrectomy, vagotomy (often postsurgical but occasionally due to diabetes or dys-
autonomia), fundoplication, or bariatric surgery (Lee et al. 2007; Tack 2007). Symp-
toms result from rapid gastric emptying and are characterized into early and late
dumping. Early dumping begins shortly after meal ingestion and is characterized by
symptoms of epigastric fullness, crampy abdominal pain, nausea and vomiting, diar-
rhea, sweating, weakness, dizziness, pallor, palpitations, and tachycardia. Late dump-
ing typically begins 90—240 min after a carbohydrate-rich meal and includes symptoms
of diaphoresis, tremulousness, tachycardia, light-headedness, weakness, and confusion.

Symptoms of early dumping are explained in part by the rapid passage of hy-
perosmolar contents into the small bowel, accompanied by a shift of fluids from the
intravascular compartment to the lumen (Vecht et al. 1997). This induces intestinal
distention and accompanying symptoms. The vasomotor symptoms are due to en-
hanced release of gastrointestinal hormones resulting in splanchnic vasodilation and
vascular pooling along with accompanying fluid shifts. Late dumping is attributed
largely to reactive hypoglycemia following transient dumping-induced hyperglycemia
with reactive insulin secretion. As the effects of insulin typically persist beyond the
transient initial hyperglycemia, reactive glycemia occurs when all sugars have been
absorbed.

Dumping syndrome is diagnosed based on clinical symptoms in a patient with
predisposing conditions. Gastric emptying studies can demonstrate rapid gastric emp-
tying (Jian et al. 1992). Gastric emptying of liquids focusing on the early phases of
emptying may be particularly helpful as gastric emptying of solids is more variably
affected. The diagnosis is confirmed by demonstrating hypoglycemia in association
with postprandial symptoms.

Rapid gastric emptying of solids has been demonstrated in some patients with
functional dyspepsia (Lin et al. 1999; Delgado-Aros et al. 2004) and has also been
reported in diabetes, particularly early in the course of type II diabetes (Schwartz
et al. 1996). Many of these patients have symptoms indistinguishable from those of
gastroparesis. Rapid emptying has been recently observed as an accompanying fac-
tor in adult patients with cyclic vomiting syndrome (Namin et al. 2006; Fajardo
et al. 2005).

4.4 Functional Gastroduodenal Disorders

According to Rome III and IV criteria, functional dyspepsia is defined as symptoms
of bothersome postprandial fullness, early satiation, epigastric pain, and/or epigastric
burning with no evidence of structural disease (Tack et al. 2006; Stanghellini et al.
2016). It has been suggested to categorize patients with functional dyspepsia as hav-
ing pain-predominant symptoms (epigastric pain syndrome) or symptoms related to
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the ingestion of a meal such as early satiation and postprandial fullness (postprandial
distress syndrome).

There are associations of various dyspeptic symptoms with alterations in gastric
emptying, accommodation, and sensitivity (Table 2); these associations are modest but
inconsistent (Boeckxstaens et al. 2001, 2002; Tack et al. 2006; Talley et al. 2001).
Nevertheless, there is evidence that gastrointestinal motility and sensation are disturbed
in at least a subset of patients with functional dyspepsia. Delayed gastric emptying is
reported in between 20 and 50% of patients with functional dyspepsia and a meta-
analysis of 17 studies demonstrated significantly delayed solid-phase gastric emptying
in 40% of patients with functional dyspepsia (Quartero et al. 1998). Several large
studies have demonstrated that patients with delayed gastric emptying for solids are
more likely to report postprandial fullness, nausea, and vomiting but these associations
are not consistently confirmed (Stanghellini et al. 1996; Talley et al. 2001; Perri et al.
1998). Interestingly, in a series reported by Delgado-Anos et al., 17/39 (43%) of pa-
tients with functional dyspepsia had initial rapid gastric emptying at 1 h, whereas 16/39
(41%) patients had delayed overall gastric emptying at 4 h (Delgado-Aros et al. 2004).
Symptoms did not differentiate those with delayed versus rapid gastric emptying.

There is some overlap between gastroparesis and functional dyspepsia as both
symptoms and gastric emptying test results may meet definitions for both in a subset
of patients (Parkman et al. 2004; Tack et al. 2006). As a consequence, some patients
with mild abdominal pain, nausea, vomiting, and evidence of delayed emptying are
considered to have functional dyspepsia by some clinicians and gastroparesis by
others. Patients with marked delay in gastric emptying should be diagnosed with
gastroparesis not functional dyspepsia. In general, predominant abdominal pain with
lesser degrees of nausea is more consistent with a diagnosis of functional dyspepsia,
whereas predominant nausea and vomiting with lesser degrees of abdominal pain are
more characteristic of gastroparesis.

Using either a gastric barostat or a single-photon emission computed tomography
(SPECT), impaired accommodation of the proximal stomach has been reported in up
to 40% of patients with functional dyspepsia (Bredenoord et al. 2003; Thumshirn et al.
1999b). While associations have been reported between impaired gastric accommoda-
tion and symptoms of early satiety, these are not consistently confirmed (Boeckxstaens
et al. 2002; Tack et al. 2001). Similarly, an association between hypersensitivity to
gastric distention and symptoms of pain, belching, and weight loss has been reported
(Tack et al. 2001; Salet et al. 1998). Again, while heightened sensitivity to gastric dis-
tension is commonly observed, symptom associations are not consistently demon-
strated (Boeckxstaens et al. 2002; Salet et al. 1998). Additionally, it has been shown
that state anxiety is significantly and negatively correlated with discomfort threshold,
pain threshold, and compliance (Van Oudenhove et al. 2007). This observation high-
lights the complex relationships between pain and factors such as psychiatric distress
and somatization.
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5 Current Therapeutic Approaches to Upper Gl Disorders,
Particularly Gastroparesis

Management of upper gastrointestinal disorders, particularly gastroparesis, is guided
by the goals of correcting fluid, electrolyte, and nutritional deficiencies; identifying
and treating the cause of delayed gastric emptying (e.g., diabetes); and suppressing or
eliminating symptoms (Camilleri et al. 1998). Care of patients generally relies on
dietary modification, medications that stimulate gastric motor activity, and antiemetic
drug therapy.

The outcome of patients with gastroparesis has not been well characterized. It is
often felt by many clinicians to be a difficult disorder to treat, reflecting not only
paucity of medications that are available for this condition, but also the incomplete
understanding of the reasons for the symptoms. The outcome of gastroparesis pa-
tients was assessed in the NIH Gastroparesis Consortium in patients with either
diabetic or idiopathic gastroparesis (Pasricha et al. 2015). Surprisingly, only 28% of
262 patients symptomatically improved at 48 weeks as determined by a decrease in
GCSI > 1. This illustrates the chronic nature of gastroparesis and that the disease
burden remains high. Predictors for improvement included more severe gastro-
paresis symptoms, more severe delay in gastric emptying, and an initial infectious
prodrome. Predictors for a poor improvement included moderate/severe abdominal
pain and being overweight.

5.1 Dietary Treatment

Dietary measures entail adjustment to meal composition and frequency (Parkman
et al. 1995; Moore et al. 1984). Eating small meals is recommended as patients
often have early satiety, that is, feeling full when eating a normal size meal; in
addition, larger meals may alter gastric emptying times. Consuming mainly liquids
such as soups can be useful as gastric emptying of liquids is often preserved in
patients with gastroparesis (Parkman et al. 1995). Avoidance of fats and indigest-
ible fibers is recommended because they delay gastric emptying (Parkman et al.
1995). When small meals are used in the gastroparesis diet, more frequent meals,
3 meals/day plus 2 snack-type meals, are often needed to maintain caloric intake.
These dietary recommendations have often been made empirically as to effects on
gastric emptying (Moore et al. 1981, 1984). Recently, these have been looked at in
respect to symptom generation. A high-fat solid meal significantly increased overall
symptoms among individuals with gastroparesis, whereas a low-fat liquid meal had
the least effect (Homko et al. 2015). With respect to nausea, low-fat meals were
better tolerated than high-fat meals, and liquid meals were better tolerated than
solid meals. These data provide support for recommendations that low-fat and in-
creased liquid-content meals are best tolerated in patients with symptomatic gas-
troparesis. Another study assessed patient tolerances to foods (Wytiaz et al. 2015).
Foods provoking symptoms were generally fatty, acidic, spicy, and roughage based.
Foods worsening symptoms included orange juice, fried chicken, cabbage, oranges,
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sausage, pizza, peppers, onions, tomato juice, lettuce, coffee, salsa, broccoli, bacon,
and roast beef. The foods that were generally tolerable were generally bland, sweet,
salty, and starchy. Saltine crackers, jello, and graham crackers moderately improved
symptoms. Twelve additional foods were tolerated by patients (not provoking symp-
toms): ginger ale, gluten-free foods, tea, sweet potatoes, pretzels, white fish, clear
soup, salmon, potatoes, white rice, popsicles, and applesauce.

Many patients with gastroparesis have diets deficient in calories, vitamins, and
minerals. Unfortunately, nutritional consultation is obtained infrequently but this is
suggested for dietary therapy and to address nutritional deficiencies (Parkman et al.
2011).

5.2 Glucose Control in Diabetic Patients

Diabetic patients with gastroparesis frequently exhibit labile blood glucose con-
centrations with prolonged periods of significant hyperglycemia. Hyperglycemia
itself can delay gastric emptying. Hyperglycemia can counteract the accelerating
effects of prokinetic agents on gastric emptying. Improvement of glucose control
increases antral contractility, corrects gastric dysrhythmias, and accelerates empty-
ing. To date, there have been no long-term studies confirming the beneficial effects
of maintenance of near euglycemia on gastroparetic symptoms. Nevertheless, the
consistent findings of physiologic studies in healthy volunteers and diabetic patients
provide a compelling argument to strive for near-normal blood glucose levels in
affected diabetic patients. Generally, patients give their mealtime insulin after in-
gesting the meal, to ensure that the entire anticipated meal is actually consumed and
without vomiting.

In a recently reported multicenter pilot study (GLUMIT), continuous subcutaneous
insulin infusion with insulin pump therapy with continuous glucose monitoring reduces
hypoglycemia in diabetes with gastroparesis (Calles et al. 2015). There were also as-
sociated improvements in gastroparesis symptoms and nutrient tolerance benefits
which were maintained for the 24-week phase of intensive monitoring and therapy.
This pilot study shows the feasibility and potential for dual benefits improving both
diabetes control and lowering gastroparesis symptom burdens.

5.3 Prokinetic Agents

Medications with gastric prokinetic properties, which are the mainstay of treatment for
gastroparesis, include metoclopramide, erythromycin, and domperidone (McCallum
and George 2001). Intravenous agents currently available to treat hospitalized patients
include metoclopramide and erythromycin. Several prokinetic agents are being studied
for patients with gastroparesis; these include newer 5-HT4 receptor agonists with less
cardiac side effects, newer motilin receptor agonists with less tachyphylaxis phenome-
non and without antibiotic properties, and newer ghrelin receptor agonists.
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5.3.1 Metoclopramide

Metoclopramide, a substituted benzamide structurally related to procainamide,
exhibits both prokinetic and antiemetic actions. The drug is a dopamine type 2 receptor
antagonist both in the CNS and in the stomach. Metoclopramide also has SHT-3
receptor antagonist activity that might also provide an antiemetic effect. In addition,
it has some SHT-4 agonist activity releasing acetylcholine from intrinsic myenteric
cholinergic neurons that might help enhance gastric emptying. The prokinetic prop-
erties of metoclopramide are limited primarily to the stomach. Reglan can cause both
acute and chronic CNS side effects in some patients. These side effects should be
discussed with the patient prior to treatment and documented in the patient’s medical
record. In the USA, metoclopramide is approved for diabetic gastroparesis for up to
12-week duration. Patients with gastroparesis have chronic nausea and often need
longer periods of treatment. Recently, in Europe, it has been suggested that metoclo-
pramide be used for only several days’ duration for acute treatment of chemotherapy-
induced vomiting.

5.3.2 Erythromycin

The macrolide antibiotic erythromycin exerts prokinetic effects via action on gastro-
duodenal receptors for motilin, an endogenous peptide responsible for initiation of
the migrating motor complex (MMC) in the upper gut. When administered exoge-
nously, motilin stimulates antral contractility and elicits premature antroduodenal
phase III activity. Erythromycin produces effects on gastroduodenal motility similar
to motilin.

Clinically, erythromycin has been shown to stimulate gastric emptying in diabetic
gastroparesis, idiopathic gastroparesis, and postvagotomy gastroparesis. Erythromycin
may be most potent when used intravenously; it is often used to clear the stomach from
blood prior to an upper endoscopy for a patient with upper gastrointestinal bleeding.
Limited data exist concerning the clinical efficacy of erythromycin in reducing symp-
toms of gastroparesis. In a systematic review of studies on oral erythromycin with
symptom assessment as a clinical end point, improvement was noted in 43% of
patients. One study comparing erythromycin and metoclopramide in an open-label,
crossover fashion in diabetic gastroparesis found similar efficacy.

Oral administration of erythromycin should be initiated at low doses (e.g., 100—
125 mg 3 times daily before meals). Liquid suspension erythromycin may be preferred
because it is rapidly and more reliably absorbed. Intravenous erythromycin (100 mg
every 8 h) is used for inpatients hospitalized for severe refractory gastroparesis. Side
effects of erythromycin at higher doses (500 mg) include nausea, vomiting, and
abdominal pain. Because these symptoms may mimic those of gastroparesis, erythro-
mycin may have a narrow therapeutic window in some patients. There is report that
erythromycin chronically may be associated with higher mortality from cardiac dis-
ease, especially when combined with agents that inhibit cytochrome p-450, such as
calcium channel blockers.
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5.3.3 Domperidone

The effects of domperidone on the upper gut are similar to those of metoclopramide,
including stimulation of antral contractions and promotion of antroduodenal coordina-
tion. In addition to prokinetic actions in the stomach, domperidone exhibits antiemetic
properties via action on the area postrema, a brainstem region with a porous blood-
brain barrier. Domperidone does not readily cross the blood-brain barrier; therefore, it
is much less likely to cause extrapyramidal side effects than metoclopramide. Side
effects to domperidone include breast lactation, headaches, and palpitations. Domp-
eridone has been associated with prolongation of the cardiac QTc interval.

The FDA has developed a program for physicians who would like to prescribe
domperidone for their patients with severe upper GI motility disorders that are re-
fractory to standard therapy to open an Investigational New Drug Application (IND).
An IND is a request for FDA authorization to administer an investigational drug to
humans. Such authorization would allow the importation, interstate shipment, and
administration of the drug even though it is not approved for sale in the USA. Use of
this IND mechanism for use of domperidone also will require IRB approval. An EKG
and blood work to check potassium and magnesium are obtained prior to starting
domperidone; these are repeated after 4-8 weeks of treatment. The patient will need
to pay for their domperidone medication since insurance companies do not for this
nonapproved treatment.

The benefits and side effects of domperidone to treat symptoms of gastroparesis
were recently reported from a large single-center cohort (Schey et al. 2016). In this
large single-center study of 125 patients treated with domperidone, side effects ne-
cessitating discontinuing treatment occurred in 12%. The most common side effects
were headache, tachycardia/palpitations, and diarrhea. The majority of patients (60%)
experienced an improvement in symptoms of gastroparesis, particularly postprandial
fullness, nausea, vomiting, and stomach fullness.

54 Antiemetic Medications

Antiemetic agents are given acutely for symptomatic nausea and vomiting. The
principal classes of drugs that have been used for symptomatic treatment of nausea
and vomiting are phenothiazines, antihistamines, anticholinergics, dopamine receptor
antagonists, and more recently serotonin receptor antagonists. The antiemetic action of
phenothiazine compounds appears to be mediated primarily through a central anti-
dopaminergic mechanism in the area postrema of the brain. Commonly used agents
include prochlorperazine (Compazine), trimethobenzamide (Tigan), and promethazine
(Phenergan).

Serotonin (5-HT-3) receptor antagonists, such as ondansetron (Zofran) and granis-
etron (Kytril), have been shown to be helpful in treating or preventing chemotherapy-
induced nausea and vomiting. The primary site of action of these compounds is prob-
ably the chemoreceptor trigger zone, since there is a high density of 5-HT-3 receptors
in the area postrema. Zofran is now frequently used for nausea and vomiting of a variety
of other etiologies. It is best given on a prn basis due to their expense. Granisetron
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transdermal system (GTS) is an appealing delivery system for patients with gastropar-
esis. In an open-label study, GTS was moderately effective in reducing nausea and/or
vomiting in 76% of gastroparesis patients (Midani and Parkman 2016). Side effects can
occur such as constipation, skin rash from the patch, and headaches.

Neurokinin receptor antagonists are being used for chemotherapy-induced nausea
and vomiting. Aprepitant (Emend) is a recently approved substance P/neurokinin 1
receptor antagonist for chemotherapy-induced nausea and vomiting. In a recent ab-
stract presentation (Pasricha et al. 2016), the effects of the neurokinin-1 receptor an-
tagonist aprepitant on symptoms in patients with gastroparesis (Gp) and related
syndromes associated with chronic nausea and vomiting patients. Aprepitant resulted
in a greater decline in mean 4-week daily hours of nausea and mean 4-week GCSI
score. These data suggest that aprepitant has the potential for safe improvement of a
variety of symptoms in gastroparesis and related disorders.

5.5 Refractory Patients with Gastroparesis

Patients with refractory gastroparesis need treatment at a variety of levels directed at
nutritional care, prokinetic medications, antiemetic therapies, pain control, glycemic
control, and often psychological measures. Surgical and endoscopic approaches are
considered in patients in whom drug therapy is ineffective and who cannot meet their
nutritional requirements (Camilleri et al. 1998). Surgical treatments include placement
of jejunostomy tubes, gastric electrical stimulation, and pyloromyotomy (Camilleri
et al. 1998). These options are typically considered only in patients with severe, re-
fractory gastroparesis.

5.5.1 Psychotropic Medications as Symptom Modulators

Tricyclic antidepressants may have significant benefits in suppressing symptoms in
some patients with nausea and vomiting as well as patients with abdominal pain. These
are not used for their antidepressant effects, but their actions as symptom modulators,
acting either peripherally or, most likely, centrally. Doses of tricyclic antidepressants
used are lower than used to treat depression. A reasonable starting dose for a tricyclic
drug is 10-25 mg at bedtime. If benefit is not observed in several weeks, doses are
increased by 10-25 mg increments up to 50—100 mg. Side effects are common with the
use of tricyclic antidepressants and can interfere with management and lead to a
change in medication in 25% of patients. The secondary amines, nortriptyline and
desipramine, may have fewer side effects. The recent NIH gastroparesis consortium
study with nortriptyline in idiopathic gastroparesis did not show an effect on overall
symptoms of gastroparesis (Parkman et al. 2013). However, there was a suggestion that
low nortriptyline doses (10-25 mg) might decrease nausea, whereas higher doses (50—
75 mg) might decrease fullness. There are limited data on the use of selective serotonin
reuptake inhibitors in gastroparesis or functional dyspepsia.
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5.5.2 Pyloric Botulinum Toxin Injection

Gastric emptying is a highly regulated process reflecting the integration of the
propulsive forces of proximal fundic tone and distal antral contractions with the
functional resistance provided by the pylorus. Manometric studies of patients with
diabetic gastroparesis have shown in some patients prolonged periods of increased
pyloric tone and phasic contractions, a phenomenon termed pylorospasm. Botuli-
num toxin is a potent inhibitor of acetylcholine neuromuscular transmission and has
been used to treat spastic somatic muscle disorders as well as achalasia. Several
studies have tested the effects of endoscopic injection of the pyloric sphincter with
botulinum toxin in patients with diabetic and idiopathic gastroparesis (Camilleri
et al. 1998). Initial studies were unblinded in small numbers of patients from single
centers and have observed mild improvements in gastric emptying and modest
reductions in symptoms for several months. Two double-blind studies have been
reported; these show an improvement in gastric emptying, but no effect on symp-
toms compared to placebo. Thus, botulinum toxin injections do not result in sus-
tained improvement in symptoms of gastroparesis.

5.5.3 Gastric Electric Stimulation

Gastric electric stimulation is a treatment for refractory gastroparesis. It involves an
implantable neurostimulator that delivers a high-frequency (12 cpm), low-energy
signal with short pulses. With this device, stimulating wires are sutured into the gastric
muscle along the greater curvature during laparoscopy or laparotomy. These leads are
attached to the electric stimulator, which is positioned in a subcutaneous abdominal
pouch. Based on the initial studies that have shown symptom benefit especially in
patients with diabetic gastroparesis, the gastric electric neurostimulator was granted
humanitarian approval from the FDA for the treatment of chronic, refractory nausea
and vomiting secondary to idiopathic or diabetic gastroparesis. The rare but worri-
some complications of the implantable neurostimulator are infection of the pacemaker
site and intestinal blockage from the intra-abdominal wires, which have necessitated
device removal in approximately 5% of cases. More recently, a small minority of
patients can at times have a shocking sensation. Symptoms of nausea and vomiting
can improve with stimulation; however abdominal pain often does not. The symp-
tomatic benefit occurs more often in diabetic gastroparesis than in idiopathic gastro-
paresis. In a recently reported cohort of 151 patients with refractory gastroparesis
treated at a single center, GES improved symptoms in 75% of patients with 43% being
at least moderately improved (Heckert et al. 2016). Response in diabetics was better
than in nondiabetic patients. Nausea, loss of appetite, and early satiety responded the
best.

Further investigation would be helpful to definitively show the effectiveness of
gastric stimulation in long-term blinded fashion, which patients are likely to respond,
the optimal electrode position, and the optimal stimulation parameters, none of which
have been rigorously evaluated to date. Future improvements may include devices
that sequentially stimulate the stomach in a peristaltic sequence to promote gastric
emptying as well as endoscopically placed gastric electric stimulators.
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5.5.4 Other Surgical Treatments for Persistently Refractory
Gastroparesis Patients

Other treatments include feeding jejunostomy for nutritional support with a jeju-
nostomy tube that bypasses the affected stomach for feedings. Venting gastrostomy
tubes have been tried with success in some patients. Recently, pyloromyotomy has
reemerged as a treatment for patients with gastroparesis. This can be performed sur-
gically or more recently endoscopically. Open-label studies report good responses.
Gastrojejunostomy has been performed in the past with limited success. Gastric
bypass with gastrojejunostomy has been used by several centers to treat gastroparesis.
Partial gastrectomy should be used rarely, and only in carefully selected patients. In
postsurgical gastroparesis, occasionally completion gastrectomy is performed for per-
sistent gastroparetic symptoms.

6 Concluding Remarks

Upper gastrointestinal function is complex with a variety of disturbances that may
impact on symptom generation. Our understanding of the pathophysiology of upper
gastrointestinal function in disorders is becoming better with newer modalities as-
sessing motor function, accommodation, and sensation. The relationship of patho-
physiology and symptom generation is also becoming better understood. The ability to
study the various parameters of gastric function allows for better understanding of the
relationships of upper digestive symptoms with alterations in gastric neuromuscular or
CNS function. Treatment of upper gastrointestinal disorders is expanding and now
often targets specific symptoms. In the future, it is plausible that clinicians will be able
to employ selected tests chosen on the basis of clinical variables that will result in
implementation of effective treatments leading to improved clinical outcomes.
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Abstract

Postoperative ileus, which develops after each abdominal surgical procedure, is
an iatrogenic disorder characterized by a transient inhibition of gastrointestinal
motility. Its pathophysiology is complex involving pharmacological (opioids,
anesthetics), neural, and immune-mediated mechanisms. The early neural phase,
triggered by activation of afferent nerves during the surgical procedure, is short
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lasting compared to the later inflammatory phase. The latter starts after 3—6 h and
lasts several days, making it a more interesting target for treatment. Insight into
the triggers and immune cells involved is of great importance for the develop-
ment of new therapeutic strategies. In this chapter, the pathogenesis and the
current therapeutic approaches to treat postoperative ileus are discussed.

Keywords
Field effect ¢ Gastrointestinal motility ¢ Inflammatory phase « Macrophages *
Mast cells » Neural phase  Pathophysiology ¢ Postoperative ileus

1 Introduction

Each patient undergoing an abdominal surgical procedure, even if minimal invasive
techniques are applied, will develop a transient episode of impaired gastrointestinal
(GI) motility or postoperative ileus (POI). Although some argue that uncomplicated
POI should be considered as a “normal” or “physiological” response of the intestine to
a traumatic event and thus should be disregarded, POI clearly has a significant impact
on patient morbidity with symptoms such as pain, nausea and vomiting, abdominal
distension, absence of defecation, and intolerance to oral feeding (Livingston and
Passaro 1990). In clinical practice, a distinction is made between this so-called
physiological POI and prolonged POI The latter is however ill defined and is
considered when recovery of bowel function is delayed, ranging from more than
3 to more than 7 days after surgery (Wolthuis et al. 2016). Depending on the definition
used, the incidence of prolonged POI after colorectal surgery for example is approxi-
mately 10%. Of note, POI is the most common cause of prolonged hospital stay
following abdominal surgery with an annual cost estimated as much as $1.5 billion in
the USA.

2 Pathophysiology

Transient inhibition of GI motility following abdominal surgery involves the entire
GI tract. However not all segments are equally affected. Small intestinal motility is
on average disturbed for approximately 24 h and gastric motility between 24 and
48 h, whereas colonic motility is impaired between 48 and 72 h. Before discussing
the mechanisms involved in POI, it is important to emphasize that our current
insight is based on murine models consisting of standardized manipulation of the
small intestine. To date however, no resection of intestine or construction of
anastomoses is included in these models. Therefore, these models will most likely
study “physiological” POI rather than “prolonged” POI, which may be relevant
with respect to translation of preclinical data to clinical practice/therapeutic studies.

The pathophysiology of POI is complex involving pharmacological (opioids,
anesthetics), neural, and immune-mediated mechanisms. In the immediate postoperative
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period, anesthesia and opioids contribute to POI. Opioids, often used as analgesics
following various types of surgery, indeed have a major impact on GI motility by
activation of p-opioid receptors on the myenteric fibers. This leads to inhibition of
acetylcholine release from myenteric neurons and reduced GI transit (Holte and Kehlet
2002). Interference with this mechanism by peripheral selective opioid antagonists such
as alvimopan has indeed accelerated postoperative recovery of GI motility, but only to a
minor extent (Vaughan-Shaw et al. 2012). The latter is mostly explained by the
knowledge that other mechanisms play a more important role in the pathogenesis of
POL. Indeed, the main cause of POI rather relates to the surgical procedure itself. Two
different phases, each with its own dynamics and underlying pathophysiological mech-
anism (Fig. 1), are now proposed to underlie POI. The first or early phase is neurally
mediated and involves neural reflexes activated during and immediately following
surgery. In the late 1990s, however, the concept was introduced that manipulation of
the intestine triggers the influx of leukocytes in manipulated intestinal segments
impairing the contractile properties of the inflamed intestine (Kalff et al. 1998, 1999a,
b). This second phase starts 3—4 h after surgery and is responsible for the sustained and
thus clinically more relevant inhibition of GI motility. From a clinical perspective,
interference with or prevention of this second phase is clearly expected to be most
relevant and most effective in the treatment of POL.

2.1 The Neurogenic Phase of POI

Incision of the skin and opening of the peritoneal cavity briefly inhibit GI motility
via adrenergic reflexes involving a spinal loop with afferent splanchnic nerves
synapsing in the spinal cord activating efferents travelling back to the gut. When
intestinal loops are however displaced and manipulated, the nociceptive stimuli
become more intense activating additional neural pathways and leading to more
prolonged inhibition of motility. The high-threshold supraspinal pathways involved
relay to the hypothalamic and pontine-medullary nuclei such as the nucleus tractus
solitarius and the paraventricular and supraoptic nucleus of the hypothalamus, and
are also adrenergic in nature (Boeckxstaens and de Jonge 2009). In addition, more
intense intestinal stimulation activates an inhibitory non-adrenergic vagally
mediated pathway contributing to the neural phase of POI (Boeckxstaens et al.
1999). Activation of these pathways, at least by mechanical stimuli, will however
cease once the abdomen is closed and thus other factors such as mediators released
by tissue damage or subsequent inflammation therefore must come into play
explaining the more prolonged nature of POI.

2.2 The Inflammatory Phase of POI

Already in 1978, Bueno et al. described an initial complete but short-lasting
inhibition of electrical spiking activity after muscular and peritoneal incision in
sheep and dogs, corresponding with the neural phase described above (Bueno et al.
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1978). Of major interest was the observation that electrical activity recovered
during 3-6 h, but was then inhibited for a second time for a period ranging from
6 to 72 h. These findings were later confirmed in isolated muscle strips from mice
revealing two phases of inhibition of muscle contractility separated by a period of
recovery (Farro et al. 2016; Kalff et al. 1999a, b). By now, it is generally accepted
that this second wave of inhibition results from an immune-mediated cascade of
events, also referred to as the inflammatory phase of POI.

Twenty years after the first description of the biphasic nature of POI, Kalff et al.
described the temporal association between inflammation of the intestinal muscularis
externa and the second prolonged phase of POI (Kalff et al. 1999a, b). These
investigators elegantly demonstrated that 3—4 h after manipulation of the intestine,
mainly neutrophils and monocytes infiltrated the muscular layer, a finding that was
associated with impairment of spontaneous and stimulated contractile activity of
muscle strips obtained from the inflamed intestine. Most interestingly, animals
pretreated with antibodies or antisense oligonucleotides against the intercellular
adhesion molecule-1 (ICAM-1) not only prevented the influx of leukocytes, but also
preserved normal neuromuscular function of muscle strips providing the proof of
concept that inflammation induced by manipulation indeed largely contributes to POI
(de Jonge et al. 2005; Kalff et al. 1999a, b; The et al. 2005). Recently, we demonstrated
that a first wave of impaired smooth muscle contractility of the manipulated intestine
was maximal after 1.5 h, even before the influx of inflammatory cells, which coincided
with increased expression of innate pro-inflammatory cytokines and chemokines such
as TNFa, IL-1p, and IL-6 (Farro et al. 2016). A second wave of inhibition was
paralleled by influx of monocytes and neutrophils entering the muscularis from 6 h
onwards to peak at 24 h, associated with increased levels of IL-1f and CCL2.
Infiltrating inflammatory cells may affect smooth muscle function by releasing
pro-inflammatory cytokines and chemokines, nitric oxide (NO), prostaglandins, and
other pro-inflammatory components. Cytokine levels and smooth muscle contractility
both returned to baseline at day 3, indirectly suggesting that this second wave of
impaired smooth muscle function may be mediated by incoming leukocytes. Interest-
ingly however, responses evoked by electrical field stimulation, thus mediated by
enteric neurons, remained abnormal until day 10 (Farro et al. 2016). Enteric neurons
indeed revealed reduced expression and impaired activity of ChAT and nNOS, both
playing a crucial role in intestinal peristalsis. These observations most likely explain
why intestinal transit was only fully recovered by day 5, even when smooth muscle
function was already normalized 2 days earlier. So based on these data, in addition to
the early neural phase, three more phases can be distinguished: an early (until 6 h) and
a late phase (starting at 6 h) of smooth muscle inhibition and a long-lasting (up to
10 days) phase of enteric neuron dysfunction (Fig. 1).

2.3 Mechanisms Triggering the Inflammatory Phase

To date, it is generally accepted that the resident population of muscular macro-
phages residing around the myenteric plexus play a central role in POL
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Fig. 1 Schematic representation of the hypothesis proposed regarding the different mechanisms
and phases underlying postoperative ileus (POI). Reprinted with permission from Farro et al.
(2016)

These macrophages are tolerogenic in nature and are quiescent under normal
physiological conditions. Their importance in POI was first demonstrated by
Kalff et al. who showed activation of these macrophages by surgical manipulation
(Kalff et al. 1999a, b), resulting in activation of transcription factors such as nuclear
factor kB (NF-kB), signal transducer and activator of transcription 3 (STAT3)
(Wehner et al. 2005), early growth response protein 1 (EGR-1) (Schmidt et al.
2008), and production of pro-inflammatory cytokines and chemokines, integrins,
and cell adhesion molecules. As a result, inflammatory cells from the circulation,
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mainly neutrophils followed by monocytes, subsequently enter the muscularis,
further contributing to POI by releasing factors such as NO (Kalff et al. 2000;
Turler et al. 2006) and prostaglandins (Kreiss et al. 2003). Conversely, pharmaco-
logical or genetic depletion resulted in a decrease of inflammatory mediators and a
reduction in the recruitment of leukocytes into the muscularis (Bauer and
Boeckxstaens 2004; Boeckxstaens and de Jonge 2009).

The mechanisms leading to the activation of the resident macrophages remain
however unclear. One potential mechanism may be through activation of damage-
associated molecular pattern (DAMP) receptors by molecules released by damaged
cells. DAMPs are molecules with no inflammatory capacity per se. They only
become pro-inflammatory when released by damaged, stressed, and dying cells
into intracellular space (Chen and Nunez 2010). Besides intracellular molecules,
also extracellular matrix (ECM) components are danger signals. In fact, degrada-
tion of ECM has indeed been demonstrated to contribute to muscularis inflamma-
tion in POI (Moore et al. 2011). Manipulation of the intestine or even exposure to
air leading to dehydration and drop in temperature during surgery may lead to tissue
damage and thus release mediators such as ATP, HMGBI, or IL-1a, known to be
potent activators of macrophages. IL-1a for example is upregulated maximally
1.5 h after surgery (Farro et al. 2016), while mice pretreated with antibodies against
IL-1o and IL-1R ™/~ mice are protected against POI and show a reduced influx of
inflammatory cells (Stoffels et al. 2014), clearly showing that IL-la and tissue
damage may play a crucial role. Although IL-1R is known to be universally
expressed (Dinarello 2009), this receptor was shown to be mainly expressed by
enteric glia cells, suggesting that enteric glia may be an important source of
cytokine production in the very early phase of POI. The degree of tissue damage
will clearly depend on the intensity of intestinal manipulation and/or the duration of
surgery, and will thus be an important determinant of POI severity (van Bree et al.
2013).

Alternatively, the initial neural phase may be the trigger for the later inflamma-
tory phase. Indeed, intense activation of afferent nerve fibers may trigger neuro-
genic inflammation via the local release of pro-inflammatory neuropeptides, such as
substance P and calcitonin gene-related peptide (CGRP) (Bueno et al. 1997). A role
for CGRP released from afferent nerves in response to surgery has been reported
already in the early 1990s. In rats, pretreatment of celiac ganglia with capsaicin
(eliminating afferent nerves) and a CGRP antagonist (but not an SP antagonist)
indeed prevented delayed gastric emptying assessed immediately following surgery
(Plourde et al. 1993; Zittel et al. 1994). Of note, activation of IL-1R was proposed to
induce the release of CGRP from visceral afferents (Coimbra and Plourde 1996),
creating a link between tissue damage (see above) and neurogenic inflammation.
Recently, evidence was provided that both intestinal manipulation and capsaicin
depleted CGRP from muscular nerve fibers, confirming CGRP release from visceral
afferents by intestinal manipulation (Glowka et al. 2015). Of note, both capsaicin
and the CGRP antagonist BIBN4096BS reduced i/// and il6 mRNA expression in
the muscularis externa at 3 h after surgery (Glowka et al. 2015), while CGRP
stimulated i//f and il6 mRNA expression in peritoneal macrophages, shown to
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express the receptor for CGRP. Taken together, these data indicate that afferent
nerves may indeed be involved in the activation of resident muscular macrophages
and the triggering of the inflammatory cascade. Of interest, the same investigators
demonstrated that mast cells were not activated by CGRP. This is somewhat sur-
prising as mast cells have been repeatedly proposed to be a main player in neuro-
genic inflammation (Bueno et al. 1997) and to be involved in POI both in preclinical
models (de Jonge et al. 2004; Snoek et al. 2012) and in humans (Berdun et al. 2015;
The et al. 2008, 2009). A recent study, using a specific mast cell-deficient mouse
model (Cpa3-Cre), however showed that mast cells, at least in mice, are not
involved in POI (Gomez-Pinilla et al. 2014a, b).

Finally, macrophages are potently activated by bacterial cell wall molecules
interacting with Toll-like receptors (TLR). Especially as intestinal permeability is
transiently increased following intestinal manipulation, bacterial translocation may
represent another potential mechanism by which resident macrophages may be
stimulated (Schwarz et al. 2002; Snoek et al. 2012). However, as TLR2 and TLR4
knockout mice are not protected against POI, this possibility seems rather unlikely
(Stoffels et al. 2014).

24 Recovery Phase of POI

Resolution of inflammation is a somewhat neglected phase of the inflammatory
process. Mainly a switch of a pro-inflammatory M1 to a tolerogenic M2 microenviron-
ment triggers the resolution phase, a phenomenon mainly mediated by resolvins, a
class of polyunsaturated fatty acid-derived proresolving lipid mediators (Serhan
2014). The enzyme involved in the synthesis of resolvins, 12/15-lipoxygenase, is
strongly expressed by monocytes infiltrating the postoperative intestinal muscularis
externa and mediates the production of mainly protectin DX and resolving D2 by these
leukocytes. Of interest, pretreatment with protectin DX reduced postoperative influx
of neutrophils and improved GI motility. Along the same line, IL-10, mainly expressed
by incoming F4/80" monocytes/macrophages, has been proposed to play an important
role in the recovery from POI (Stoffels et al. 2009). Mice deficient in IL-10, a cytokine
known to possess potent anti-inflammatory properties, had increased expression of
numerous pro-inflammatory mRNAs and proteins associated with an increased release
of NO and prostanoids. Most importantly, postoperative motility never recovered in
these mice, while treatment with recombinant mouse IL-10 reduced neutrophil recruit-
ment and improved POI (Stoffels et al. 2009). We recently showed that also mice
lacking monocytes (CCR2_/ 7)) recover much slower from PO, indicating that incoming
monocytes indeed play an important role in restoring homeostasis and normalizing
neuromuscular function (Farro et al. in revision).
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2.5 The “Gastrointestinal Field Effect”

POI involves the entire GI tract, and not only the part manipulated during surgery, a
phenomenon referred to as the “GI field effect.” Two main theories have been
proposed to explain this observation: the first includes activation of neural inhibitory
pathways by the inflammatory process in the manipulated region (Bauer and
Boeckxstaens 2004; Boeckxstaens and de Jonge 2009; de Jonge et al. 2003). Manipu-
lation of the small intestine indeed resulted in inflammation of the manipulated region,
not of the stomach or colon, and was associated with c-fos expression (marker of
neural activation) in the lumbar spinal cord. Moreover, postoperative neural blockade
with hexamethonium and guanethidine normalized gastric emptying without affecting
small intestinal transit (de Jonge et al. 2003). This was further corroborated by
increased c-fos expression in the spinal cord and brain stem and increased nerve
activity of spinal afferent nerves triggered by the intestinal infiltrate (Kreiss et al.
2003; Mueller et al. 2008; van Bree et al. 2013). The second hypothesis proposes the
migration of Thl memory T cells from the inflamed area to the rest of the intestine
(Engel et al. 2010; Schwarz et al. 2004). These T cells, under the influence of IL-12
released by dendritic cells, are believed to migrate from surgically manipulated sites
through the bloodstream to unmanipulated intestinal areas to induce inflammation and
ileus by releasing interferon-y. Peripheral blood samples indeed reveal increased
memory T cells following intestinal manipulation, while prevention of T cell migra-
tion with the immunosuppressive agent FTY720 prevented POI (Engel et al. 2010).
More recent studies however could not confirm increased levels of IL-12 in the
manipulated intestine (Snoek et al. 2012) and could not detect dissemination of
inflammation to the large intestine and stomach (van Bree et al. 2013).

3 Current Therapeutic Approaches

Mainly as colonic motility recovers last, first defecation and flatus are often used as
primary outcome parameters in clinical trials. These parameters are however nonspe-
cific, mainly as passage of flatus strongly depends on patient reporting, while passage
of stool may simply reflect rectal emptying. Using scintigraphic assessment of intes-
tinal transit, we recently showed that the combination of the time to tolerance of solid
food and having had defecation best indicates recovery of colonic transit (van Bree
et al. 2014), and should preferentially be considered as primary outcome measure in
clinical trials evaluating new compounds as treatment of POL.

3.1 Non-pharmacological Strategies

3.1.1 Multimodal Enhanced Recovery After Surgery Programs
(Fast-Track Care)

Enhanced recovery after surgery (ERAS) protocols or fast-track programs aim to

shorten POI and reduce the rate of perioperative morbidity by a series of general
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measures, such as perioperative fluid management, early ambulation and feeding,
and optimal analgesia (Kehlet 2011). The LAFA study, a large randomized con-
trolled study evaluating the impact of fast-track care in patients undergoing either
laparoscopic or open colectomy, revealed that patients receiving fast-track care
already tolerated solid food after 1 day, while those receiving standard care only
tolerated solid food at day 3 (laparoscopic) or 4 (open) after surgery (Vlug et al.
2011). Of interest, this clinical improvement was associated with a faster GI transit
recovery for fast-track versus standard care (van Bree et al. 2011). Despite the
apparent effectiveness of the fast-track approaches, this approach has unfortunately
not been fully implemented in the majority of surgical wards. Clearly, programs to
enhance its wide implementation should therefore be encouraged.

3.1.2 Laparoscopic Surgery

Minimal invasive surgery using laparoscopy has many potential advantages over
conventional open surgery, such as smaller incisions, less pain and inflammation,
earlier GI recovery, and shorter hospital stay. Overall, abundant evidence (Basse et al.
2003; Lacy et al. 2002; Milsom et al. 1998), including a recent meta-analysis com-
prising 4,614 patients with colon cancer (Ohtani et al. 2011), underscores that laparo-
scopic surgery significantly reduces time until recovery of bowel function (on average
1 day) and duration of hospital stay compared with open colonic resection. In mice,
laparoscopic surgery even failed to induce intestinal inflammation and POI compared
to standard intestinal manipulation (Gomez-Pinilla et al. 2014a, b).

3.2 Pharmacological Strategies

3.2.1 Prokinetics
Prokinetics are routinely used in clinical practice in the postoperative period to
provide symptomatic relief. A recent Cochrane review indicates however that
routine administration of these older prokinetics (metoclopramide, cisapride, erythro-
mycin, cholecystokinin, and dopamine antagonists) is not recommended for the
prevention of POI (Traut et al. 2008). Clinical studies with metoclopramide for
example, a dopamine D, receptor antagonist with mixed 5-HTj3 receptor antagonist
and 5-HT, receptor agonistic properties, are underpowered and reveal controversial
results ranging from a reduction in time until first bowel movement and resumption
of oral soft diet to no effects (Chan et al. 2005; Seta and Kale-Pradhan 2001).
New 5-HT, agents such as prucalopride and mosapride seem more promising. A
recent phase II randomized clinical trial, including 110 patients undergoing elective GI
surgery, showed a moderate reduction in time to defecation, passage of flatus, and
postoperative length of stay in those patients treated with 2 mg of prucalopride (Gong
et al. 2016). It should be emphasized that treatment was however only started 24 h after
surgery. This may be relevant as we recently showed in our murine model of POI that
administration of prucalopride is only effective if administered prior to surgery (Fig. 2)
(Gomez-Pinilla et al. 2014c). Only then, prucalopride has anti-inflammatory properties
(see below) and prevents POL. Similar preclinical findings were reported with the 5-HT,
agonist mosapride (Tsuchida et al. 2011). A small clinical study (n = 30) evaluated the
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Fig. 2 Schematic representation of the possible therapeutic approaches to prevent postoperative
ileus (POI). In the early neuronal phase, GI motility is inhibited via adrenergic and non-adrenergic
reflexes activated by skin incision, opening of the peritoneum, and manipulation of the intestines.
This neuronal activation can be prevented by capsaicin and BIBN4096BS. In addition, intestinal
manipulation activates quiescent resident macrophages and possibly mast cells (at least in humans)
present in the intestinal muscularis externa, thereby initiating the inflammatory phase. These
activated resident immune cells release cytokines and chemokines, followed by influx of
leukocytes, a process that can be inhibited by vagus nerve stimulation, prucalopride, high-fat
feeding, and gum chewing, while mast cell activation can be prevented by ketotifen. The influx of
leukocytes can be inhibited by ICAM-1 and ISIS3082

effect of 15 mg administered three times a day from the afternoon of postoperative day
1 to the evening of postoperative day 7 and reported a reduction in time to first flatus and
defecation. These clinical parameters were associated with an improvement in
gastric contractility measured on postoperative day 8 (Toyomasu et al. 2011). Although
interesting, these data clearly need confirmation.

3.2.2 Opioid Antagonists

Opioid agonists are often used for postoperative analgesia, and as described above
contribute to POI in the early postoperative period mainly by decreasing intestinal
motility via stimulation of p-opioid receptors in the gut. The peripherally acting
p-opioid receptor antagonist alvimopan belongs to a new class of drugs designed to
reverse these opioid-induced GI side effects without affecting centrally mediated
opioid analgesic effects and thus not compromising pain relief (Becker and Blum
2009). A recent meta-analysis selected five randomized, double-blind, placebo-con-
trolled, phase III trials (Drake and Ward 2016). Administration of alvimopan prior to
surgery (6—12 mg) showed beneficial and significantly reduced the time to tolerance of
solid food and first defecation. Across all studies, alvimopan was well tolerated and no
increased adverse events or serious adverse events were reported compared to
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placebo. Methylnaltrexone, another peripherally acting p-opioid antagonist, was
recently studied in two placebo-controlled phase III trials evaluating intravenous
(i.v.) administration of 12 and 24 mg. No improvement in time to first bowel
movement was observed in a total of 1,048 randomized patients undergoing segmental
colectomy (Yu et al. 2011). As both alvimopan and methylnaltrexone intervene with
the detrimental effects of opioids administered in the early postoperative period,
it remains to be awaited if these compounds will be clinically valuable given the
recent strategies to reduce the perioperative use of opioids.

3.2.3 Ghrelin Agonists

Ghrelin is a 28-amino acid peptide mainly produced in the fundus of the stomach
and in the pancreas. In view of their powerful prokinetic properties, ghrelin and
ghrelin agonists such as ipamorelin and ulimorelin (TZP-101) have been evaluated
as potential therapy for POI. To date, two phase IIb studies have been reported on
TZP-101 safety and efficacy in POl management. Treatment with 20—600 pg/kg
ulimorelin by 30-min i.v. infusion within 1 h of surgical closure and then daily for
up to 7 days accelerated the time to first bowel movement and shortened hospital
stay (Popescu et al. 2010). In the other phase IIb study, the effect of ulimorelin
treatment (480 pg/kg) was tested in 168 patients subjected to major surgery yielding
comparable results (Bochicchio et al. 2012). Two subsequent randomized placebo-
controlled phase III trials (n = 332 and n = 330 patients included) however failed to
demonstrate a reduction in POI (Shaw et al. 2013). In line, no improvement was
found with ipamorelin in 117 patients undergoing colonic resection (Beck et al.
2014), further dampening the enthusiasm to develop this class of compounds as
treatment for POL.

3.3 Potential New Treatments

Given that inflammation of the intestine is the main mechanism responsible for
POI, one might expect that strategies targeting this process are more effective than
those currently available. Conversely, the knowledge that the contractility of the
inflamed intestine is significantly compromised may also explain why prokinetics
are not as effective as one might anticipate.

Accepting that activation of visceral afferents and the subsequent neurogenic
inflammation is one of the first events triggering the inflammatory cascade, compounds
interfering with this mechanism may hold promise to treat POL. As indicated earlier, the
antagonist of CGRP, BIBN4096BS, is effective in reducing intestinal inflammation and
shortens POI in preclinical studies (Fig. 2) (Glowka et al. 2015). BIBN4096BS has
been used with success to treat acute attacks of migraine (Olesen et al. 2004). A recent
trial evaluated the potential of another CGRP antagonist MK-0974 (telcagepant) for
prevention of migraine. Patients received this compound twice daily for a period of
12 weeks. Although the results were promising, the trial was terminated due to hepato-
toxicity, indicating that daily use cannot be supported (Ho et al. 2014). To what extent
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it can be used safely in the perioperative period for only a few days remains to be
investigated.

In view of the important role of IL-1 in POI, IL-1R antagonists may be interesting
compounds to study as treatment for POI (Stoffels et al. 2014). Anakinra indeed
potently prevented POI in mice (Fig. 2). This compound is studied in immune-mediated
diseases such as arthritis (Singh et al. 2016) and sepsis (Shakoory et al. 2016).
A promising alternative may be IL-1 receptor accessory protein-Ig/IL-1 receptor-
type II-Ig heterodimer which more potently blocks IL-1R than anakinra (Hanawa
etal. 2011).

Extravasation of leukocytes into the manipulated intestine results from the
upregulation of adhesion molecules, such as intercellular adhesion molecule-1
(ICAM-1). Pretreatment with the monoclonal antibodies to ICAM-1 (de Jonge
et al. 2003; Kalff et al. 1999a, b) or the ICAM-1 antisense ISIS 3082 (The et al.
2005) both reduced manipulation-induced inflammation and POI, suggesting that
targeting adhesion molecules may indeed be an interesting approach to prevent POI
in humans (Fig. 2). However, no human studies are currently available.

Targeting the immune cells involved may be another interesting approach. Espe-
cially as resident macrophages seem to orchestrate the inflammatory process, reducing
their activation may prove effective to shorten or prevent POI. Inhibition of p38
mitogen-activated protein kinase (p38 MAPK), one of the intracellular signaling
pathways involved in macrophage activation, by semapimod (The et al. 2011; Wehner
etal. 2009) or its orally active salt CPSI-2364 (Wehner et al. 2012) has been proven to
effectively reduce inflammation and POI in mice and swine. Somewhat related,
inhaled carbon monoxide (CO) and administration of CO-releasing molecules possess
anti-inflammatory properties through interaction with the p38 MAPK pathway, and
other intracellular signaling pathways (Gibbons et al. 2013) have proven effective in
POI (De Backer et al. 2009; Moore et al. 2003). The advantage of CO-based therapies
would be that it can be administered on an acute basis and potentially be delivered
close to the site of action by intraperitoneal injection (Nakao et al. 2006). To date,
however, no human data are available.

Groundbreaking work in the field of sepsis has introduced the concept that the vagus
nerve possesses anti-inflammatory properties by inhibition of macrophages, referred to
as the cholinergic anti-inflammatory pathway (CAIP) (Tracey 2002). Based on the
insight that activation of resident macrophages triggers the inflammatory phase of
PO], the therapeutic potential of the CAIP in POI has been intensively studied. Electrical
stimulation of the vagus nerve (VNS) indeed dampens the activation of intestinal
resident macrophages reducing the release of pro-inflammatory cytokines, preventing
the influx of leukocytes, and restoring intestinal transit (de Jonge et al. 2005; Matteoli
et al. 2014; The et al. 2007). This effect is mediated by vagally mediated stimulation of
cholinergic neurons releasing acetylcholine interacting with «7nAChRs on the resident
macrophages (Fig. 2). As 5-HT, agonists such as prucalopride and mosapride increase
the release of acetylcholine from enteric neurons, these agents are proposed to have anti-
inflammatory properties by mimicking the effect of VNS (Gomez-Pinilla et al. 2014c;
Tsuchida et al. 2011). In mice, prucalopride indeed reduced manipulation-induced
intestinal inflammation and improved POI, but only when administered preoperatively
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(Gomez-Pinilla et al. 2014c), explaining why clinical trials have been rather disappoint-
ing so far. Clinical studies evaluating the effect of electrical stimulation of the
abdominal vagus nerve in patients undergoing abdominal surgery are ongoing (Fig. 2)
(NCT02524626, NCT02425774).

Not only electrical stimulation can activate the vagus nerve, but also compounds
activating motor neurons of the vagus in the brain stem could be effective, as shown
for semapimod, indeed mimicking the effect of VNS (The et al. 2011). Interestingly,
activation of vagal afferents by high-fat enteral feeding also stimulates the CAIP, an
effect mediated by the release of CCK (Fig. 2) (Luyer et al. 2005). In rats, high-fat
enteral feeding indeed reduced peritoneal levels of TNF-a and IL-6, reduced the influx
of neutrophils, and significantly improved intestinal transit (Lubbers et al. 2009).
Of note, also in patients undergoing major rectal surgery for rectal carcinoma, early
enteral feeding hastened the time to first defecation and reduced the hospital stay from
16-7 to 13-4 days (Boelens et al. 2014). A multicenter double-blind randomized trial
(NCTO02175979) is currently evaluating perioperative nutrition on POI and ana-
stomotic leakage in patients (n = 280) undergoing colorectal surgery. Sham feeding
or gum chewing is believed to have a similar effect by stimulation of the vagus nerve.
A recent meta-analysis of randomized trials identified 81 studies evaluating the effect
of gum chewing on postoperative recovery of GI function including 9,072 patients
(Short et al. 2015). This meta-analysis identified some evidence for the benefit of
postoperative gum chewing, but the studies included were rather small and of
poor quality, so clearly larger studies of better quality are required (Fig. 2).

Finally, as we know that the resident macrophages are inhibited by acetylcholine
and nicotine via binding to a7nAChRs, administration of nicotine, but preferen-
tially specific «7nAChR agonists, could be of interest. In mice, the a7nAChR
agonists AR-R17779 prevented POI and reduced leukocyte influx and cytokine
upregulation (The et al. 2007) comparable to the effect of VNS. Of note, adminis-
tration of an equimolar dose of nicotine was not tolerated, most likely as nicotine
will act on a variety of nicotine receptors. Although nicotine gum chewing has been
proposed as a novel strategy to shorten POI, these data would argue against this
approach (Wu et al. 2014).

Mast cells have also been implicated to play a role in POI. The evidence in mice
however should be interpreted with care as the mast cell-deficient mice used in
these studies also lack interstitial cells of Cajal and are immune compromised
(de Jonge et al. 2004; Snoek et al. 2012). Using a cleaner mast cell-deficient
mice, the role of mast cells, at least in mice, could not be confirmed (Gomez-
Pinilla et al. 2014a, b). Mast cell activation has however been demonstrated in
humans (Berdun et al. 2015; The et al. 2008), while a small pilot study using the
mast cell stabilizer/histamine 1 receptor antagonist ketotifen improved postoper-
ative gastric emptying (Fig. 2) (The et al. 2009). Although promising, no clinical
trials are currently available to further support mast cells as important target to
treat POL.
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4 Conclusions

Over the past few decades, our insight into the mechanisms leading to POI has
significantly increased. Especially the role of inflammation in the transient paralysis
of the entire gastrointestinal tract has been appreciated. The introduction of mini-
mal invasive surgery or laparoscopy is another major breakthrough significantly
reducing the impact of the surgical procedure and the tissue damage induced, and
reducing the need for postoperative opioids, all contributing to faster recovery.
Similarly, earlier mobilization and feeding of patients, as in the fast-track care pro-
grams, is a significant improvement of patient care shortening hospitalization and
reducing costs. Current pharmacological management is however rather disappoint-
ing, but the increased knowledge will undoubtedly lead to new and more efficient
treatments.
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Abstract

Chronic constipation is a common, persistent condition affecting many patients
worldwide, presenting significant economic burden and resulting in substantial
healthcare utilization. In addition to infrequent bowel movements, the definition
of constipation includes excessive straining, a sense of incomplete evacuation, failed
or lengthy attempts to defecate, use of digital manoeuvres for evacuation of stool,
abdominal bloating, and hard consistency of stools. After excluding secondary
causes of constipation, chronic idiopathic or primary constipation can be classified
as functional defecation disorder, slow-transit constipation (STC), and constipation-
predominant irritable bowel syndrome (IBS-C). These classifications are not mutu-
ally exclusive and significant overlap exists. Initial therapeutic approach to primary
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constipation, regardless of actiology, consists of diet and lifestyle changes such as
encouraging adequate fluid and fibre intake, regular exercise, and dietary modifica-
tion. Laxatives are the mainstay of pharmacologic treatment for potential long-term
therapy in patients who do not respond to lifestyle or dietary modification. After
a failed empiric trial of laxatives, diagnostic testing is necessary to understand
underlying anorectal and/or colonic pathophysiology. No single test provides a
comprehensive assessment for primary constipation; therefore, multiple tests are
used to provide complementary information to one another. Dyssynergic defecation,
a functional defecation disorder, is an acquired behavioural disorder of defecation
present in two-thirds of adult patients, where an inability to coordinate the abdomi-
nal, recto-anal, and pelvic floor muscles during attempted defecation exists. Bio-
feedback therapy is the mainstay treatment for dyssynergic defecation aimed at
improving coordination of abdominal and anorectal muscles. A large percentage of
patients with dyssynergic defecation also exhibit rectal hyposensitivity and may
benefit from the addition of sensory retraining. Our understanding of the pathophys-
iology of STC is evolving. The advent of high-resolution colonic manometry allows
for the improved identification of colonic motor patterns and may provide further
insight into pathophysiological mechanisms. In a minority of cases of STC, identifi-
cation of colonic neuropathy suggests a medically refractory condition, warranting
consideration of colectomy. The pathophysiology of IBS-C is poorly understood
with multiple etiological factors implicated. Pharmacological advances in the treat-
ment of primary constipation have added therapeutic options to the armamentarium
of this disorder. Drug development in the secretagogue, serotonergic prokinetic, and
ileal bile acid transporter inhibition pathways has yielded current and future medical
treatment options for primary chronic constipation.

Keywords
Chronic constipation ¢ Constipation-predominant irritable bowel syndrome
(IBS-C) « Dyssynergic defecation ¢ Slow-transit constipation

1 Introduction

Chronic constipation is a common, persistent condition affecting many patients
worldwide. In the United States, the median prevalence of constipation is 16%
(Mugie et al. 2011). This figure is consistent with an estimated global pooled
prevalence of 14% (Suares and Ford 2011). Older age, female gender, and lower
socioeconomic status are consistently identified risk factors associated with consti-
pation (Mugie et al. 2011; Suares and Ford 2011; Higgins and Johanson 2004).
Almost half of constipated patients surveyed report symptoms for greater than
5 years (Pare et al. 2001). The presence of chronic constipation is a detriment to
quality of life and psychological well-being (Belsey et al. 2010; Rao et al. 2007a).
Chronic constipation presents a significant economic burden and results in substan-
tial healthcare utilization for patients. More than US$800 million dollars were spent
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on laxatives by constipated patients in 2007 (Singh et al. 2007). It is estimated that
constipation is the primary reason for 2.5 million physician office visits annually
(Singh et al. 2007). Furthermore, constipation-related emergency room visits and
inpatient admissions are on the rise, especially in a younger cohort of patients (Sethi
et al. 2014; Chevalier et al. 2014; Sommers et al. 2015).

The definition of chronic constipation has evolved to encompass more than a
decreased number of stools per week. It includes a constellation of symptoms such
as excessive straining, a sense of incomplete evacuation, failed or lengthy attempts
to defecate, use of digital manoeuvres for evacuation of stool, abdominal bloating,
and hard consistency of stools (Herz et al. 1996; Higgins and Johanson 2004; Rao
et al. 2004). The broader definition of constipation has translated to a more expansive
therapeutic approach.

Constipation is classified into two types: primary and secondary constipation
(Fig. 1). Primary constipation is due to disordered regulation of the neuromuscular
components within the colon and anorectum as well as disruption in their corres-
ponding ascending and descending pathways in the brain-gut axis. With the help of a
symptom-based criteria and diagnostic testing, primary constipation can be further
classified into functional defecation disorder, slow-transit constipation (STC), and
constipation-predominant irritable bowel syndrome (IBS-C) (Thompson et al. 1999;
Bharucha et al. 2006; Longstreth et al. 2006). Functional defecation disorders include
dyssynergic defecation and conditions that may obstruct defecation such as rectal
prolapse, rectocele, and descending perineum syndrome. Dyssynergic defecation is
defined as paradoxical contraction or inadequate relaxation of the pelvic floor muscles
during attempted defecation (Rao 2008). STC is defined as inadequate propulsive
forces in the colon in the absence of dyssynergic defecation. Multiple underlying factors
have been proposed for IBS-C, including genetic, environmental, social, biological, and
psychological factors (Crowell et al. 2005). It is worth noting that there is considerable
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overlap between dyssynergic defecation, STC, and IBS-C. Greater than half of dys-
synergic patients will exhibit delayed colonic transit (Dinning et al. 2011). The oppo-
site also holds true with greater than two-thirds of STC patients having concurrent
dyssynergia.

Secondary constipation can result from a multitude of factors such as metabolic
disturbances (hypercalcaemia, hypothyroidism), medications (e.g. opiates, calcium
channel blockers, antipsychotics), neurologic disorders (parkinsonism, spinal cord
lesions, diabetes mellitus), and primary diseases of the colon (stricture, cancer, anal
fissure, proctitis) (Bharucha et al. 2013). While a definite association between recto-
cele and constipation exists, it is unclear if rectocele causes constipation or vice
versa.

2 Pathophysiology

Dyssynergia is an acquired behavioural disorder of defecation present in two-thirds of
adult patients with difficult defecation, stemming from faulty toilet training, behavioural
problems, or parent-child conflicts (Rao et al. 2004). Most patients with dyssynergic
defecation suffer from the inability to coordinate the abdominal, recto-anal, and pelvic
floor muscles during attempted defecation (Rao et al. 1998a, 2004). Failure of recto-anal
coordination consists of either paradoxical anal contraction, inadequate anal relaxation,
or impaired rectal/abdominal propulsive forces. Four initial patterns of impaired recto-
anal coordination, or dyssynergic defecation, were originally described (Rao 2008).
More recently, four additional patterns have been recognized, by further characterizing
the location of impaired anal relaxation — puborectalis, external anal sphincter, or both
(Rattanakovit et al. 2015). The presence of dyssynergic defecation has been associated
with excessive perineal descent (Reiner et al. 2011), rectocele, and solitary rectal ulcer
syndrome (Rao et al. 1998b). In some patients, dyssynergic defecation may be more than
a locoregional disorder. Approximately 32% of these patients have delayed gastric
emptying (Yu et al. 2015) and two-thirds rectal hyposensitivity (Rao et al. 2004),
suggesting that dysregulation of brain-gut axis may play a role.

STC is a multifactorial disorder with a strong female prevalence and our under-
standing of the pathophysiology underlying this condition is evolving. Older studies
estimate that up to 90% of STC patients are female (Preston and Lennard-Jones 1986).
Colectomy specimens from female STC patients reveal a down-regulation of contrac-
tile G-proteins and up-regulation of inhibitory G-proteins correlating to increased
progesterone receptors (Xiao et al. 2005). Colectomy specimens from patients with
STC also show a pan-colonic decrease in the volume of interstitial cells of Cajal (ICC),
intestinal pace-making cells, throughout the colon (Lyford et al. 2002). Underlying
pathophysiology in cases of medically refractory STC is best evaluated by colonic
manometry (Singh et al. 2013). The absence of two of three normal physiological
activities such as high-amplitude contractions (HAPCs), gastro-colonic response, and
waking response suggests underlying neuropathy. Only 15% of neuropathic cases will
respond to medical and behavioural therapy; therefore, surgical management includ-
ing colectomy may be considered. However, only one-third of patients with STC have
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underlying neuropathy on colonic manometry. In contrast, 64% of STC cases with
underlying myopathy will respond to aggressive medical and behavioural therapy. The
advent of high-resolution colonic manometry permits detection of retrograde cyclical
contractions that accompany HAPCs in response to a test meal in healthy volunteers
(Dinning et al. 2014). Further characterization of these colonic motor patterns with
this high-definition colonic manometry in STC may provide insight into underlying
pathophysiology and impact future treatment. Multiple studies also demonstrate a
diminished clinical response to pharmacological stimulation (bisacodyl or neostig-
mine) or balloon distension in patients with STC (Ravi et al. 2010; Bassotti et al. 1999;
Herve et al. 2004), implying dysregulation of autonomic colonic neuromuscular func-
tion. Colonic microbiota may also play a role in the pathophysiology of STC. Bacterial
fermentation of dietary fibre mainly occurs in the colon, resulting in production of
hydrogen gas. The majority of hydrogen gas is disposed via metabolism by colonic
microbiota, occurring predominantly via sulphate-reducing bacteria or methanogenic
flora (Pimental et al. 2012). Animal studies demonstrate infusion of methane gas results
in a delay of gastrointestinal transit and reduced contractility (Pimental et al. 2006).
Methanogenic flora is normally only found in up to 35% of the healthy population
(Levitt et al. 2006). Both paediatric and adult STC patients (75% of adult STC patients
vs. 28% in healthy controls) have an increased prevalence of methanogenic flora (Soares
et al. 2005; Attaluri et al. 2010). Interestingly, methanogenic flora was associated with
delayed colonic transit but not altered stool consistency.

The pathophysiology of IBS-C is poorly understood, but various factors may play
a role such as gut dysbiosis, food intolerances, dysmotility, visceral hypersensitivity,
brain-gut interactions, and psychosocial status (Chey et al. 2015). Multiple studies
illustrate that the gut microbiota of IBS patients is different from healthy controls, yet, a
specific microbial signature for IBS patients remains elusive (Ringel and Carroll 2009;
Posserud et al. 2007; Kassinen et al. 2007). Of note, although to a lesser degree than
STC patients, normal-transit constipation patients were also noted to have a higher
incidence of methogenic flora compared to healthy controls (Attaluri et al. 2010). Up to
10% of patients develop postinfectious IBS after an acute gastroenteritis with Cam-
pylobacter jejuni, Escherichia coli 0157:H7, norovirus, or Giardia lamblia (Spiller and
Lam 2012). Small intestinal bacterial overgrowth (SIBO) also may be responsible for
some cases of IBS, which responds to rifaximin and other antibiotics (Sachdev and
Pimental 2012). IBS patients also exhibit intolerance to fructose or fermentable oligo-
di-monosaccharides and polyols (FODMAP) (Shepherd et al. 2013). Visceral hyper-
sensitivity has long been accepted as a hallmark of IBS (Mertz et al. 1995). Imaging
studies in IBS patients demonstrate an augmented brain response not only to rectal
distension but also to the anticipation of pain, suggesting a dysregulation of the brain-
gut axis (Mayer and Tillisch 2011). Furthermore, a decreased vagal tone in IBS-C
patients suggests autonomic dysfuntion (Coss-Adame and Rao 2014).

After a failed empiric trial of laxatives, diagnostic testing is necessary to under-
stand underlying anorectal and/or colonic pathophysiology. No single test provides a
comprehensive assessment for chronic constipation; therefore, multiple tests are
used to provide complementary information to one another. Defecography provides
useful information regarding anatomical changes in the anorectum, helping detect
rectocele, rectal prolapse, rectal intussusception, descending perineum syndrome,
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and dyssynergic defecation. Defecography can be performed with fluoroscopy or
magnetic resonance; however, it is important for the subject to be in the seated
position to assess the physiological state of defecation. Balloon expulsion test is a
simple test, using a 4-cm balloon filled with 50 cc of warm water placed in the
rectum and timing expulsion of the balloon by the subject (Remes-Troche and Rao
2006). Anorectal manometry (ARM) assesses resting and squeezed anal sphincter
tones, recto-anal reflexes, rectal sensation, and pressure during attempted defeca-
tion. ARM is an essential test for the diagnosis of dyssynergic defecation, especially
in the seated position (Rao et al. 2006). ARM can also detect rectal hyposensitivity
(Rao 2008). Newer technologies such as 3D high-definition ARM may reveal distinct
abnormalities of the puborectalis and/or anal sphincter function (Lee et al. 2013;
Raizada et al. 2011). Overall colonic transit can be assessed by radio-opaque marker
test or the more sophisticated wireless motility capsule (WMC) test. On the radio-
opaque marker test, delayed colonic transit is defined as greater than five markers
present in the colon on an abdominal X-ray 5 days after capsule ingestion (Remes-
Troche and Rao 2006). WMC uses pH, temperature, and pressure recordings to assess
regional (gastric emptying, small bowel transit, and colonic transit) as well as whole-
gut transit. Good agreement exists with both the radio-opaque marker test and WMC
(Camilleri et al. 2010); however, both require anorectal testing to rule out co-existing
dyssynergic defecation (Ravi et al. 2010; Rao et al. 2005a). In patients with slow-
transit constipation refractory to medical therapy, colonic manometry can identify
underlying neuropathy that may warrant colectomy (Singh et al. 2013). Hydrogen
breath testing may also be useful in patients with chronic constipation suffering from
severe gas and bloating to assess for co-existing SIBO or dietary carbohydrate
intolerances.

3 Therapeutic Approaches

The therapeutic approach to constipation relies on whether the constipation is a
primary or secondary condition and whether it is acute (<3 months) or chronic
(>3 months). For acute constipation, it is important to rule out secondary causes,
especially colorectal cancer. If faecal impaction is present, enemas, suppositories,
large-volume polyethylene glycol solution (PEG), stimulant laxatives, or disimpac-
tion with sedation may be required. In the absence of faecal impaction and other
secondary causes, the acute constipation is treated similar to chronic constipation.
Treatment of secondary constipation is tailored to addressing the underlying condi-
tion. In medication-induced constipation, most often opioid-induced constipation
(OIC), the initial step is to withdraw the inciting medication. If opioid withdrawal is
ineffective or not possible, pharmaceutical developments have been made to treat
OIC. The newest agent for OIC, naloxegol, is an oral peripherally acting mu-opioid
receptor antagonist. Naloxegol was shown to be a safe and effective treatment for
OIC in a large randomized placebo-controlled study of OIC patients with noncancer
pain (Chey et al. 2014). Naloxegol was superior to placebo in patients unresponsive
to laxatives, even at lower doses. Another subcutaneously administered peripheral
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opioid antagonist, methylnaltrexone, carries a Food and Drug Administration (FDA)
warning about severe abdominal pain and bowel perforation. Lubiprostone also has
an FDA-approved indication to treat OIC.

3.1 Dietary and Lifestyle Modifications

Initial therapeutic approach to primary chronic constipation (Fig. 2), regardless
of aetiology, consists of diet and lifestyle changes such as encouraging adequate
fluid and fibre intake, regular exercise, and dietary modification. Fibre is a poorly
digested, complex carbohydrate that either acts by bulking stool by drawing fluid
into stool residues in the colon as a bulk laxative or undergoes partial fermentation
producing short-chain fatty acids, hydrogen, methane, and carbon dioxide (Cummings
and Macfarlane 1991). Fibre further accelerates colonic transit, increases biomass, and
induces changes in colonic pH and intestinal microbiome, which may, in turn, affect
membrane permeability and inflammation (Tomlin and Read 1988; Stephen and
Cummings 1980). Fibre may be characterized based on solubility and fermentability.
Bloating, abdominal distension, flatulence, and cramping limit the use of insoluble
fibres. A systemic review found fair evidence (Level II) with a Grade B recommenda-
tion in support of fibre supplementation in mild-to-moderate chronic constipation and
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Fig. 2 Therapeutic approach to primary chronic constipation
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IBS-C (Rao et al. 2015), particularly mixed fibre supplements with both soluble and
insoluble components, such as psyllium (Cheskin et al. 1995; Ashraf et al. 1995; Fenn
et al. 1986), prunes (dried plums) (Attaluri et al. 2011), and Suprafiber (Erdogan et al.
2016). FODMAP-restricted diet is effective for symptom management up to 6 weeks
in IBS patients. However, the same systemic review found fair evidence (Level II) for
chronic constipation and poor evidence (Level III) for IBS-C to support a recommen-
dation for or against the FODMAP-restricted diet (Grade C) (Rao et al. 2015).

3.2 Over-the-Counter Laxatives

Laxatives are the mainstay of pharmacologic treatment for potential long-term
therapy in patients who do not respond to lifestyle or dietary modification. Common
types of laxatives include stool softeners, osmotic laxatives, and stimulant laxatives.
Stool softeners are effective for hard stool consistency and straining during defeca-
tion. Osmotic laxatives, such as lactulose, polyethylene glycol (PEG), or magnesium-
containing laxatives, draw fluid into the colonic lumen. Stimulant laxatives, such as
bisacodyl, sodium picosulfate, and senna, block colonic fluid absorption, induce secre-
tion, and accelerate colonic transit. Osmotic laxatives are better tolerated than stimulant
laxatives, causing less abdominal cramping and pain (Chang et al. 2014; Ford and
Suares 2011). PEG has been shown to be better than lactulose in improving stool
frequency per week, form of stool, relief of abdominal pain, and the need for additional
products in a meta-analysis (Lee-Robichaud et al. 2010). Persistent symptoms after at
least 6 weeks of osmotic laxatives should be treated with oral stimulant laxatives, such
as senna or bisacodyl; however the long-term efficacy of these agents is unknown
(Kamm et al. 2011). Stimulant laxatives may also be used as rescue therapy for patients
with no bowel movement during treatment of another class of laxatives for 3 days.

3.3 Secretagogues

Secretagogues treat constipation by modulating epithelial ion channels to promote
colonic secretion and enhance colonic transit. The two FDA-approved secretagogues
readily available for the treatment of chronic constipation and IBS-C include lubi-
prostone and linaclotide. Lubiprostone is an agonist of type 2 chloride channel (CIC-2),
which is located on the apical membrane of the colonic epithelium. Activation of CIC-2
results in indirect activation of Na*K*Cl™ co-transport and fluid secretion into the
colonic lumen (Bassil et al. 2008). Lubiprostone, a bicyclic fatty acid derivative from
prostaglandin-1, also interacts with basolateral prostaglandin E4 receptors to transport
cystic fibrosis transmembrane conductance regulator (CFTR) anion channels to the
apical membrane, thereby further increasing colonic secretion of chloride and water
(Quigley and Neshatian 2016). Three randomized controlled trials (RCT) demonstrate
that lubiprostone improves stool frequency, straining effort, stool consistency, constipa-
tion severity, and global satisfaction with bowel function (Ford and Suares 2011).
Adverse effects include nausea (20%), diarrhoea (10%), and headache (7%) (Lembo
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et al. 2011). Lubiprostone is a pregnancy category C drug. Linaclotide, a novel
14-amino acid peptide derived from E. coli enterotoxin, is an agonist of apical guany-
late cyclase C receptors that increases both intracellular and extracellular cyclic GMP
(cGMP). Intracellular cGMP activates CFTR, which increases bicarbonate and chlo-
ride colonic secretion (Busby et al. 2010). Extracellular cGMP exhibits nociceptive
effects by decreasing firing of afferent nociceptors in response to colonic distension in
mice (Castro et al. 2013). This mechanism of action may permit potential treatment
of underlying visceral hypersensitivity in IBS-C patients. Two large-scale RCTs show
that linaclotide improves stool frequency, bloating, abdominal discomfort, stool con-
sistency, straining, constipation severity, and quality-of-life measures. Adverse effects
of linaclotide include dose-dependent diarrhoea, abdominal discomfort, and flatulence
(Chey et al. 2012; Rao et al. 2012).

34 Serotonergic Prokinetic Agents

Serotonin, or 5-hydroxytryptamine (5-HT), is the most abundant neurotransmitter
in the GI tract and produced by enterochromaffin cells. 5-HT receptors are G-protein-
coupled receptors that play a key role in visceral sensation and GI motility. Of the
14 known 5-HT receptor subtypes, 5-HT}; receptors and 5-HT, receptors with their
role in visceral hypersensitivity and GI motor function, respectively, are key targets
for recent advances in drug development for chronic constipation (Crowell et al.
2004). Initial 5-HT agonists, such as cisapride and tegaserod, lacked selective affinity
for 5-HTj; and 5-HT}, receptors, resulting in cardiac arrhythmias and ischemic events
and leading to withdrawal (Quigley 2011; Tack et al. 2012). Prucalopride, a well-
absorbed, highly selective 5-HT, receptor agonist with half-life of 24—30 h and limited
drug-drug interactions has been shown to substantially increase the number of sponta-
neous bowel movements and improve constipation-related quality of life (Shin et al.
2014). Side effects of prucalopride include headache, abdominal pain, nausea, and
diarrhoea; however, to date, no cardiovascular side effects have occurred (Shin et al.
2014). While prucalopride is available in many countries, it is not available in the
United States.

3.5 Biofeedback Therapy for Dyssynergic Defecation

Multiple randomized control trials (RCT) have shown biofeedback therapy to be
effective in treating dyssynergia when compared to diet and lifestyle modifications,
pharmacologic therapy, placebo, or sham biofeedback (Rao et al. 2005b, 2007b;
Heymen et al. 1999; Chiarioni et al. 2006). Biofeedback techniques that improve
coordination of abdominal and anorectal muscles include diaphragmatic muscle
training with simulated defecation, manometric guided pelvic floor retraining, and
simulated defecation training. A total of five biofeedback sessions resulted in a durable
treatment response for dyssynergia, with benefits lasting for 2 years (Chiarioni et al.
2006). Sixty percent of patients with dyssynergic defecation also had impaired rectal
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sensation (Rao et al. 1997; Papachrysostomou and Smith 1994), and the addition of
rectal sensory conditioning to biofeedback provides additional therapeutic benefit (Rao
et al. 1997, 2005b).

3.6 Surgical Consideration for Chronic Constipation

Patients with persistent chronic constipation unresponsive to medical treatment can be
referred to a specialized centre for consideration of colectomy or cecostomy. Further
evaluation of gastric emptying, small bowel transit, and colonic transit should be
performed prior to surgery. Surgery should be reserved for refractory chronic constipa-
tion with severe colonic neuropathy in the absence of gastric and small bowel motility
abnormalities. All other patients with chronic constipation should be managed medi-
cally, which often requires a multidisciplinary approach for these challenging cases.
Cecostomy is generally preferred in institutionalized patients with neurologic lesions,
in whom the procedure carries a high success rate, ranging from 40 to 78% (Lees et al.
2004). Colectomy techniques for the treatment of chronic constipation include seg-
mental colectomy, ileorectal anastomosis, ileosigmoid anastomosis, cecorectal anasto-
mosis, ileoanal anastomosis with proctocolectomy, and pouch formation or ileostomy,
most of which can be performed laparoscopically (Pemberton et al. 1991). Surgery, in
the appropriate patient, has also been shown to be associated with a higher degree of
patient satisfaction (Arebi et al. 2011). However, many post-colectomy patients can
develop symptoms of gas, bloating, and abdominal distension, a high percentage (65%)
of whom have underlying small intestinal bacterial or fungal overgrowth (SIBO/SIFO)
(Abdulla et al. 2015). This newly recognized risk factor for SIBO/SIFO is another
reason to reserve colectomy only for the appropriate patients.

4 Future Therapies

Plecanatide is a guanylate cyclase C agonist secretagogue similar in structure and
pH-dependent action to human uroguanylin. Similar to linaclotide, plecanatide
increases intracellular cGMP activating CFTR to increase bicarbonate and chloride
colonic secretion (Camilleri 2015). A phase II randomized, double-blind clinical
trial demonstrates that 41.9% in the 3 mg plecanatide group and 40.0% in the 9 mg
group reached the FDA primary endpoint (an improvement of worst abdominal pain
by >30% and an increase in complete spontaneous bowel movement (CSBM) of
>1 from baseline, both in the same week for >6 of 12 weeks) compared to placebo
in patients with IBS-C (Miner et al. 2014). The most common adverse effect of
plecanatide is diarrhoea (Jarmuz et al. 2015).

Velusetrag and naronapride are highly selective 5-HT, agonists that have demons-
trated the ability to improve all components of regional GI transit, including gastric
emptying, small bowel transit, and colonic transit times (Manini et al. 2010; Camilleri
et al. 2007). This is advantageous for these newer agents, as a third of gastroparesis
patients exhibit global dysmotility and STC (Yu et al. 2015). Both of these agents have
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also shown to improve the number of spontaneous bowel movements in chronic
idiopathic constipation in phase II clinical trials (Goldberg et al. 2010; Shin et al.
2014). Mosapride, a selective 5-HT, agonist and partial 5-HT; antagonist, has
demonstrated benefit in patients with functional dyspepsia and diabetic gastroparesis
in Asian studies (Bang et al. 2015). This agent has also been effective in increasing the
frequency of bowel movements in patients with Parkinson’s disease-related constipa-
tion (Lui et al. 2005).

Inhibitors of the apical ileal bile acid transporter (IBAT) are being developed to
treat chronic constipation by inducing choleretic diarrhoea (Camilleri and Gores
2015). IBAT recycles the majority of bile salts into the enterohepatic circulation.
However, remaining bile salts are deconjugated by colonic microbiota into secon-
dary bile acids, deoxycholic and lithocholic acid, which increase colonic secretion
and motility. Elobixibat, an IBAT inhibitor, has demonstrated accelerated colonic
transit, and improved stool consistency and straining in randomized placebo-controlled
phase II clinical trials in patients with chronic idiopathic constipation (Simren et al.
2011; Chey et al. 2011). Adverse effects from elobixibat included abdominal cramping.

5 Conclusion

Constipation is a common and complex disorder, symptoms of which encompass
more than decreased frequency of bowel movements. Through a detailed history and
prospective stool diary, it is important to ascertain the severity and chronicity of
symptoms and identify the presence of underlying secondary causes. Chronic idio-
pathic constipation, refractory to dietary and lifestyle modifications and laxatives,
should be evaluated with appropriate testing to understand underlying pathophysi-
ology. Suspicion of dyssynergic defecation on a proper digital rectal examination
should be confirmed with anorectal manometry and/or defecography and referred to
centres with expertise in manometry-based biofeedback therapy. Colectomy should
be reserved for patients with underlying colonic neuropathy identified on colonic
manometry. Medications for chronic idiopathic constipation in the pipeline, whether
secretagogues, serotonergic agonists, or bile acid transporter inhibitors, seem to be
both safe and effective, promising to give clinicians more therapeutic options in their
arsenal. It remains to be seen where these newer agents will fit in the treatment
algorithm.
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Abstract

Irritable bowel syndrome (IBS) is a prevalent condition affecting 10-20% of adults in
most countries; IBS results in significant morbidity and health care costs. IBS is a
disorder of the brain-gut axis, and recent insights into the pathophysiological mech-
anisms include altered bile acid metabolism, neurohormonal regulation, immune
dysfunction, alterations in the epithelial barrier, and secretory properties of the gut.
There remains a significant unmet need for effective treatments, particularly for the
pain component of IBS, although the introduction of drugs directed at secretion,
motility, and a nonabsorbable antibiotic provides an option for the bowel dysfunction
in IBS.

Keywords
Irritable bowel syndrome ¢ Pharmacotherapy

1 Introduction

Irritable bowel syndrome (IBS) is one of the most prevalent gastrointestinal
disorders, affecting 11.2% (95% CI, 9.8-12.8%) of people in a study of global
prevalence (Lovell and Ford 2012). It results in significant direct and indirect costs
and impairment in the quality of life (Leong et al. 2003). IBS is a complex and
heterogeneous disorder with different peripheral and central pathophysiological
mechanisms responsible for symptoms in subsets of patients (Camilleri 2013).
Advances in understanding the pathophysiology of IBS have led to the concept
that subsets of patients with more specific mechanisms than a diffuse disorder of the
brain-gut axis may lead to a more targeted and individualized approach for treat-
ment of IBS symptoms. Indeed, actionable biomarkers have been described in IBS
(Camilleri 2015b; Sood et al. 2014), including colonic transit, low-grade inflamma-
tion, and increased bile acid delivery to the colon that is predominantly associated
with increased hepatic synthesis of bile acids (Camilleri et al. 2014c). Here we
review the pathophysiology of IBS, as it provides the basis for selecting therapy,
and the current treatments available for relief of IBS (Table 1).



Irritable Bowel Syndrome: Pathophysiology and Current Therapeutic Approaches 77

Table 1 Summary of current treatments for IBS

Therapy
Dietary
therapies and
exercise

Soluble fiber

Insoluble fiber

Prebiotics

Probiotics

Peppermint oil
Herbal
therapies

Antispasmodic
drugs

Antidepressants

Loperamide

Eluxadoline

Efficacy

May be
effective

Effective

Not
effective

Unknown
efficacy

May be
effective

Effective

Unknown
efficacy

May be
effective

Effective

Unknown
efficacy

Effective

Quality
of data

Low

Moderate

Moderate

Low

Low

Moderate

Low

Low

Moderate

Low

High

Adverse events
Limited data

No increase in adverse
events in a meta-
analysis of 7 RCTs
May be poorly
tolerated in some
patients, although no
increase in adverse
events in a meta-
analysis of 6 RCTs

None reported

More likely with
probiotics in a meta-
analysis of 35 RCTs,
although the majority
were mild

No increase in adverse
events in a meta-
analysis of 4 RCTs
Limited data

More likely with
antispasmodics in a
meta-analysis of

22 RCTs, particularly
dry mouth, dizziness,
and blurred vision

More likely with
antidepressants in a
meta-analysis of

17 RCTs, particularly
dry mouth and
drowsiness

Limited data

Serious events
included acute
pancreatitis and
sphincter of Oddi

Limitations of data

Few RCTs, many of
crossover design with
a small number of
participants

Only one trial of high
quality

Only one trial of high
quality

Only one RCT, no
effect on global
symptoms
Heterogeneity
between studies, and
unclear as to which
bacterial species or
strain is of benefit

Heterogeneity
between studies

Few RCTs, with a
small number of
participants

No high-quality trials,
heterogeneity between
studies, possible
publication bias, and
only a small number of
RCTs assessing each
individual
antispasmodic

Few high-quality
trials, heterogeneity
between studies,
possible publication
bias, and some
atypical trials included
Few RCTs, with a
small number of
participants

Only a modest benefit
over placebo in
published RCTs. No
benefit over placebo in

(continued)
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Quality

Therapy Efficacy of data Adverse events Limitations of data
spasm. Nausea and terms of abdominal
headache commoner pain
with active therapy

5-HTj; receptor | Effective High Serious events with Fewer RCTs of

antagonists alosetron included ramosetron and
ischemic colitis and ondansetron.
severe constipation. Ondansetron may have
Ramosetron and no benefit over
ondansetron may be placebo in terms of
safer, although abdominal pain
constipation
commoner with active
therapy

Bile acid Unknown | Low Limited data No published RCTs

sequestrants efficacy

Rifaximin Effective Moderate | No increase in adverse | Only a modest benefit
events in a meta- over placebo in
analysis of 5 RCTs published RCTs

Lubiprostone Effective Moderate | Nausea commoner Only a modest benefit
with active therapy, over placebo in
occurring in 8% of published RCTs
patients

Linaclotide Effective High Diarrhea commoner None

with active therapy,
occurring in 20% of
patients

2 Pathophysiology

In the past, it was generally considered that the predominant pathophysiological
mechanisms in IBS were abnormalities intrinsic to the smooth muscle of the gut,
visceral hypersensitivity, and central nervous system hypervigilance (Horowitz and
Fisher 2001; Lynn and Friedman 1993; Mayer 2008). Brain dysfunction or abnor-
mal interaction of the peripheral and central nervous system has been considered as
a potential mechanism causing hypersensitivity in IBS (Mayer 2008; Larsson et al.
2012; Tillisch et al. 2011); however, hypersensitivity (Barbara et al. 2011;
Camilleri et al. 2008c) and central dysfunction (Tillisch et al. 2011; Zhou and
Verne 2011) are not ubiquitous in patients with IBS. Thus, while persistent noci-
ceptive mechanisms are activated in some patients (Zhou and Verne 2011), IBS is
not “all in the head” in all patients. There is a renaissance in IBS: symptoms are not
specific to a single etiological mechanism, but are manifestations of several periph-
eral mechanisms that perturb motor and sensory functions (Fig. 1).
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Fig. 1 Pathophysiological mechanisms in irritable bowel syndrome (adapted from Camilleri
M. Mechanisms in IBS: something old, something new, something borrowed. Neurogastroenterol
Motil 2005;17:311-316 and Camilleri M. Peripheral mechanisms in irritable bowel syndrome. N
Engl J Med 2012;367:1626-1635)

3 Altered Brain Responses

The role of the brain in conscious sensation is clearly important in the experience of
symptoms in IBS. A large body of research has identified brain regions activated
during visceral distension and, more recently, Hong et al. (2016) observed greater
engagement of cognitive and emotional brain networks in IBS subjects during
contextual threat that may reflect the propensity of IBS subjects to overestimate
the likelihood and severity of future abdominal pain. IBS patients have specific
abnormalities in attentional network functioning and these deficits may underlie
symptom-related anxiety, hypervigilance, and visceral hypersensitivity (Hubbard
et al. 2015).

4 Abnormal Colonic Transit and Disorders of Evacuation

Symptoms of patients with constipation-predominant IBS (IBS-C) reflect those of
chronic constipation (Halder et al. 2007), and some IBS-C patients can be treated
first for constipation. About 25% (range 5—-46% in different studies) of patients with
IBS-C have slow colonic transit (Bouchoucha et al. 2006; Camilleri et al. 2008c;
Tornblom et al. 2012). Treatment with intestinal secretagogues (lubiprostone and
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linaclotide) or prokinetic agents (prucalopride) is effective in relieving constipation
and associated IBS symptoms such as pain and bloating (Bielefeldt et al. 2016;
Camilleri 2012).

There are prominent motor responses in the colon and rectum to feeding. Pain is
temporally related to eating in patients with IBS (Ragnarsson and Bodemar 1998),
especially in patients with diarrhea-predominant IBS (IBS-D). There are repeated
high-amplitude propagated colonic contractions [HAPC (Chey et al. 2001)] that
propel colonic content. Patients with IBS-D, compared to healthy controls, also
have increased ileocolonic transit (Deiteren et al. 2010), typically induced by meals
containing fat and at least 500 kcal (Deiteren et al. 2010). In addition, sensation is
also enhanced in the postprandial period. For example, urge, discomfort, and pain
scores in response to rectal distension were significantly increased after a 368 kcal
meal relative to fasting in patients with IBS. The magnitude of these differences in
sensation is small (Ludidi et al. 2012) and is associated with fat, rather than
carbohydrate enrichment of the meal (Simren et al. 2007). Overall, the aggravation
of symptoms postprandially appears mostly related to colonic motor responses.

In a different series that used different methods of measurement of transit, IBS-D
was associated with acceleration of colonic transit in 15-45% of patients (Camilleri
et al. 2008c; Tornblom et al. 2012). In addition, several disorders mimic IBS-D or
cause accelerated transit and need to be excluded; these include food intolerance or
allergy, celiac disease, gluten intolerance without celiac disease, disaccharidase
(e.g., lactase, sucrase, isomaltase) deficiencies, microscopic colitis, and idiopathic
bile acid (BA) malabsorption (Spiller et al. 2010). Disorders of rectal evacuation,
puborectalis spasm, anismus, and the descending perineum syndrome (which typi-
cally occurs in older women with prior history of multiple vaginal deliveries) cause
constipation, straining, sense of incomplete rectal evacuation, bloating, and left-
sided abdominal pain relieved with bowel movement. Thus, these patients have
symptoms indistinguishable from those of IBS-C (Prott et al. 2010), and treatment
of the evacuation disorder relieves the IBS-C symptoms (Chiarioni et al. 2005).
Evacuation disorder should be suspected when constipated patients do not respond
to first-line therapies such as fiber and simple (e.g., osmotic) laxatives (Voderholzer
et al. 1997).

5 Irritated Bowel: Luminal Factors and Peripheral
Mechanisms

Increasingly, the literature documents that there are multiple peripheral mechanisms
involved in IBS, with luminal and mucosal factors activating immune, motor, and
sensory mechanisms in the small intestine or colon.
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5.1 Malabsorbed or Maldigested Nutrients

Malabsorbed sugars, such as lactose, fructose, and sorbitol, may mimic the features
of IBS. A Norwegian case-control study suggested that IBS and lactose malabsorp-
tion were separate entities (Farup et al. 2004). Fructose and sorbitol malabsorption
was observed in patients with IBS from Denmark (Rumessen and Gudmand-Hoyer
1988), but not in patients from the Netherlands (Nelis et al. 1990).

Maldigestion of complex carbohydrates may be more prevalent in IBS patients
than actual malabsorption. Fecal short-chain fatty acids (SCFA with <6 carbon atoms)
are increased in patients with IBS-D (Treem et al. 1996). SCFAs or medium-chain
(6-12 carbon) fatty acids reach the right colon even in healthy people, in whom 2-20%
of dietary starch escapes absorption in the small bowel (Stephen et al. 1983), providing
substrate for the generation of SCFAs by colonic bacteria in IBS patients. In the
presence of borderline absorptive capacity or rapid transit in the small bowel, more
substrate may be delivered to the colon, leading to two potential consequences: first,
increased SCFA fermentation and second, activation of enteroendocrine and mast cell
mechanisms that may also lead to changes of function, leading to IBS symptoms. The
latter activation involves the SCFA receptor 2 [called free fatty acid receptor 2 (FFA2)
or G-protein-coupled receptor 43 (GPR43)] that is expressed by both enteroendocrine
cells (co-localized with chromogranin A) and mucosal mast cells (Karaki et al. 2006).
SCFAs have been shown to stimulate colonic transit and motility via intraluminal
release of 5-hydroxytryptamine [5-HT (Fukumoto et al. 2003)] from enteroendocrine
cells (Mitsui et al. 2005) in rats, and to initiate HAPCs in the colon in dogs (Kamath
et al. 1987). The SCFA, propionate, induced transepithelial ion and fluid secretion in
guinea pig distal colon mucosal preparations in vitro and increased the expression of
FFAZ2 in enteroendocrine cells (Karaki and Kuwahara 2011).

Fermentable oligosaccharides, disaccharides and monosaccharides, and polyols
(FODMAP) are poorly absorbed in the small intestine. FODMAPs lead to production
of SCFAs, and induce symptoms of IBS (Shepherd et al. 2008) similar to the
mechanisms described above. Conversely, dietary manipulation of FODMAP content
may reduce IBS symptoms (Ong et al. 2010), including overall symptoms, and
abdominal pain and bloating (Marsh et al. 2016), though other systematic reviews
suggest the need for more rigorous studies to determine long-term efficacy (Ford and
Vandvik 2015; Rao et al. 2015) and, by inference, the etiopathogenetic role of the
FODMAPs: in the induction of IBS symptoms. The role of the colonic microbiota in
these nutrient-induced symptoms requires further elucidation.

5.2 Gluten Intolerance

The prevalence of celiac disease in patients with IBS (Cash et al. 2011) is similar to
that of controls. However, among non-celiac patients with IBS who carry HLA-DQ2
or -8 genotypes (which predispose to celiac disease), there was five times greater
likelihood to respond to gluten withdrawal compared to noncarriers (Wahnschaffe
et al. 2007). In patients who previously reported intolerance to gluten and response to
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gluten withdrawal, a randomized, placebo-controlled trial confirmed that gluten is
associated with symptoms of IBS (Biesiekierski et al. 2011). In non-celiac patients
with IBS-D, gluten intake was associated with increased stool frequency and bowel
permeability, and reduced tight junction protein expression in bowel mucosa
(Vazquez-Roque et al. 2013); consistent with the earlier study (Wahnschaffe et al.
2007), the gluten-containing diet had a greater effect on bowel movements per day in
HLA-DQ2/8-positive than HLA-DQ2/8-negative patients (Vazquez-Roque et al.
2013). In mice, sensitized to wheat glycoprotein, gliadin treatment increased
responses to contractile (carbachol) and secretory (electrical field) stimuli (Verdu
2008), suggesting interaction between immune activation and increased acetylcholine
release from the myenteric plexus, muscle hypercontractility, and increased active ion
transport.

5.3 Increased Intracolonic Bile Acids (BA)

The ileal mucosa of patients with IBS (compared to controls) shows higher sensi-
tivity to the secretory effects of perfused BAs (Oddsson et al. 1978). However, the
effects of BAs result predominantly from effects of bile acids in the colon resulting
in diarrhea. Systematic analyses estimated that BA malabsorption, elevated BA
synthesis [measured by the fasting concentration of serum 7a-hydroxy-4-cholesten-
3-one (C4, a bile acid precursor)], or increased 48-h total fecal BA excretion may
account for about 30% of patients with IBS-D (Slattery et al. 2015; Valentin et al.
2015; Wedlake et al. 2009).

The increased intracolonic BAs reported in IBS-D or functional diarrhea result
from alterations in the enterohepatic circulation of BAs. Synthesis of BA is regulated
homeostatically by hepatocyte feedback inhibition, provided by fibroblast growth
factor 19 (FGF19) which is produced by ileal enterocytes. FGF19 is secreted into
the portal circulation and binds to fibroblast growth factor receptor 4 (FGFR4) and
Klothof (KLB) receptor on the hepatocyte cell membrane, inhibiting CYP7A1, a rate-
limiting enzyme in BA synthesis.

The identified mechanisms resulting in bile acid diarrhea are the following:

(a) Deficiency in ileal secretion of FGF19—Ileal FGF19 production (reflected in
plasma levels of this hormone) is reduced in patients with chronic diarrhea
(Walters et al. 2009). There is an inverse relationship between fasting serum
FGF19 and serum C4 levels in patients with IBS-D (Odunsi-Shiyanbade et al.
2010; Rao et al. 2010).

(b) Ileal bile acid transporter (IBAT, also termed apical sodium-bile acid trans-
porter, ASBT, or SLC10A2) mutation, resulting in malabsorption of BAs, is
extremely rare, even among familial cases of BA malabsorption (Montagnani
et al. 2001, 2006).

(c) Genetic variations in BA synthesis or TGR5 (GPBARI1) receptor:

* Genetic variation in the hepatocyte receptor protein, Klothof, to which
FGF19 binds (Johnston et al. 2011), is associated with IBS-D and accelerated
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colonic transit (Wong et al. 2011). This specific genetic variation in the
Klothop gene (Arg728Gln) is functionally significant resulting in impaired
Klothop protein synthesis, thereby preventing FGF19 binding to combined
Klothof-FGFR4 receptor on the hepatocyte and reducing the FGF19 feedback
inhibition of hepatocyte synthesis of BAs, and resulting in increased BAs
reaching the bowel and, potentially, accelerating transit and causing diarrhea.
Exome sequencing identified additional variants in KLB and FGFR4
associated with fecal bile acid excretion or colonic transit in IBS-D (Camilleri
et al. 2014a). Those variations in KLB (rs1015450, downstream) and FGFR4
[rs434434 (intronic), rs1966265, and rs351855 (non-synonymous)] require
further study. In a 633-person cohort, FGFR4 rs434434 was associated with
symptom phenotype and rs1966265 with 24-h colonic transit (P = 0.066).

* Genetic variation in G-protein-coupled bile acid receptor 1 (GPBARI, also
known as TGRY) is possibly associated with small bowel and colonic transit
in health and IBS (Camilleri et al. 2011b, 2014b). The TGRS receptor is
located on myenteric, cholinergic, and nitrergic neurons in colon and
proximal small intestine.

54 Microbiota

The precise role of the fecal or mucosal microbiome in IBS is unclear; abundance of
Firmicutes in the fecal microbiome has been a sole finding (Kassinen et al. 2007; Tana
et al. 2010), or combined with a decrease in the abundance of Bacteroidetes (Rajilic-
Stojanovic et al. 2011; Salonen et al. 2010). An increase in the ratio of Firmicutes to
Bacteroidetes was associated with colonic transit and levels of depression in IBS
(Jeffery et al. 2012). Mucosa-associated microbiota show increases in Bacteroides and
Clostridia and a reduction in Bifidobacteria in IBS-D (Parkes et al. 2012), and these
changes in gut microbiota may potentially influence selection of therapy (Dupont
2014) and may be the mechanism targeted by the approved non-absorbable antibiotic,
rifaximin, which appears efficacious in both non-constipated and constipated IBS
patients (Pimentel et al. 2011, 2014).

5.4.1 Interaction of Fecal Microbiota and Organic Acids

The fecal microbiome may alter colonic functions through microbial interactions with
intraluminal factors, particularly organic acids. There are alterations in the organic
acid profiles (such as SCFAs) and the proportion of secondary BAs (deoxycholic and
lithocholic acid) compared to primary BAs (cholic and chenodeoxycholic acid) in
IBS. For example, there are larger proportions of primary BA in stool of IBS-D
patients, possibly because of reduced colonic residence time associated with rapid
transit (Duboc et al. 2012; Shin et al. 2013; Tana et al. 2010; Wong et al. 2012).
Colonic bacteria deconjugate and dehydroxylate BAs to different extents; however,
the primary or secondary BAs with at least 2 a-hydroxyl groups (chenodeoxycholic,
cholic, and deoxycholic acid) induce secretion in mammalian intestine or colonic
epithelial cell monolayers (Chadwick et al. 1979; Keely et al. 2007). Moreover,
chenodeoxycholic acid induces HAPCs in healthy humans (Bampton et al. 2002)
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and acceleration of colonic transit in IBS-C (Rao et al. 2010), while deoxycholic acid
induces colonic inflammation and hypersensitivity in rats (Traub et al. 2008). The
bacterial dehydroxylation of chenodeoxycholic acid to lithocholic acid would theoret-
ically reduce colonic secretion, but lithocholic acid constitutes only ~20% of the total
fecal BA (Duboc et al. 2012). Overall, it is still unclear to what extent altered colonic
function attributable to microbial differences occurs through changes in BA metabo-
lism. The role of microbiota in the fermentation of complex carbohydrates or
disaccharides is discussed above.

Conversely, BAs may modify the microbial content of the colon. For example, in
rats, administration of cholic acid resulted in cecal microbiota that reflected the ratio of
Firmicutes to Bacteroidetes observed in patients with IBS (Islam et al. 2011).

5.4.2 Interaction of Microbiota and Stress

Stress can lead to long-term changes in the gut microbiota in primates (Bailey and
Coe 1999). Stress and the gut microbiota interact in the regulation of behavior
(Bravo et al. 2011; Clarke et al. 2013; Desbonnet et al. 2015), as well as visceral
nociception (Moloney et al. 2016).

5.5 Enteroendocrine Signals Arising in the Mucosa

The release of several peptides and amines, such as serotonin, from enteroendocrine
cells is triggered by luminal factors such as exogenous dietary amines or tastants, or
their metabolites (such as SCFAs), and by endogenous chemicals involved in the
digestive process such as BAs (Kidd et al. 2008; Peregrin et al. 1999). The potential
role of serotonin (5-HT) in IBS is based on its higher circulating levels in IBS-D and
lower levels in IBS-C; its generally stimulatory effects on motor, secretory, and
sensory functions (Gershon and Tack 2007; Hoffman et al. 2012); and the impact of
selective serotonergic agonists and antagonists in the treatment of different IBS
phenotypes (Camilleri 2012).

Enteroendocrine cells also release granins such as chromogranins (Cg) and
secretogranins (Sg) which are present in secretory vesicles. Activation of nicotinic
cholinergic receptors (for example, by acetylcholine released from submucosal
nerves) induces granin release, promoting the sorting and release of other peptide
hormones from enteroendocrine cells (Montero-Hadjadje et al. 2009). Cg-derived
peptides secreted by such cells have antimicrobial properties against bacteria, fungi,
and yeasts (Shooshtarizadeh et al. 2010).

Compared with healthy controls, IBS patients, particularly those with faster colonic
transit, demonstrated higher levels of fecal CgA, Sgll, and SgIII, but lower levels of
CgB (Ohman et al. 2012). These findings are nonspecific, since increased fecal granins
or Cg cell density in colonic mucosa are observed in other diarrheal diseases, such as
Iymphocytic colitis (El-Salhy et al. 2011) and celiac disease (Moyana and Shukoor
1991; Pietroletti et al. 1986). The CgA cells also express FFA2 receptors that respond
to SCFAs (Camilleri et al. 2009).
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5.6 Genetic Factors Impacting Peripheral Mechanisms in IBS

The published literature on potential genetic factors predisposing to IBS is
summarized elsewhere (Camilleri and Katzka 2012; Zucchelli et al. 2011). The
reported genetic factors of greatest interest predispose to inflammation, bile acid
synthesis (discussed above), expression of bioactive neuropeptides, and intestinal
secretion through a mutation in the guanylate cyclase-C secretory pathway.

5.6.1 Genetic Susceptibility to Inflammation and IBS Symptoms
and Colonic Transit

In a study of 30 susceptibility loci associated with epithelial transport, barrier
function, bacterial recognition, autophagy, prostaglandin production, and TH17
lymphocyte differentiation (previously associated with Crohn’s disease), there
was significant association between TNFSF15 (rs4263839) and IBS phenotype in
separate Swedish and US patients (Zucchelli et al. 2011), and with a UK cohort
(Swan et al. 2013). The strongest association in the Swedish-US study was with
IBS-C (odds ratio 1.79) and, in the cohort from the UK, genetic variations were
protective against having IBS-D. In a meta-analysis comprising 2,894 patients
(839 IBS-C, 1073 IBS-D, 502 IBS-M) and 3,138 healthy volunteers with self-
reported Caucasian ancestry, the association of the SNP rs4263839 was confirmed
with IBS (OR 1.19, 95% CI 1.08-1.31) and IBS-C (OR 1.24, 95% CI 1.08-1.42).

Villani et al. (2010) reported four genes associated with postinfectious IBS in
patients in Walkerton, Canada, and these susceptibility loci included TLR9. Colonic
transit in patients with IBS was univariately associated with four “inflammation
susceptibility” genes that included TLR9, CDH1, and IL6 (Camilleri et al. 201 1a).

The association with KDELR? identified in a GWAS study of IBS in ~4,000
patients and ~5,000 controls is thought to reflect modification of the effects of
bacterial toxins in the gut (Ek et al. 2015).

5.6.2 Genetic Variation in Neurotransmitters or Cytokines

NPSR1, the receptor for neuropeptide S (NPS), is expressed by gastrointestinal (GI)
enteroendocrine cells and induces the production of several neuropeptides. The
NPS/NPSR1 ligand-receptor complex is involved in inflammation, anxiety, and noci-
ception. Three SNPs of the NPSRI gene (rs2609234, rs6972158, and 1s1379928) are
significantly associated with colonic transit in IBS, and rs1379928 polymorphism was
also associated with pain, gas, and urgency sensory ratings (Camilleri et al. 2010). The
endocannabinoid, anandamide, is inactivated by the fatty acid amide hydrolase
(FAAH). An SNP in FAAH gene (C385A) reduces FAAH expression. FAAH CA/AA
increases the odds (relative to health) for IBS-D or IBS with alternating bowel function
and is significantly associated with accelerated colonic transit in IBS-D (Camilleri et al.
2008b).

The gene controlling the serotonin transporter (SERT or SLC6A4) protein is
5-HTTLPR. This is associated with IBS phenotype in some ethnicities, but results
are inconsistent. The short allele (associated with reduced SLC6A4 function) is
associated with higher rectal pain sensory ratings (Camilleri et al. 2008a), increased
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activation of regional cerebral blood flow during painful colorectal distensions
(Fukudo et al. 2009), as well as reduced response to the 5-HT5 antagonist, alosetron
(Camilleri et al. 2002).

5.6.3 Genetic Mutation in the Guanylate Cycle-C Secretory Pathway
A Norwegian family has been described with dominantly inherited, fully penetrant
disease due to a heterozygous base substitution, ¢.2519G—T, in exon 22 of chromo-
some 12, GUCY2C. This familial diarrhea is characterized by the onset of symptoms in
infancy, chronic, relatively mild diarrhea diagnosed as IBS-D. The functional mutation
encodes for the guanylate cyclase-C (GC-C) receptor which induces enterocyte secre-
tion (Fiskerstrand et al. 2012).

5.7 Consequences of Irritation of the Colon

5.7.1 Immune Activation, Minimal Inflammation

Ohman and Simrén (2010) have summarized the evidence in support of inflamma-
tion or immune activation in the blood in, at least, some subsets of patients with
IBS. The evidence of mast cell and other immune (e.g., cytokine) activation in
intestinal or colonic mucosa is less consistently demonstrated (Ohman and Simrén
2010). Inflammation, manifesting as increased T lymphocytes in rectal mucosa in
patients with IBS, was associated with increased intestinal permeability (Spiller
et al. 2000). These data, in addition to the epidemiological and clinical observations
of postinfectious IBS (Halvorson et al. 2006; Spiller and Garsed 2009) and colonic
mucosal gene expression profiles demonstrating functional alterations of several
components of the host mucosal immune response to microbial pathogens
(Aerssens et al. 2008), all support a role of immune activation and altered bowel
barrier function in a subgroup of patients with IBS. Genetic susceptibility may
predispose to immune activation in a subset of patients with IBS (see above).
Immune activation may also be associated with increased mucosal permeability
(Matricon et al. 2012).

5.7.2 Increased Mucosal Permeability

Several studies in adults (summarized by Rao et al. 2011) document increased small
bowel or colonic mucosal permeability in vivo, in mucosal biopsies in vitro, or in
Caco2 monolayers in response to fecal supernatants from patients with IBS.
Similarly, children with IBS have evidence of increased proximal gut and colonic
permeability and low-grade inflammation (Shulman et al. 2008). Factors associated
with increased mucosal permeability and IBS include cow’s milk allergy, prior
nonspecific infection, atopic disease [rhinoconjunctivitis, rhinitis, eczema (Lillestol
et al. 2010; Saps et al. 2008, 2011)], stress, and dietary fat.

o Inflammation: The link of increased mucosal permeability with IBS is based on
observation that increased permeability enhances mucosal inflammation and
activates local reflex mechanisms, stimulating secretion and sensory pathways
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that lead to increased visceral sensation (Barbara et al. 2011). There is evidence
that there is a distinct subgroup of IBS patients with increased GI permeability
and/or increased peripheral blood mononuclear cell production of IL-10. These
patients typically have more severe IBS in terms of interference with daily
activities and daily IBS symptoms (Shulman et al. 2014).

e Stress: Several lines of investigation support a role for stress in increased bowel
permeability in humans. First, when the stress hormone, corticotrophin-releasing
hormone (CRH), was applied to the serosal side of colonic mucosal biopsies from
healthy humans, there was increased transcellular uptake of horseradish peroxi-
dase, an effect that was mediated by mast cells (Wallon et al. 2008). Second,
experimental cold pain stress induced increased jejunal permeability in healthy
females, but not in males (Alonso et al. 2012). Third, acute psychological stress
increased small intestinal permeability in humans; peripheral CRH reproduced the
effect of stress and disodium cromoglycate blocked the effect of both stress and
CRH, suggesting that mast cells are involved in the effects of stress (Vanuytsel
et al. 2014). Fourth, combat-training associated with prolonged, intense, mixed
psychological and physical stress induced stress, anxiety and depression, GI
symptoms, pro-inflammatory immune activation, and increased intestinal perme-
ability (Li et al. 2013).

» High-fat diet results in gut-derived endotoxemia (Pendyala et al. 2012) and may
contribute to the immune activation observed in some IBS patients. Animal
studies show that emulsified fats increase intestinal permeability, causing
endotoxemia and inflammation (Laugerette et al. 2011).

e Dietary antigens: An effect of dietary antigens on the intestinal epithelial barrier has
been implicated. In a real-time observational study using confocal laser
microendoscopy in 36 patients with IBS with suspected food intolerance,
Fritscher-Ravens et al. (2014) reported that, within 5 min of exposure to diluted
food antigens, gaps formed in the epithelium, intervillous spaces widened, and the
number of intraepithelial lymphocytes increased.

5.7.3 Altered Expression of Secretory, Barrier, and Immune
Functions

Next-generation sequencing studies have revealed alterations in expression of

both small bowel and colonic mucosa in IBS, with most studies to date focused

on IBS-D.

Differences in jejunal mucosal expression (at gene and protein levels) and in the
distribution of apical junction complex proteins (Martinez et al. 2012, 2013), as
well as reduced ZO-1 expression in HLA DQ2/8-positive patients with non-celiac
IBS-D (Vazquez-Roque et al. 2012), support the observed alterations in barrier
mechanisms seen in colonic mucosa in patients with IBS-D. With FDR correction,
the following genes were significantly upregulated (¢ < 0.05) in the participants in
the current study of IBS-D relative to controls who had undergone clinically
indicated small bowel biopsies (which were histologically normal): INADL,
MAGI1, PP2R5C, MAPKAPKS, TLR3, and IL-15 (Camilleri et al. 2016).
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In addition, relative to healthy controls, patients with IBS-D had altered mRNA
expression in colonic mucosa of factors that could be mapped to a biologically relevant
pathway in IBS-D, based on p-values with correction for false detection rate. These
pathways include changes in gene expression for neurotransmitters (P2RY4 and VIP),
ion channels (GUCA2B and PDZD?3), cytokines and complement (C4BP4 and CCL20),
immune function and stress-related proteins (TNESF15, IFIT3, HSPAIA, and
HSPA1B), mucosal repair, and cell adhesion (TFF, RBP2, and FN1) (Camilleri et al.
2015b).

6 Current Therapeutic Approaches for IBS

Despite the numerous pathophysiological mechanisms that are implicated in IBS, in
clinical practice the disorder is considered to have no underlying structural or biochemi-
cal explanation. It is unlikely that, in the majority of individuals, there is a single
unifying explanation, but rather it is more likely that there are multiple disease processes
that lead to pain and diarrhea, or pain and constipation. As a result, and unlike in other
organic GI diseases where treatments are often developed based on pathophysiology,
IBS treatment is often selected on an individual basis, and is targeted at the predominant
or most troublesome symptom experienced by the patient. The implications of this
approach are that symptoms of IBS are often chronic, and the natural history of the
disorder is usually unaffected by treatment in the longer term, that is, treatment has not
yet evolved to disease modification (Ford et al. 2008a). This highlights the need for
future high-quality randomized controlled trials (RCTs) of interventions based on the
proposed etiologies summarized described above, with the presence of these pathophys-
iological mechanisms in patients confirmed using biomarkers, such as abnormalities of
colonic transit or bile acid metabolism (Camilleri et al. 2014c).

Conventionally, IBS is divided into subtypes according to the predominant stool
pattern because this defines treatment options. Over the years there have been
numerous well-intentioned attempts to synthesize the available literature, in order
to provide evidence-based treatment recommendations for the management of IBS
based on these symptom subtypes (Brandt et al. 2009; Chang et al. 2014; Ford et al.
2014a; Spiller et al. 2007). These guidelines are able to make unequivocal
conclusions regarding the efficacy of more recently developed drugs for IBS,
which are based on large high-quality trials, conducted among patients with IBS
recruited according to predominant stool pattern, and using Food and Drug Admin-
istration (FDA)-recommended endpoints to judge efficacy. However, for many of
the more traditional therapies the inferences made in such guidelines are more
contentious because RCTs studying these agents are smaller and of lower quality,
and recruit heterogeneous groups of patients with IBS, meaning that efficacy
according to stool pattern cannot easily be judged, and the endpoints used were
of debatable validity (Camilleri 2015a).

In the remainder of this chapter, we will review the evidence for the efficacy of
general lifestyle measures, alternative and herbal therapies, and older therapies for
IBS, making suggestions for their optimal use according to IBS subtype, where
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individual studies have reported such data, but will report the efficacy of licensed
treatments in patients with IBS according to predominant stool pattern.

7 General Lifestyle Measures
7.1 Dietary Modifications

Many patients with IBS believe that their symptoms relate to food sensitivity (Bohn
et al. 2013). The mechanism by which food generates symptoms in IBS is unclear,
although a change in diet can alter the microbiome rapidly (David et al. 2014), and
high levels of insoluble dietary fiber have been implicated in exacerbating IBS
symptoms for many years (Francis and Whorwell 1994), despite the fact that patients
with IBS are often told to increase their dietary fiber intake. The effect of dietary
antigens on intestinal epithelial barrier provides rationale for dietary modifications.

Published trials of dietary interventions in IBS are hampered by problems with
small numbers of recruited subjects, and lack of blinding, and many have used a
crossover design, leading the authors of a recent systematic review to conclude that,
although data are promising, these approaches cannot be recommended strongly until
more evidence is accumulated (Moayyedi et al. 2015). Despite this, in the UK, the
National Institute of Health and Care Excellence has recommended a low FODMAP
diet as a first-line treatment for patients with IBS in primary care (Anonymous.
Diagnosis and management of irritable bowel syndrome in adults in primary care:
summary of NICE guidance 2015).

7.2 Elimination Diets

Atkinson et al. (2004) conducted an RCT of an elimination diet, based on IgG antibody
testing to food items, versus a sham diet, with patients told to avoid the same number
of foods, but not those to which they had raised antibodies. The trial recruited
150 patients with any stool pattern subtype of IBS, and excluded celiac disease
using a tissue transglutaminase test. The threshold for a positive IgG antibody result
was defined as three times the background signal obtained by the same sample against
a no-food-allergen-coated control. At 12 weeks, 28% of those allocated to the elimi-
nation diet reported that their symptoms were substantially improved, compared with
17% of those assigned to the sham diet (P = 0.001), with a number needed to treat
(NNT) of 9. Effectiveness of the elimination diet according to stool pattern subtype
was not reported. Following reintroduction of eliminated foods, 41.5% of those
originally randomized to elimination diet reported substantial worsening of their
symptoms, compared with 25% of the sham diet arm (P = 0.047). This is in contrast
to other studies, which have reported that, among patients with IBS who report dietary
triggers, the offending food induces reproducible symptoms in only around a quarter
of patients during a double-blind rechallenge (Young et al. 1994).
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7.3 Increasing Dietary Fiber Intake

Although there have been misgivings about the use of fiber in IBS, there have been
numerous RCTs studying the effect of fiber on symptoms of IBS. In the largest and
highest quality of these trials, the authors randomized 275 patients with all subtypes of
IBS to 12 weeks of treatment with soluble fiber, in the form of psyllium, insoluble bran
fiber, or placebo (Bijkerk et al. 2009). The authors reported that bran was of no benefit,
but psyllium was superior to placebo for the treatment of IBS during the first 8 weeks
of treatment, with an NNT of 6, although by 12 weeks this benefit was no longer
apparent. The reduction in symptom severity with psyllium at 12 weeks was, however,
statistically significant (mean reduction 90 points on the IBS symptom severity score
versus 40 points, P = 0.03). In a subgroup analysis in those with IBS-C, psyllium was
of similar benefit. Overall, more patients assigned to bran were unable to tolerate
therapy and withdrew, although this difference was not statistically significant, and
total adverse event rates were no higher with bran.

In an updated systematic review and meta-analysis (Moayyedi et al. 2014) that
identified 14 RCTs, recruiting 906 patients, most of which were of low methodologi-
cal quality, there was a statistically significant, but modest, benefit of fiber in IBS, with
a relative risk (RR) of remaining symptomatic of 0.86 (95% CI 0.80-0.94), and an
NNT of 10. This beneficial effect was limited to psyllium, used in seven studies that
included 499 patients, with an RR of remaining symptomatic of 0.83 (95% CI
0.73-0.94) and an NNT of 7, with bran having no beneficial effect (RR of remaining
symptomatic = 0.90; 95% CI 0.79-1.03). Adverse events were no more common with
either psyllium or bran, compared with placebo. The mechanism of action of psyllium
is uncertain, and is unlikely to relate to stool bulking alone, as bran has similar effects
(Tomlin and Read 1988). It may be that it stems from the effects of psyllium
fermentation on gut function, via increased production of short-chain fatty acids,
such as butyrate, which provides energy for colonic mucosa cells and may have
anti-inflammatory effects (Zimmerman et al. 2012). Another possibility is that psyl-
lium is acting as a prebiotic, altering the intestinal microbiota (Lee et al. 2015), and
that this contributes to the beneficial effects on symptoms.

7.4 Low-FODMAP Diet

As discussed earlier FODMAPs, which are present in stone fruits, legumes, lactose-
containing foods, and artificial sweeteners, are poorly absorbed and may have osmotic
and fermentation effects in the intestine (Shepherd et al. 2008). The osmotic effects
have been demonstrated in patients with IBS, as magnetic resonance imaging (MRI)
studies show increased small intestinal water content, and small intestinal distension,
following administration of FODMAPs (Undseth et al. 2014). Whether this wholly
explains their deleterious effects in IBS is unclear. Diets differing in FODMAP
content also appear to have effects on the fecal microbiome, with a low-FODMAP
diet leading to a reduction in bacterial abundance (Halmos et al. 2015), as well as
lower proportions of certain bacteria, including Bifidobacteria (Staudacher et al.
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2012). The long-term sequelae of the effect of FODMAP restriction on the gut
microbiota remain uncertain.

In an Australian RCT using a crossover design (Halmos et al. 2014) that compared
a diet low in FODMAPs with a typical Australian diet in 30 patients with IBS of all
subtypes, global IBS symptoms, bloating, and pain were all reduced while on the
low-FODMAP diet, and the beneficial effects seemed to be greater in those with
IBS-D. However, this trial has been criticized as a large proportion of patients were
able to identify correctly when they were on the low-FODMAP diet, the endpoint used
was a 20 mm difference between treatment arms on a 100 mm visual analogue scale,
whose clinical relevance is uncertain, and while on the low-FODMAP diet, patients
supplemented their diet with psyllium and starch, meaning that the effects observed
may not be attributable only to the low-FODMAP diet (Camilleri and Acosta 2014).

Subsequently, a parallel group RCT has been conducted comparing a
low-FODMAP diet with conventional dietary recommendations, which included
advice to eat small regular meals, and avoid insoluble fiber, fatty foods, and
caffeine (Bohn et al. 2015). In this Swedish study, which comprised 67 patients
with all subtypes of IBS, symptom scores were reduced significantly in both arms,
compared with baseline, but there was no difference in efficacy between the two
interventions, with 50% of those assigned to low-FODMAP diet reporting a >50%
reduction in symptom severity scores, compared with 46% in the traditional dietary
advice group.

7.5 Gluten-Free Diet

Some patients with IBS attribute their symptoms to gluten ingestion, despite an
absence of immunological, serological, or histological markers of celiac disease,
and are often labelled as having non-celiac gluten sensitivity. There is accumulating
evidence that a gluten-free diet may be beneficial in a subset of patients with IBS.
One small RCT recruited 39 patients with IBS in whom celiac disease had been
excluded, and who had responded symptomatically to a gluten-free diet. They were
instructed to continue the diet, but were then randomized to receive either gluten-
containing, or gluten-free, muffins and bread, which were of identical appearance
(Biesiekierski et al. 2011). Overall, after 6 weeks, 68% of those receiving gluten
reported inadequate symptom control, versus 40% of those randomized to gluten-
free muffins or bread (P < 0.001). Pain, bloating, and satisfaction with stool
consistency were also significantly improved among those assigned to placebo. It
was unclear from this study whether there was an effect of gluten-free diet
according to predominant stool pattern.

In another controlled trial in 45 patients with IBS-D who were randomized to
gluten-free or normal diet, and who were genotyped for HLA-DQ2 and -DQ8, stool
frequency was significantly reduced among those assigned to a gluten-free diet
(Vazquez-Roque et al. 2013). This beneficial effect appeared to be more pro-
nounced among those who were HLA-DQ?2 or -DQ8 positive. The mechanism of
the effect of gluten in IBS is unclear, but in this study small bowel mucosal
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permeability was higher among those allocated to a gluten-containing diet, and
levels of mRNA encoding tight junction proteins were significantly reduced in
mucosal biopsies from these individuals, suggesting that gluten may have effects on
epithelial barrier function. However, as wheat contains high levels of the polysac-
charide fructans, in addition to gluten, another explanation for the benefit of a
gluten-free diet in patients with IBS could be a simultaneous reduction in FODMAP
intake. In a recent trial that examined a combined approach of a low-FODMAP diet
and a gluten-free diet (Biesiekierski et al. 2013), there was no additive effect of a
gluten-free diet, suggesting that reduction in fructans may partly explain the
effectiveness of a gluten-free diet in IBS.

7.6 Exercise

Exercise may lead to an improvement in symptom burden in other functional conditions,
such as chronic fatigue and fibromyalgia (Richards and Scott 2002; White et al. 2011).
However, there are few studies examining this approach in IBS. In a Swedish trial
(Johannesson et al. 2011), 102 patients with all subtypes of IBS were randomized to a
moderate increase in physical activity over 12 weeks, receiving advice from a
physiotherapist, or to maintain their current lifestyle, but with supportive contact from
the same physiotherapist. Those in the active intervention arm were told to undertake
20-60 min of moderate to vigorous physical activity on 3-5 days per week, and
symptom scores improved significantly over those in the control arm, with a mean
reduction of 51, compared with 5 (P = 0.03). There was also a trend towards those
randomized to an increase in physical activity to report a >50% reduction in symptom
severity scores from baseline (43% versus 26%, P = 0.07). The effect of exercise
according to IBS subtype was not reported. After 12 weeks those in the control arm were
also offered the active intervention, and in a subsequent follow-up of all 39 available
individuals who had increased their physical activity, at a median of 5.2 years, 54% of
patients had >50% reduction in symptom severity scores (Johannesson et al. 2015).

8 Alternative and Herbal Therapies
8.1 Prebiotics and Probiotics

Prebiotics are ingredients in food that remain undigested, such as fructo-oligo-
saccharides or inulin, and which can then stimulate either the growth or the activity of
intestinal bacteria, while probiotics are live or attenuated microorganisms that may have
effects on the composition of the gut microbiota, but which may also have anti-
inflammatory and anti-nociceptive properties (Kamiya et al. 2006; O’Mahony et al.
2005; Verdu et al. 2004, 2006). Both prebiotics and probiotics are intended to have
benefits to human health. A recent systematic review and meta-analysis identified no
trials of prebiotics in IBS at the time the literature search was conducted (Ford et al.
2014c), although a subsequent RCT of 12 weeks of 6 g partially hydrolyzed guar gum, a
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prebiotic fiber, versus placebo has been conducted in 121 patients with IBS of all
subtypes (Niv et al. 2016). In this trial, there were significant improvements in bloating
scores with the active treatment, but no effect on global symptoms, abdominal pain, or
quality of life.

There were 35 trials of probiotics, involving 3,452 patients with IBS, identified
by the aforementioned meta-analysis (Ford et al. 2014c). Overall, probiotics
appeared to have a beneficial effect on IBS, with an RR of remaining symptomatic
of 0.79 (95% CI 0.70-0.89), and an NNT of 7, but there was significant heteroge-
neity between studies, and only 12 trials were of high methodological quality. Due
to the multitude of bacterial species and strains assessed in individual trials, it was
difficult to make inferences as to which should be preferred, although there were
three RCTs that used Lactobacillus plantarum DSM 9843, containing 314 patients,
with an RR of symptoms persisting of 0.67 (95% CI 0.51-0.87). In terms of the
effect of probiotics on individual symptoms, there appeared to be significant
improvements in abdominal pain, bloating, and flatulence, but not urgency. There
were insufficient trials recording the effect of probiotics on bowel function for data
to be synthesized. Adverse events were significantly more common with probiotics,
although the majority of these were mild. As with many of the therapies discussed
thus far, effect of probiotics according to predominant stool pattern was not
examined by the majority of trials.

8.2 Peppermint Oil

The major constituent of peppermint oil is menthol, which has antispasmodic properties.
Menthol inhibits smooth muscle contractility in the GI tract by blocking calcium influx,
via L-type calcium channels in the plasma membrane of smooth muscle cells (Amato
et al. 2014). In a meta-analysis from 2008, (Ford et al. 2008b) peppermint oil was more
effective than placebo in four trials, containing 392 patients with IBS, with a relative risk
of remaining symptomatic of 0.43 (95% CI 0.32-0.59), and an NNT of 2.5. However,
there was borderline heterogeneity between studies, and none of the trials were of high
quality, which may have led to an overestimate of its efficacy. In addition, the effect of
peppermint oil according to IBS subtype was not reported. Peppermint oil can worsen
gastroesophageal reflux symptoms but a novel formulation, designed for sustained
release in the small intestine, may avoid this and is now available for use in the USA.
In a 4-week trial of this formulation (Cash et al. 2016), comprising 72 patients with
IBS-D or IBS-M, there was a 40% reduction in symptom scores (based on average score
of frequency and intensity of eight symptoms: abdominal pain or discomfort, bloating or
distension, pain at evacuation, urgency, constipation, diarrhea, passage of mucus or gas,
and sense of incomplete evacuation) from baseline with peppermint oil, compared with
249% with placebo (P = 0.02).
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8.3 Other Herbal Therapies

The efficacy of other herbal therapies in IBS is unclear, as few studies have been
conducted. Iberogast, also known as STW-5, is a mixture of extracts of bitter candy
tuft, chamomile flower, peppermint leaves, caraway fruit, licorice root, lemon balm
leaves, angelica root, celandine herbs, and milk thistle fruit (Madisch et al. 2001).
This combination appears to have both antispasmodic and tonic properties on GI
smooth muscle (Ammon et al. 2006). In a large, double-blind RCT, containing
208 patients with IBS (Madisch et al. 2004), STW-5 led to a significantly greater
improvement in global symptom scores and abdominal pain scores than placebo,
but these findings need to be replicated by other investigators. Small trials of ginger
capsules (van Tilburg et al. 2014), which may have effects on pain and GI motility,
and St. John’s wort (Hypericum perforatum) (Saito et al. 2010) have produced
disappointing results, while any benefit of Chinese herbal medicines in IBS is
inconsistent (Bensoussan et al. 1998, 2015; Leung et al. 2006).

9 Antispasmodic Drugs

Antispasmodics have been used in the treatment of IBS for many years, on the basis
that a subgroup of patients with IBS have abnormal contractility of GI smooth
muscle, and altered GI transit, and that this contributes to pain and disturbances in
bowel habit. They have their effects via inhibition of the action of acetylcholine at
muscarinic receptors, or via blockade of calcium channels, on GI smooth muscle. A
previous meta-analysis identified 22 separate RCTs, studying 12 different antispas-
modic drugs, and containing 1,778 patients (Ford et al. 2008b). Overall, as a class,
these drugs were more effective than placebo, with a relative risk of remaining
symptomatic of 0.68 (95% CI 0.57-0.71), and an NNT of 5. When the efficacy of
individual drugs was studied in subgroup analyses, hyoscine (three trials,
426 patients, NNT 3.5), otilonium (four trials, 435 patients, NNT 4.5), cimetropium
(three trials 158 patients, NNT 3), and pinaverium (three trials, 188 patients, NNT
3) all appeared to be more effective than placebo. However, there was significant
heterogeneity between all 22 studies, none of which were of high methodological
quality, and evidence of possible publication bias, and again there was no report of
efficacy according to IBS subtype. In addition, side effects were significantly more
frequent compared with placebo, the commonest of which were dry mouth, dizzi-
ness, and blurred vision. It is also important to point out that most of the drugs
studied in the trials included in this meta-analysis are not licensed for the treatment
of IBS in the USA.

Since the conduct of this meta-analysis there have been further RCTs of both
otilonium and pinaverium. Clavé et al. (2011) randomized 356 patients with all subtypes
of IBS to either 40 mg of otilonium or placebo three times daily for 15 weeks. The
proportion of patients whose abdominal pain frequency score improved by >1 point was
significantly higher among those randomized to otilonium (69% versus 56%, P = 0.02),
and this effect was consistent across all IBS subtypes. However, treatment success,
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defined as less than two episodes of abdominal pain per week during the last 2 weeks of
therapy, was no higher with otilonium, and there was no significant difference in quality
of life.

In an RCT of pinaverium conducted in 427 Chinese patients with IBS-D (Zheng
et al. 2015), the authors reported that 77.5% of patients receiving pinaverium had
either a >30% reduction from baseline in abdominal pain or a >50% reduction in the
number of days with at least one stool with a Bristol stool score >6 at week
4, compared with 33.5% with placebo (P < 0.001). The proportion of dual responders,
those who achieved both of these endpoints at week 4, was also significantly higher
with pinaverium (38.1% versus 16.7%, P<0.001). This is the only RCT of antispas-
modic drugs that utilizes an endpoint that adheres closely to those recommended by
the FDA for the assessment of the efficacy of treatments for IBS-D. Although this trial
provides an important proof of concept that pinaverium is of benefit in IBS-D, the
duration of therapy was only 4 weeks, and these results may not be applicable to
non-Chinese patients with IBS.

10 Antidepressants

Coexistent psychological disorders are common among patients with IBS (Henningsen
et al. 2003). The presence of depression appears to modify the brain’s response to
painful stimuli (Schmid et al. 2015), and antidepressants have well-documented benefi-
cial effects on chronic pain disorders (McQuay et al. 1996; Saarto and Wiffen 2007). As
a result, there have been numerous RCTs of antidepressants in IBS studying the effects
of both tricyclic antidepressants (TCAs) and selective serotonin reuptake inhibitors
(SSRIs). An updated systematic review and meta-analysis (Ford et al. 2014b) identified
17 separate trials of antidepressants. Overall, there was a beneficial effect on IBS
symptoms, with an RR of remaining symptomatic of 0.67 (95% CI 0.58-0.77), and an
NNT of 4. However, only three of the RCTs were of high quality, the majority of trials
were conducted in secondary or tertiary care, and there was evidence of heterogeneity
between studies and possible publication bias. In addition, two of the studies, which
were both conducted in Iran and from the same research group, may have been atypical.
In one, which used the SSRI, fluoxetine (Vahedi et al. 2005), the placebo response rate
was extremely low at 14%, and, in the other, the authors reported a “complete” response
to amitriptyline of 63% (Vahedi et al. 2008), which seems unusually high. All of this
suggests that the effectiveness of antidepressants may well have been overestimated in
this meta-analysis.

When effectiveness according to type of antidepressant was studied the data
were more convincing for TCAs, with an RR of remaining symptomatic of 0.66
(95% C10.56-0.79), and an NNT of 4, with no heterogeneity between the 11 stud-
ies, than for SSRIs, where the RR of remaining symptomatic and the NNT were
similar, but there was significant heterogeneity between the seven trials. There were
seven RCTs that reported the effect of antidepressants on abdominal pain, and the
RR of abdominal pain persisting was significantly lower (0.62; 95% CI 0.43-0.88).
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It is important to point out that side effects were significantly commoner with
antidepressants, with the most frequent being drowsiness and dry mouth.

As well as their impact on mood, antidepressants have effects on GI motility, with
TCAs having been shown to prolong orocecal and whole-gut transit times, and SSRIs to
decrease orocecal transit time (Gorard et al. 1994). It would therefore seem sensible to
use TCAs in IBS-D, and SSRIs in IBS-C, but effectiveness according to IBS subtype has
only been assessed in two RCTs to date (Vahedi et al. 2005, 2008). The other issue is
whether the efficacy of antidepressants stems from the treatment of coexistent depres-
sion. Three of the identified studies reported that there was no correlation between
improvement in IBS symptoms and depression scores (Tabas et al. 2004; Tack et al.
2006; Vij et al. 1991), and a fourth trial reported that the benefit of the TCA, desipra-
mine, was, if anything, greater in nondepressed individuals (Drossman et al. 2003).
However, in an RCT by Ladabaum et al. (2010), which screened potentially eligible
participants for depression and excluded them if this was present, there was no benefit of
citalopram. The mechanism of action of antidepressants in IBS therefore remains
uncertain, although it does appear that amitriptyline reduces activation of pain centers
in the anterior cingulate cortex during painful rectal distension in patients with IBS
(Morgan et al. 2005), suggesting that its effects on pain processing may be central,
although the effects on peripheral mechanisms that may influence sensation (such as
colonic compliance and visceral afferent function) have not been adequately studied.

11 Drugs Acting on Opioid Receptors

The use of loperamide, a p-opioid receptor antagonist, and diphenoxylate, an opioid
analgesic, which are considered to be antidiarrheal agents, has been traditional in
IBS for many years (Kasich 1961). However, this is based on limited evidence from
rigorous RCTs. In one small trial, containing 21 patients with IBS-D, loperamide
appeared to be beneficial, in terms of improved stool consistency, pain, and urgency
(Lavo et al. 1987). In a second trial conducted among 60 patients said to have IBS
(Hovdenak 1987), but of whom only 21 had abdominal pain and disordered bowel
habit, there was an improvement in stool frequency and consistency, as well as a
reduction in the number of days with pain. A recent position statement for the
management of IBS suggested that there was insufficient evidence to recommend
the use of loperamide (Ford et al. 2014a), but the drug may be useful in clinical
practice in those with debilitating diarrhea or urgency.

Eluxadoline is a novel agent, acting on &-, k-, and p-opioid receptors. In a phase
II dose-ranging trial (Dove et al. 2013), comprising 807 patients with IBS-D, 13.8
and 12.0% of patients receiving 200 or 25 mg of eluxadoline twice daily for
12 weeks experienced a >30% reduction from baseline in abdominal pain and a
stool consistency score of 3 or 4 on the Bristol stool scale on 66% of days, compared
with only 5% of placebo patients (P < 0.05). Adverse event rates were similar in all
treatment arms, with the commonest being nausea and headache. However, there
were four cases of pancreatitis, three during treatment with eluxadoline, and one
15 days after the patient’s last dose of eluxadoline. In two subsequent phase III
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RCTs (Lembo et al. 2016b), comprising 2,427 patients, with a dose of either 75 or
100 mg twice daily the drug again demonstrated efficacy, with response rates of
27% in a pooled analysis, versus 17% with placebo (P < 0.001), although there was
no benefit for abdominal pain. In addition, there were a further five cases of
pancreatitis, and eight cases of sphincter of Oddi spasm. The drug is now licensed
for the treatment of IBS-D in the USA, but the FDA recommends that patients with
a history of biliary obstruction, pancreatitis, severe liver impairment, or severe
constipation, and patients who consume more than three alcoholic drinks per
day, should not be prescribed eluxadoline (FDA approves two therapies to treat
IBS-D, n.d.).

12 5-HT; Receptor Antagonists

Serotonin, or 5-HT, is an important neurotransmitter in the brain and the enteric
nervous system, with 90% of the body’s total store of 5-HT containing within the
intestinal enterochromaffin cells (Berger et al. 2009; Gershon et al. 1990). There is
evidence to suggest that patients with IBS-D may have reduced 5-HT reuptake,
while those with IBS-C have impaired release of 5-HT (Atkinson et al. 2006).
Drugs that act on the 5-HT; receptor have been known to have effects on GI transit
for many years (Prior and Read 1993; Talley et al. 1990), and alosetron, a 5-HT3
receptor antagonist, was licensed for use in women with IBS-D in the USA.
Previous meta-analyses of RCTs have shown that the drug is effective (Andresen
et al. 2008; Ford et al. 2009), with an NNT of 8 for relief of abdominal pain, and
4 for improvement in global symptoms. However, the drug was withdrawn because
of a reported association with cases of ischemic colitis, and concerns about episodes
of severe constipation, requiring hospitalization (Chang et al. 2006). The drug was
reintroduced for female patients with IBS-D unresponsive to other therapies, but its
use is regulated by an FDA prescribing program.

Ramosetron and ondansetron are 5-HT5 antagonists that have been in use to treat
nausea or vomiting for almost 30 years, and which have well-established safety profiles.
Ramosetron has been used in the treatment of IBS-D in both men and women, with
response rates of 47-51%, compared with 27-32% with placebo (P<0.001) (Fukudo
et al. 2016; Matsueda et al. 2008), and is now licensed for use in IBS-D in Japan. In a
small crossover RCT of ondansetron (Steadman et al. 1992), containing 14 patients,
colonic transit times were prolonged, and stool consistency was improved, although
there was no effect on abdominal pain, in contrast to RCTs of alosetron. More recently,
in a larger crossover trial (Garsed et al. 2014), comprising 120 patients with IBS-D,
ondansetron had a significant effect on stool consistency, with 80% of patients
responding when on active drug compared with 41% while on placebo, as well as
significant improvements in urgency, frequency of defecation, and bloating, but again
no effect on pain. Constipation occurred in 9% of patients while on ondansetron.
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13 Bile Acid Sequestrants

Given that up to 25% of patients with IBS-D have evidence of bile acid malabsorp-
tion following 23-seleno 25-homotaurocholic acid retention (SeHCAT) scanning
(Aziz et al. 2015), the use of bile acid sequestrants, either empirically or based on
biochemical evidence of abnormal bile acid metabolism, may be beneficial. How-
ever, to date, there are no RCTs of these drugs in IBS. In a single-center open-label
trial of 10 days of 1,875 mg twice-daily colesevelam (Camilleri et al. 2015a), which
recruited 12 patients with IBS-D and abnormal bile acid kinetics, fecal excretion of
bile acids increased; fasting serum C4 increased, suggesting a compensatory
increase in hepatic synthesis of bile acids; and there was a reduction in stool
consistency on the Bristol stool form scale. In addition, the number of bowel
movements per week correlated inversely with the total bile acid sequestered into
the stool, providing evidence for sequestration of bile acids being the mechanism
for the observed improvement in diarrhea. In another open-label study, Bajor et al.
(2015) treated 27 patients with IBS-D and an SeHCAT retention <20% with
colestipol at a dose of 1 g twice daily, with the dose titrated. After 8 weeks of
treatment, there were significant improvements in IBS symptom severity scores,
stool frequency was reduced, and 15 (55.5%) of the 27 patients reported adequate
relief of symptoms.

14 Antibiotics

Pimentel et al. (2000) observed that some patients with IBS may have underlying
small intestinal bacterial overgrowth (SIBO), detected on hydrogen breath testing, and
that treatment of this with open-label antibiotics led to an improvement in symptoms.
This led to the conduct of a small RCT of rifaximin, a nonabsorbable antibiotic, in IBS
in which global symptoms and bloating improved (Pimentel et al. 2006). In two
subsequent phase III randomized placebo-controlled trials (Pimentel et al. 2011),
comprising more than 1,200 patients with non-constipated IBS, rifaximin at a dose
of 550 mg three times daily for 2 weeks led to significantly higher rates of adequate
relief of global IBS symptoms and bloating. However, the benefit over placebo for
these endpoints was modest, with therapeutic gains of only 8—11%, equating to an
NNT of between 9 and 12.5, although the effect on symptoms persisted out to
10 weeks posttreatment. It is also important to point out that none of the individuals
in these larger trials underwent breath testing to confirm the presence of SIBO. In
addition, stool consistency, number of bowel movements, and urgency were not
improved. Adverse event rates were similar in both treatment arms, and there were
no cases of Clostridium difficile.

A subsequent meta-analysis of five RCTs of rifaximin (Menees et al. 2012),
comprising 1,803 patients, reported similar efficacy with an NNT of 10 for both
improvement in global symptoms and bloating, and again rifaximin appeared safe
in the pooled data from these trials. A further trial has been conducted (Lembo et al.
2016a), in which 2,579 patients received open-label rifaximin 550 mg three times
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daily for 2 weeks. Among the 1,074 patients who responded to treatment and were
successfully followed up, 636 (59.2%) had a recurrence of symptoms at a median of
10 weeks (range 624 weeks) posttreatment. They were then randomized to up to
two repeat courses of rifaximin 550 mg thrice daily for 2 weeks each, separated by
10 weeks, or placebo, in a double-blind manner. Response rates were significantly
higher with rifaximin after both the first and the second repeat treatments, but again
the magnitude of this difference was modest at 8%. The FDA approved the use of
rifaximin for IBS-D patients in 2015, and the treatment course can be repeated in
case of recurrence of symptoms, up to two times (FDA approves two therapies to
treat IBS-D, n.d.). A small randomized controlled study (Acosta et al. 2016)
appraised the potential mechanisms for the beneficial effect on symptoms in
non-constipated IBS patients, including colonic transit by scintigraphy, mucosal
permeability by lactulose-mannitol excretion, and fecal microbiome, bile acids, and
short-chain fatty acids measured on random stool sample. This study showed only
acceleration of ascending colon emptying and overall colonic transit at 48 h, which
is paradoxical given the indication for this drug in the treatment of IBS-D (Acosta
et al. 2016).

15 Intestinal Secretagogues

Lubiprostone, a prostaglandin derivative, acts on CIC-2 chloride channels on the
apical membrane of the intestinal enterocyte. This leads to active chloride secretion
into the intestinal lumen, with passive movement of sodium ions and water as a
result. Thus fluid secretion increases, and GI transit is accelerated and stools become
looser. The drug has been studied at a dose of 8 mcg twice daily for 12 weeks in
two large phase III trials, containing 1,171 patients with IBS-C (Drossman et al.
2009). In these trials, response to therapy was defined as at least moderate relief of
global symptoms for 2 out of the 3 months of therapy. In a pooled analysis from both
RCTs, response rates were 17.9% with lubiprostone, compared with 10.1% with
placebo (P = 0.001). There were also improvements in abdominal pain scores,
straining, and stool consistency, although no significant effect on quality of life.
Nausea was the commonest side effect, experienced by 8% of patients.
Linaclotide is a minimally absorbed 14-amino acid peptide, which is a guanylate
cyclase-C receptor agonist. The resulting increase in intracellular cyclic guanosine
monophosphate (cGMP) leads to the secretion of chloride and bicarbonate into the
intestinal lumen, via the cystic fibrosis transmembrane regulator and, similar to the
action of lubiprostone, water then follows. The increase in cGMP may also have
effects on sensory afferent neurons, leading to pain inhibition, an effect noted in the
phase III clinical trials of the drug that were conducted in chronic idiopathic
constipation (Lembo et al. 2011), where abdominal discomfort and bloating
improved significantly. In the two phase III trials conducted in IBS-C (Chey et al.
2012; Rao et al. 2012), which used a dose of 290 mcg once daily, response to
therapy was defined as a >30% decrease in pain, and an increase of >1% complete
spontaneous bowel movement per week. In one RCT (Chey et al. 2012), at
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26 weeks, the response rate was 32.4% with linaclotide, compared with 13.2% with
placebo (P<0.001), equating to an NNT of 5. In the second study (Rao et al. 2012),
at 12 weeks the response to therapy was 33.6% with linaclotide, versus 21.0% with
placebo (P<0.001), with an NNT of 8. In this trial, after 12 weeks patients entered a
4-week randomized withdrawal period, in which those originally assigned to
linaclotide were re-randomized to either linaclotide or placebo, and patients origi-
nally allocated to placebo were given linaclotide. In this part of the study, those
remaining on linaclotide showed a continued benefit; those re-randomized to
placebo experienced a deterioration of their symptoms, which returned towards
baseline; and symptoms improved in those originally receiving placebo who were
given linaclotide. The main adverse event with linaclotide was diarrhea, occurring
in almost 20% of participants in both studies.

Both lubiprostone and linaclotide are approved by the FDA for the treatment of
IBS-C. The efficacy of plecanatide, another guanylate cyclase agonist (Shailubhai
et al. 2011), is being studied in phase II and III trials in IBS, but the results of these
are unavailable at the time of writing.

16 Conclusions

Although IBS is traditionally thought of as a functional disorder, with no underlying
organic explanation, as our understanding of the potential underlying pathophysiologi-
cal mechanisms increases, it is becoming evident that there are genuine genetic,
microbial, structural, and biochemical abnormalities in a subset of patients. These
include abnormal central processing, altered GI motility, immune activation,
low-grade inflammatory activity, changes in the diversity of the GI microbiota, altered
bile acid metabolism, and aberrant enteroendocrine signaling. An overarching hypoth-
esis of the etiology of IBS would be that, in a genetically susceptible individual,
dietary or environmental antigens, microbiota, or a combination of both induce
alterations in the function of the GI epithelial barrier, triggering an immunological
response, characterized by inflammation, and release of neurotransmitters and
cytokines that lead to visceral hypersensitivity, abnormal transit, disordered mood,
and central changes in afferent processing.

At the present time, the treatment of IBS remains focused on treating the
patient’s predominant or most troublesome symptom. Effective therapies exist,
and include dietary manipulation, soluble fiber, probiotics, peppermint oil,
antispasmodics, antidepressants, eluxadoline, drugs acting on the 5-HT; receptor,
rifaximin, and intestinal secretagogues. However, the efficacy of most of these is
modest, high-quality evidence for some is sparse, and none have been shown to
alter the long-term natural history of the disorder. Until therapies are developed that
target some of the proposed underlying pathophysiological mechanisms described
above, and are tested in high-quality RCTs, the treatment of IBS is likely to remain
an inexact science.
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Abstract

Inflammatory bowel diseases, most commonly categorized as Crohn’s disease
and ulcerative colitis, are immune mediated chronic inflammatory disorders of
the gastrointestinal tract. The etiopathogenesis is multifactorial with different
environmental, genetic, immune mediated, and gut microbial factors playing
important role. The current goals of therapy are to improve clinical symptoms,
control inflammation, prevent complications, and improve quality of life. Dif-
ferent therapeutic agents, with their indications, mechanisms of action, and side
effects are discussed in this chapter. Anti-integrin therapy, a newer therapeutic
class, with its potential beneficial role in both Crohn’s disease and ulcerative
colitis is also mentioned. In the end, therapeutic algorithms for both diseases are
reviewed.

Keywords
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1 Introduction

Inflammatory bowel diseases (IBD), also called Crohn’s disease (CD) and ulcera-
tive colitis (UC), are complex, multifactorial, immune mediated disorders of gas-
trointestinal tract characterized by chronic relapsing inflammation. Although the
exact etiopathogenesis remains unknown, recent studies have implicated different
genetic, environmental, and immune mediated factors along with gut microbiome
involvement.

Population-based studies have demonstrated genetic factors contributing to the
pathogenesis of IBD; an eight to tenfold greater risk of IBD among relatives of UC
and CD probands has been described and, most importantly, that there is concor-
dance between identical twins (Cho and Brant 2011). However, the genetic factors
account for only a part of disease variance indicating that microbiota and environ-
ment may interact with genetic susceptibility. The adaptive immune system has
been considered to play the main role in the pathogenesis of IBD. Recent research
in immunology has confirmed that the innate immune system maintains great
importance in inducing gut inflammation. Recent advances in our understanding
of IBD pathogenesis explain important disease mechanisms, including not only the
innate and adaptive immunity, but also the complex interactions between different
genetic, microbial, and environmental factors (Yi-Zhen and Yong-Yu 2014). Based
on our improved understanding in the disease pathogenesis, newer targeted
therapies have been discovered with better efficacy and outcomes.
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2 Pathophysiology of Inflammatory Bowel Disease

Recent progress in genetic testing and DNA sequencing technology has allowed
many genome-wide association studies (GWAS) in IBD resulting in new single
nucleotide polymorphisms (SNPs) discovered (Yi-Zhen and Yong-Yu 2014).
Nucleotide-binding oligomerization domain containing 2 (NOD2) was the first
susceptibility gene for CD discovered in 2001. Dendritic cells from CD patients
with susceptibility variants in NOD2 gene are deficient in autophagy induction as well
as reduced localization of bacteria in autophagolysosomes (Cooney et al. 2010).
Genetic analyses have also reported two other autophagy-related genes, IRGM and
ATGI6LI, showing an important role for autophagy in immune responses in IBD. A
recent genetic association study, employing genome-wide association data of more
than 75,000 IBD patients and controls, has identified 163 susceptibility loci for IBD.
Of these 163 loci, 110 confer risk to both IBD subtypes, whereas 30 loci are unique to
CD and 23 loci are unique to UC (Liu et al. 2015). However, all identified loci
individually contribute only a small percentage of the expected heritability in IBD
(Uhlig et al. 2014).

Environmental factors also play an important role in the pathogenesis of IBD.
Many environmental factors including smoking, diet, drugs, water pollution, geog-
raphy, sleep, and stress have been identified as risk factors for IBD. Public health
strategies such as environmental sanitation as well as the increasing use of anti-
biotics have led to changes in the interaction between humans and microbes in the
environment. Consequently, improvements in hygiene and health care can alter the
composition of the gut microbiota and lead to a state of disequilibrium between
protective and pathogenic bacteria (dysbiosis) (Abegunde et al. 2016). Vitamin D
has immuno-regulatory properties in several autoimmune diseases via its genomic
actions on the vitamin D receptor (VDR) (Cantorna et al. 2004). There is accu-
mulating evidence that vitamin D may play an integral role in the incidence and
disease activity in IBD (Ananthakrishnan et al. 2012).

Mucosal immunity, especially the T cell response has also been studied exten-
sively in IBD pathogenesis. Dysfunctions of innate and adaptive immune pathways
are considered to contribute to the aberrant intestinal inflammatory response in
patients with IBD. The focus on adaptive immune response has ultimately led to the
understanding that CD and UC represent two distinct immunological forms of gut
inflammation: CD being considered to be driven by a Thl response and UC being
associated with a non-conventional Th2 response. The newly described Th17 cells
have also been discovered to be involved in the gut inflammatory response in IBD
(Cobrin and Abreu 2005; Targan and Karp 2005). Research studies have recently
focused on the innate immune responses, such as epithelial barrier integrity,
microbial sensing, autophagy, and unfolded protein response. Recent studies have
discovered cells mediating innate immunity and the expression and function of both
toll like receptors (TLRs) and NOD proteins are altered significantly in individuals
with IBD (Abreu et al. 2005).
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3 Current Therapeutics
3.1 Goals of Therapy

The primary focus in the management of IBD is to improve the quality of life and
achieve clinical remission. Beyond this, our existing data promotes an emphasis on
endoscopic and mucosal remission. Evidence and consensus-based recommendations
for determining therapeutic goals for treating to target have been made available
(Peyrin-Biroulet et al. 2015). Recommendations for UC treatment target include a
clinical and patient-reported remission (defined as resolution of rectal bleeding and
diarrhea/altered bowel habit) and endoscopic remission (defined as a Mayo endo-
scopic subscore of 0—1) with histological remission as an adjunctive goal (Peyrin-
Biroulet et al. 2015). For Crohn’s disease, a target of clinical remission (defined as
resolution of abdominal pain and diarrhea/altered bowel habit) and endoscopic remis-
sion (defined as resolution of ulceration at ileocolonoscopy, or resolution of findings
of inflammation on cross-sectional imaging in patients who cannot be adequately
assessed with ileocolonoscopy) with biomarker remission (i.e., normal C-reactive
protein (CRP) and fecal calprotectin) as an adjunctive target (Peyrin-Biroulet et al.
2015). This paradigm shift of achieving deeper endoscopic remission stems from the
lack of correlation between clinical symptoms as reported by patients and endoscopic
healing. In a systematic review and meta-analysis of over 2,000 patients with active
UC, mucosal healing achieved by any medical therapy was associated with long-term
clinical remission, avoidance of colectomy, and corticosteroid-free clinical remission
(Shah et al. 2016). Similarly, achieving deeper, endoscopic remission correlated with
better long-term outcomes, improved quality of life, and fewer surgical operations in
Crohn’s patients (Colombel et al. 2015).

Monitoring of efficacy and treatment endpoint by colonoscopy and histology
should be considered gold standard, however patients and sometimes physicians are
hesitant to repeat multiple endoscopic procedures. Alternative options using fecal
biomarkers such as fecal calprotectin, fecal lactoferrin can quite closely correlate
with disease activity as determined by history and endoscopy in both Crohn’s
disease and UC (Sipponen et al. 2008a, b; Schoepfer et al. 2010; Vieira et al. 2009).

In certain situations, however, surgery should be a treatment option that must not
be overlooked or delayed, especially in cases of fibrostenotic disease. Those with
more complex disease such as fistulizing/penetrating disease with intra-abdominal
abscesses may warrant multidisciplinary evaluation and treatment with interven-
tional radiologists, dieticians, and colorectal surgeons. Delaying appropriate treat-
ment in these cases is not only harmful in prolonging patient’s clinical symptoms
but in some cases can worsen or complicate disease.
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Table 1 5-ASAs in IBD

5-ASA derivatives Solubility Site of release Pregnancy

Sulfasalazine (sulfapyridine +5- Colonic Colon B*

ASA) bacteria

Asacol HD pH >7 Distal ileum — colon C

Delzicol pH >7 Distal ileum — colon B

Pentasa Time released | Jejunum — ileum-colon B

Colazal Colonic Colon B
bacteria

Dipentum Colonic Colon C
bacteria

Lialda pH >7 Distal ileum — colon B

Apriso pH >6 Mid to distal ileum — B

colon

“Take 2 g/folic/day

3.2 Therapeutic Drugs

Our therapeutic armamentarium for IBD has slowly grown over the past several
years. Different therapeutic targets, their indications, benefits, and potential side
effects are discussed here.

3.2.1 Aminosalicylates

Oral 5-aminosalicylic acid (5-ASA) preparations are used for the treatment of mild
to moderately active ulcerative colitis. Initially developed as therapy for rheuma-
toid arthritis, clinical improvement in patients with concomitant UC leads to the use
of sulfasalazine in IBD. Due to side effects in those with sulfa allergy and nausea,
newer forms of 5-ASAs were created specific for its effects on the GI tract. Table 1
lists differences in these compounds. Oral formulations come in various forms, each
broken down in different areas of the GI tract (see Table 1) and release its granules
and contribute to a topical effect in the GI tract mucosa. Rectal formulations come
in suppository or enema form, with suppositories (1 g/day) effective for up to
15-20 cm, and enemas (4 g/day) reaching up to the splenic flexure.

In a Cochrane systematic review of oral 5-ASA for induction of remission in UC,
5-ASAs in a daily dose of 2.4 g was safe and effective for induction therapy for
patients with mild to moderate UC (Wang et al. 2016a). Once daily dosing was
similar in efficacy and safety as conventionally dosed 5-ASA (Wang et al. 2016a).
No differences in efficacy and safety was found among the various 5-ASA formu-
lations but slightly higher number of patients on sulfasalazine (29%) experienced
adverse events compared to 15% on 5-ASAs (RR 0.48, 95% CI 0.37-0.63) (Wang
et al. 2016a).

In another Cochrane review of 41 studies, 5-ASA was superior to placebo for
maintenance therapy (clinical or endoscopic remission) in ulcerative colitis (Wang
et al. 2016b). 5-ASA administered once daily is as effective and safe as conven-
tional dosing for maintenance of remission in quiescent ulcerative colitis and no
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difference in efficacy or safety was found between the various formulations of
5-ASA although in comparison to sulfasalazine, 5-ASA had a statistically signifi-
cant therapeutic inferiority. Those with extensive colitis or frequent relapses
benefited from a higher dose (4.8 g) of maintenance therapy and were equally
safe without any higher incidence of adverse events compared to low dose therapy
(Wang et al. 2016b). Common adverse events of 5-ASAs include flatulence,
abdominal pain, nausea, diarrhea, headache, dyspepsia, nasopharyngitis, and wors-
ening ulcerative colitis (Wang et al. 2016a, b). Using combination oral and rectal
mesalamine therapy provides earlier and more complete relief of distal UC than
oral or rectal therapy alone (Safdi et al. 1997; Probert et al. 2014).

5-ASAs are generally safe for pregnancy and all are category B except for
Asacol HD due to its coating and olzalazine, both of which are category
C. Although all 5-ASAs are excreted through breast milk, they are considered
safe to continue throughout lactation. Males on sulfasalazine should discontinue
the drug for 6 weeks prior to trying to conceive due to its effects of reversible
oligospermia. Pregnant females on sulfasalazine should take at least 2 g of folic
acid daily due to the drug’s effects on folate metabolism. No dose reduction is
required in the geriatric population, but due to its potential for nephrotoxicity, close
monitoring of renal function, particularly during induction therapy and at minimum
yearly thereafter is warranted in this age group (Gudsoorkar and Abraham 2015).

5-ASA use in CD, on the other hand, is controversial. The topically acting
5-ASA would be unable to treat transmural layers of inflammation characteristic
of CD. However, it may benefit those with mild or mucosal Crohn’s colitis. The
National Cooperative Crohn’s Disease Study showed that 5-ASA use in CD
induced remission of acute flares in a double-blind randomized control trial in
comparison to placebo in patients with Crohn’s colitis but did not benefit those with
small bowel Crohn’s disease (Summers et al. 1979).

3.2.2 Corticosteroids

Corticosteroids have been used for more than 60 years with the first clinical trial
in 1954 by Drs. Truelove and Witts demonstrating benefit in ulcerative colitis
(Truelove and Witts 1954). The mode of action is thought to stem from its ability
to modulate the immune response through interaction with glucocorticoid receptors
in the cell nucleus which inhibit expression of adhesion molecules and trafficking of
inflammatory cells to the intestine. A meta-analysis by Ford and colleagues con-
firmed that corticosteroids are effective in both Crohn’s disease and ulcerative
colitis (Ford et al. 2011). In UC, there is a dose-response effect with oral predni-
sone between 20 and 60 mg/day, with 60 mg being slightly more effective than
40 mg/day (Kornbluth and Sachar 2010). There is no data on how to taper
prednisone, but most recommendations include tapering by 5-10 mg weekly
after clinical improvement is achieved (typically by 5-7 days). Because they are
quick in onset to remit symptoms, inexpensive, and available in oral formulation,
they have become commonly used in IBD patients. However, because of their
significant short- and long-term adverse effects (namely diabetes, osteoporosis,
risk of opportunistic infections), use should be closely monitored and repeated
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courses are limited. While steroids are effective in induction of remission, there is
no role for these medications as maintenance therapy.

With the increasing concern over adverse effects related to steroid use, this has
led to development of budesonide. With its extensive first pass hepatic metabolism,
this drug is delivered locally to the distal ileum and proximal colon. The majority of
budesonide is converted by the cytochrome P-450 system in the liver to inactive
metabolites, with only 10-15% of the drug reaching the systemic circulation
(Greenberg et al. 1994). Therefore, this is ideal for patients with mild to moderate
ileal and right-sided colonic CD.

More recently, budesonide has been shown beneficial in UC. For maximum
release in the colon, it is coupled with a novel colonic release system (MMX Multi-
Matrix System) which allows for delivery of drug to the entire colon (Travis et al.
2014). Budesonide MMX (Uceris) is approved for induction of remission in
patients with mild to moderate UC. In a study by Travis et al., Budesonide MMX
9 mg was shown to have a significant increase in the combined clinical and
endoscopic remission rate compared with placebo (17.4% vs 4.5%; p = 0.0047).

Corticosteroids are also available in a topical formulation. In the USA, they are
available as a 100 mg hydrocortisone enema or as a 10% hydrocortisone foam and
have been shown to be effective in distal colitis (Cohen et al. 2000). As in oral
corticosteroids, these topical agents have not been shown to be effective in
maintaining remission.

In hospitalized patients with severe UC, corticosteroids should be administered
in the form of IV methylprednisolone (48-60 mg daily) or hydrocortisone
(300—400 mg daily). Methylprednisolone is generally preferred due to its decreased
mineralocorticoid properties as compared to hydrocortisone (Lichtenstein et al.
2006). Response is typically seen by day 5 of therapy with rates approximating
50% (Jarnerot et al. 1985).

A significant number of patients will experience an adverse effect with one study
quoting up to 50% of all patients who have been exposed to corticosteroids
(prednisone) (Singleton et al. 1979). Some of the early side effects seen include
acne, body edema, sleep and mood disturbance, and glucose intolerance. With
prolonged use (typically >12 weeks), some of the more serious adverse effects
include cataracts, osteoporosis, osteonecrosis of the femoral head, myopathy, risk
of opportunistic infections, and development of diabetes (Lichtenstein et al. 2006).
To monitor and prevent complications, recommendations such as calcium and
vitamin D supplementation, periodic bone mineral density assessment, annual
ophthalmologic examinations (for those on long-term corticosteroids), and moni-
toring for glucose intolerance are important to consider in the clinical practice.

Corticosteroids, specifically prednisone and budesonide are pregnancy category
C. These are considered safe during pregnancy. Some studies have demonstrated a
small risk of cleft lip/palate in babies of mothers exposed to steroids in the first
trimester of pregnancy (Park-Wyllie et al. 2000). However, there is no evidence
demonstrating an increase in major fetal malformations with corticosteroid use
(Hosseini-Carroll et al. 2015). High doses of corticosteroids late in pregnancy
should be avoided if possible due to the risk of dependence of fetus on
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corticosteroids. Corticosteroids are thought to be safe to administer in breast-
feeding patients as very low levels are transferred into breast milk (McKenzie
et al. 1975).

In the elderly population, studies have demonstrated a higher incidence of
steroid dependence. Moreover, more frequent and severe adverse events have
been found including longer hospitalizations, osteoporotic-related fractures, altered
mental status, and precipitating or exacerbating diabetes mellitus (Akerkar et al.
1997).

3.2.3 Antibiotics

Since microbial dysbiosis has been implicated in its etiology, using antibiotics to
treat IBD makes theoretical sense. Several meta-analyses have found antibiotics,
the most studied (ciprofloxacin, metronidazole, and rifaximin) to be efficacious for
induction of remission and treatment of flares in both UC and CD. From a diverse
number of antibiotics tested (anti-tuberculosis therapy, macrolides,
fluoroquinolones, 5-nitroimidazoles, and rifaximin) either alone or in combination,
a systematic review and meta-analysis of 10 RCTs in active CD of over 1,000
patients were found to be superior to placebo (RR of active CD not in remis-
sion = 0.85; 95% confidence interval (CI) = 0.73-0.99, p = 0.03) (Khan et al.
2011).

For quiescent CD, 3 RCTs using different antibiotics combinations (all including
antimycobacterials) vs. placebo showed a statistically significant effect in favor of
antibiotics compared to placebo (RR of relapse = 0.62; 95% CI = 0.46-0.84)
(Khan et al. 2011). In perianal fistulizing CD trials, using either ciprofloxacin
(500-1,000 mg/day) or metronidazole (1,000—1,500 mg/day) showed a statistically
significant effect in reducing fistula drainage (RR = 0.8; 95% CI = 0.66—0.98) used
alone or in combination with other therapies (azathioprine, infliximab, adalimu-
mab) (Khan et al. 2011).

In the prevention of post-operative Crohn’s disease recurrence, studies using
nitroimidazole antibiotics (metronidazole, ornidazole) report a 13% reduction in
endoscopic recurrence rates comparing metronidazole to placebo (p = 0.02), and
reduced clinical recurrence rates at 1 year (4% vs 25%), but the benefit was not
sustained at 2 and 3 years (Rutgeerts et al. 1995). Use of ornidazole 1 g/daily started
within 1 week of surgery and continued for 1 year showed significantly reduced
clinical recurrence rates at 1 year (7.9%) compared to placebo (37.5%; p = 0.0046).
Endoscopic recurrence at 12 months was also significantly reduced compared to
placebo (79% vs 53.6%; p = 0.037). However, higher side effects and poor
tolerance lead to higher drop-out rates (p = 0.041) minimizing their long-term
efficacy (Rutgeerts et al. 2005a, b).

Another, less frequently evaluated area where antibiotics can become quite
useful is small bowel bacterial overgrowth in Crohn’s disease. Use of metronida-
zole and ciprofloxacin can improve intestinal symptoms such as bloating and
abdominal pain in these patients with documentation of normalization of lactulose
breath tests (Castiglione et al. 2003).
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In active UC, 9 RCTs with 662 patients showed a statistically significant benefit
for antibiotics inducing remission (RR of UC not in remission = 0.64; 95%
CI = 0.43-0.96) (Khan et al. 2011). Antibiotics have also been found to be useful
in treating pouchitis. Patients with IPAA, and chronic refractory pouchitis taking
ciprofloxacin 1 g/day and tinidazole 15 mg/kg/d had a greater reduction in the total
Pouchitis Disease Activity Index scores and subscores and a greater improvement
in quality-of-life scores than those in the mesalamine group (p < 0.03) with both
clinical remission and clinical response in the antibiotic group 87.5% vs. only 50%
in the mesalamine group (p = 0.069). However, adverse events of peripheral
neuropathy and dysgeusia developed in the antibiotic group (Shen et al. 2007).
Two other studies found that using rifaximin (either alone or in combination with
ciprofloxacin) effectively treated active or chronic, treatment-resistant pouchitis
with minimal side effects (Gionchetti et al. 1999; Isaacs et al. 2007).

Although the diverse number of antibiotics tested makes data difficult to inter-
pret for specific medications, overall these results suggest that adjunctive
antibacterial therapy is effective for induction of clinical remission improving
outcomes in IBD patients. However, systemic side effects can limit long-term
antibiotic use.

In regard to antibiotic use in pregnancy, metronidazole is category B, however
the CDC recommends against the use of it during the 1st trimester. There have been
some studies suggesting increased risk of preterm delivery (Andrews et al. 2003;
Klebanoff et al. 2001) but no increased risk of congenital anomalies (Burtin et al.
1995; Caro-Paton et al. 1997). Ciprofloxacin and rifaximin are both category C, and
often avoided as these are used mostly as adjunctive therapy.

Special consideration should be given to the elderly with antibiotic use.
Although age-dependent dose adjustment is not common, one should keep in
mind that a decreased renal excretion of metronidazole and its metabolites occur
in the elderly (Lau et al. 1992). Considering the physiologic decline in GFR with
age and some studies suggesting increased serum concentrations in the elderly,
attention should be paid to the dosage of ciprofloxacin even in the absence of overt
renal insufficiency as ciprofloxacin is eliminated renally (LeBel et al. 1986; Bayer
et al. 1987). Age greater than 60 years and concurrent steroid use have also been
implicated as risk factors for tendinopathy associated with quinolones.

3.2.4 Immunomodulators

The use of immunomodulators, 6-mercaptopurine (6-MP), azathioprine (AZA), and
methotrexate (MTX) has been integral in the treatment for IBD as they function as
steroid-sparing agents in maintenance of remission. Likewise, their use increased
with the advent of biologic therapy since their combined use has been shown to
enhance the efficacy of anti-TNF agents as well as decrease immunogenicity
(Colombel et al. 2010).
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Fig. 1 6-MP/AZA metabolism pathway

6-Mercaptopurine/Azathioprine

The thiopurines, 6-MP and AZA have been shown to maintain remission in both
CD and UC. AZA is the prodrug to 6-MP as it is metabolized to 6-MP. Both drugs
are thiopurine analogues that work through their active metabolite 6-thioguanine
nucleotide (6-TGN) which in turn causes inhibition of DNA and RNA synthesis
as well as T-cell apoptosis (see Fig. 1) (Frei et al. 2013). Several studies have
suggested the importance of measuring metabolites of 6-MP and AZA as this may
be useful in optimizing the dosage. Therapeutic levels of 6-TGN (the active
metabolite) should be in range of 235-500 pmol/8 x 10® erythrocytes and higher
levels raise concern for leukopenia and bone marrow suppression (Frei et al. 2013).
Elevated levels of the inactive metabolite, 6-methyl-MP (6-MMP) > 5,700 pmol/
8 x 10® erythrocytes, puts a higher risk for hepatotoxicity. Lastly, if both 6-TGN
and 6-MMP levels are low, this would suggest the patient is under dosed or
non-compliant with therapy.

Current recommendations include checking TPMT enzyme activity prior to
initiation of therapy in order to identify those who have low enzyme activity
(homozygous deficient in TPMT) thereby avoiding potential drug toxicity and
adverse effects. It has been reported that roughly 0.3% of the population has low
to absent enzyme activity, 11% has intermediate levels, and 89% has normal to high
levels of activity (Lichtenstein et al. 2006). Both 6-MP and AZA should be avoided
in those with low to absent activity. In those with intermediate activity, strict lab
monitoring should be done in addition to consideration of starting at lower dose.
Based on studies to date, the target dosing for those with normal TPMT activity for
AZA is 2.0-3.0 mg/kg and 6-MP is 1.0-1.5 mg/kg. Both drugs typically require
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2-3 months prior to seeing clinical benefit as there is a delay in obtaining therapeu-
tic metabolite levels.

6-MP and AZA have not been shown to be effective drugs for induction of
remission in either CD or UC. Studies have shown that in CD and UC, both 6-MP
and AZA are effective in preventing a relapse based on multiple randomized
controlled trials (Frei et al. 2013). Furthermore, Rosenberg et al. found that AZA
was superior to placebo in reducing need for steroids in steroid-dependent CD
patients (Rosenberg et al. 1975). In prevention of post-operative recurrence of CD,
two randomized controlled trials demonstrated superiority of AZA/6-MP over
placebo (Frei et al. 2013). Other indications for use of thiopurines include
fistulizing CD as well as pouchitis.

Safety and Side Effects

Common side effects include nausea, vomiting, and abdominal pain which typically
are mild and improve with either dose reduction and/or with continued use over
time. Other nonspecific reactions include fever, rash, and arthralgia which are
independent of the dose and may require cessation of drug. One major side effect
of either 6-MP or AZA is bone marrow suppression seen in up to 2—5% of patients
(Present et al. 1989). Leukopenia is the most common hematologic abnormality but
thrombocytopenia and pancytopenia can be seen less commonly. This adverse
effect is often dose related and can be managed with reducing dose and/or with-
drawal of the drug. In order to avoid this potential drug toxicity, a TPMT enzyme
activity is now routinely checked prior to starting 6-MP or AZA. Additionally,
routine lab monitoring with a complete blood count (CBC) weekly to biweekly for
4 weeks, then monthly for 3 months, then every 3 months should be continued
regardless of TPMT activity. Pancreatitis, which is independent of dose has been
reported in 1.3-3.3% of patients treated with AZA or 6-MP for IBD (Present et al.
1989; Haber et al. 1986), typically occurring within a few weeks of starting therapy.
The drug must be immediately stopped and not restarted as pancreatitis will
generally recur with rechallenge of either drug. Drug induced liver injury has also
been reported with 6-MP or AZA such as drug-induced hepatitis, cholestasis,
nodular regenerative hyperplasia, and peliosis (Lichtenstein et al. 2006). A range
of different infections have been reported such as disseminated cytomegalovirus
(CMV) infection, CMV colitis, pneumonia, herpes zoster, and liver abscess to name
a few (Lichtenstein et al. 2006). Overall, the risk of adverse events is reported to be
from 15% with 10% of patients requiring withdrawal of drug (Lichtenstein et al.
2006). The two most common and important drug interactions with 6-MP or AZA
to be aware of: 5-aminosalicylates (higher 6-TGN levels through inhibition of
TPMT) and allopurinol (inhibits xanthine oxidase causing 6-MP/AZA toxicity/
bone marrow suppression) (Lichtenstein et al. 2006). Lastly, these drugs are
associated with an increased risk for non-Hodgkin’s lymphoma and nonmelanoma
skin cancer (NMSC). A meta-analysis by Kandiel and colleagues demonstrated a
fourfold increase of lymphoma in patients with treated with 6-MP/AZA (Kandiel
et al. 2005). Long and colleagues studied a cohort of 53,377 IBD patients in order to
evaluate the risk of NMSC and found that persistent exposure to thiopurines
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(>365 days) had more than a fourfold risk of NMSC compared to IBD patients not
exposed to thiopurines (Long et al. 2010).

Pregnancy and Lactation

The thiopurines are classified FDA pregnancy category D. It was originally given
this classification in the 1950s when originally approved for treatment of leukemia
(Beaulieu and Kane). The doses used to treat IBD are smaller and as discussed
below suggest them to be safer than their pregnancy D classification.

Data from the Pregnancy in Inflammatory Bowel Disease and Neonatal Outcomes
(PTIANO) registry in 2012 did not find an increase in gestational or fetal anomalies in
those women on 6-MP/AZA when compared to other groups (Hosseini-Carroll et al.
2015). In the CESAME cohort of 86 thiopurine-treated pregnancies, no increase in
congenital abnormalities was found when compared to 129 IBD controlled pregnant
patients (Coelho et al. 2011). Studies to date have demonstrated transfer of very low
levels of drug in breast milk during breast-feeding; however, this is thought to be
clinically insignificant (Hosseini-Carroll et al. 2015). Therefore, AZA and 6-MP are
believed to be safe during breast-feeding. At this time, both 6-MP and AZA are
thought to be safe to continue during pregnancy as well as during breast-feeding.

Geriatrics

Efficacy of thiopurines appears to be similar among elderly and younger patients
with CD and UC. In the elderly IBD patients, TPMT enzyme activity should be
checked to avoid leukopenia and possible infection. Strict lab monitoring should be
done in these patients as the elderly are at higher risk for infection. As discussed
above, since thiopurines are associated with an increased risk of NMSC, these
patients should be counseled on sun-protective measures, use of sunscreen, and
periodic dermatological exams. Patients should also be counseled on the increased
risk of lymphoma associated with 6-MP/AZA. An important drug interaction to be
aware of is allopurinol which is commonly used in elderly for gout. Allopurinol in
combination with thiopurines can lead to leukopenia through shunting towards
6-TGN by inhibiting xanthine oxidase. In these patients, the dose of 6-MP/AZA
may need to be adjusted (lowered) to factor in use of concomitant allopurinol.

Methotrexate

Methotrexate (MTX) is another immunomodulator that has been widely used, like
the thiopurines, in other autoimmune diseases and some cancers long before it was
routinely used in IBD. Methotrexate works through inhibition of several enzymes
involved in the metabolic pathway of folic acid. With high dose MTX for treatment
of cancer, it is thought that many of the cytotoxic and anti-proliferative effects are
due to inhibition of the enzyme dihydrofolate reductase, which is important in the
synthesis of both purines and pyrimidines. However, low dose MTX used in IBD is
postulated to be related to the inhibition of several other folate dependent and
independent enzyme pathways which causes the downstream immunomodulatory
and anti-inflammatory effects in IBD (van Dieren et al. 2006). Moreover, MTX has
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numerous anti-inflammatory effects, including blocking production of interleukin
(IL)-1, IL-2, IL-6, and IL-8 (van Dieren et al. 2006).

Feagan and colleagues demonstrated MTX 25 mg intramuscularly weekly for
16 weeks was more likely to induce remission in CD than placebo (39.4%
vs. 19.1%, p = 0.025) (Feagan et al. 1995). In a 40 week extension of this study,
the authors found MTX to maintain remission at a higher rate than placebo (65% vs
39%, p = 0.04) when used at a dose of 15 mg weekly (Feagan et al. 2000). In the
COMMIT trial, MTX was assessed for its superiority in combination Infliximab
over Infliximab monotherapy. Unlike the data from SONIC trial (where combina-
tion IFX+ azathioprine was superior to IFX alone), there was no difference in
clinical efficacy between the two groups (Feagan et al. 2014a, b). However, the
study did demonstrate that patients in the MTX + IFX group had lower rates of
immunogenicity and higher trough levels of IFX. This suggests that MTX may be
useful in prevention of immunogenicity with biologic agents. Methotrexate taken
orally has not been shown to be effective in UC. Two large prospective, placebo-
controlled, randomized trials, METEOR and MERIT-UC, are either completed or
ongoing evaluating efficacy of subcutaneous dosing of MTX in UC. The results of
the METEOR will be published soon and the MERIT-UC study is ongoing. Studies
have demonstrated oral dosing has high bioavailability and may be a suitable
alternative in some patients. Additionally, subcutaneous injection has become
preferred over intramuscular injection.

Side effects of MTX include nausea, vomiting, fatigue, diarrhea, leukopenia,
liver fibrosis, hypersensitivity pneumonitis, and teratogenicity (Lichtenstein et al.
2006). Daily folic acid supplementation (1 mg/day) can help to reduce the severity
of the side effects. Minor elevations in aminotransferases may occur and are common;
however, development of hepatic fibrosis and cirrhosis is infrequent. Periodic moni-
toring of liver function tests is recommended. Additionally, screening for hepatitis B
and hepatitis C is recommended prior to initiation. Moreover, counseling to avoid or
minimize alcohol intake with MTX use should be done. Periodic lab monitoring with
liver function tests as well as complete blood count is advised along with baseline
chest X-ray prior to initiating therapy.

Methotrexate is a pregnancy category X drug signifying that it is an absolute
contraindication in pregnancy. It is a folic acid antagonist that has been previously
linked with several forms of birth defects affecting fetal organ development. In fact,
women should wait to be off this medication for at least 6 months prior to
conception (Hosseini-Carroll et al. 2015). Men who take methotrexate are advised
to wait 3 months prior to conception due to the effect of oligospermia related to
MTX. Lastly, it is not to be used during breast-feeding as it is passed into
breast milk.

Methotrexate is used for treatment of CD, but not shown to be efficacious in
UC. The efficacy is similar in both the young and elderly; however, its metabolism
is affected by renal excretion. The dose may need to be adjusted in those elderly
patients with decreased renal function (Greenwald and Brandt 2003). Drug—drug
interactions which need to be monitored include: NSAIDs and 5-ASA (inhibit the
renal excretion of methotrexate and thus may increase its toxicity), tetracycline
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(inhibits methotrexate absorption), penicillin (decreases renal clearance), and meth-
otrexate alters the clearance of theophylline. Folic acid supplementation is impor-
tant to help prevent or minimize side effects of nausea, fatigue, rash, and stomatitis
as well as potential for bone marrow suppression, hepatic fibrosis, and alopecia
(Shea et al. 2014; Greenwald and Brandt 2003). Methotrexate has not been shown
to increase the risk of lymphoma (Subramaniam et al. 2013).

4 Anti-TNF Agents

Tumor necrosis factor alpha (TNF-a), a ubiquitous cytokine is significantly increased
in the setting of inflammation in IBD, along with other conditions such as rheumatoid
arthritis, psoriasis, and psoriatic arthritis. Using agents that block these cytokines
has significantly changed the landscape of treating IBD. Four anti-TNFs are FDA
approved for the treatment of IBD, 3 in CD (infliximab, adalimumab, certolizumab)
and 3 in UC (infliximab, adalimumab, golimumab). All except for certolizumab are
Immunoglobulin G (IgG) molecules that bind to soluble and bound TNF-alpha.
Certolizumab is the Fab fragment of the immunoglobulin (which binds to TNF
alpha) attached to a PEG molecule that improves its half-life. Here we evaluate
their clinical trial data, of both safety and efficacy in treatment of IBD.

4.1 Infliximab

In Crohn’s disease, infliximab 5 mg/kg IV infusion at week 0, 2, and 6 was superior
to placebo in achieving clinical remission off steroids based on CDAI scores<150
in 64% compared to 34% placebo at week 12 (p = 0.03) (Leman et al. 2006) In the
ACCENT I study, of those that achieved clinical remission after induction, 39%
maintained clinical remission with infliximab compared to only 21% with placebo
(p = 0.0003) (Hanauer et al. 2002). Episodic use of infliximab and all other
biologics are avoided due to high risk of anti-drug antibody formation as well as
lower clinical response and remission rates in comparison to scheduled mainte-
nance therapy (Rutgeerts et al. 2004). In ACCENT 1I trial, patients with either
abdominal or perianal fistulas had higher rates of fistula closure with infliximab
than in placebo (36% vs. 19%, p = 0.009) (Sands et al. 2004).

Infliximab was studied in the landmark SONIC trial that showed that combina-
tion therapy of infliximab plus azathioprine (2.5 mg/kg) for patients with moderate
to severe Crohn’s disease naive to biologics was superior in achieving clinical remis-
sion at week 26 (57% combination, vs. 44% infliximab monotherapy (p = 0.02), and
30% azathioprine monotherapy (p = 0.001) (Colombel et al. 2010). Mucosal healing
did occur in a higher number of patients on combination therapy with infliximab and
azathioprine (44%) compared to 30% on infliximab monotherapy (p = 0.06) and only
16.5% in azathioprine monotherapy (p < 0.006 vs combination, p = 0.02 vs. IFX
mono) (Colombel et al. 2010). Although designed differently than the SONIC trial, the
COMMIIT trial did not show that combination infliximab with methotrexate was more
effective than infliximab alone in Crohn’s disease patients (Feagan et al. 2014a, b).
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In ulcerative colitis, the first anti-TNF trial of UC patients in ACT I and ACT II
showed superior induction of remission rates at week 8 as defined by Mayo score
of 2 or less and no subscore more than 1 with infliximab at 38.8% (p < 0.001)
compared to 14.9% with placebo (Rutgeerts et al. 2005a, b). Mucosal healing
defined by absolute Mayo endoscopy subscore of O or 1 was also achieved in higher
number of patients on infliximab at 62% (p < 0.001) compared to only 34% on
placebo. For maintenance, these trials again showed superior sustained clinical
remission with infliximab in both ACT I and II 23% (p = 0.001) and 14%
(p < 0.001), respectively, compared to placebo 8% at week 30. At week 54, 20%
of patients on infliximab maintained clinical remission compared to only 6.6% on
placebo (p = 0.002). Similar to the SONIC trial, the SUCCESS trial also showed
that combination therapy with infliximab 5 mg/kg and azathioprine 2.5 mg/kg daily
achieved higher rates of corticosteroid free clinical remission (40% compared to
only 22% with infliximab monotherapy (p = 0.017), and 24% azathioprine
monotherapy (p = 0.032) for UC patients (Panaccione et al. 2014). For those
with severe colitis, infliximab was found not inferior to cyclosporine as a rescue
treatment to avoid colectomy (Laharie et al. 2012).

4.2 Adalimumab

For Crohn’s disease, the CLASSIC I trial showed that adalimumab induction
therapy at 160 mg SQ at week 0, 80 mg SQ at week 2 induced clinical remission
(CDAI score <150) in 36% compared to only 12% in placebo at week
4 (p = 0.001); (Hanauer et al. 2006). The CHARM trial showed that adalimumab
40 mg SQ every other week maintained clinical remission of 40% and 36% at
weeks 26 and 56, respectively, compared to only 17% and 12% in those on placebo
(both p < 0.001) (Colombel et al. 2007a, b). The study also showed that
adalimumab was superior in complete closure of fistulas in 33% at week 56, com-
pared to only 13% of patients on placebo (p = 0.016) (Colombel et al. 2007a, b). In
the EXTEND trial, mucosal healing (defined as the absence of mucosal ulcerations)
was achieved of the ileocolonic mucosa at week 12 and 52 in 27% and 24% of
patients on adalimumab maintenance therapy compared to only 13% and 0% on
placebo (p = 0.056 and p < 0.001), respectively (Rutgeerts et al. 2012). Retro-
spective studies showed a superior effect of preventing disease flares in the first
6 months of use with combination adalimumab plus thiopurine therapy (86% vs
64% compared to adalimumab monotherapy p = 0.02) and higher rates of clinical
remission (p = 0.046) (Reenaers et al. 2012; Ishida et al. 2013). Adalimumab was
also useful to gain remission in patients that had previously lost response to or
unable to tolerate infliximab compared to placebo (21% vs. 7% p < 0.001) at week
4 in the GAIN trial (Sandborn et al. 2007a, b).

In ulcerative colitis, the ULTRA I and II trials showed adalimumab induction at
160 mg at week 0 and 80 mg SQ at week 2 had higher week 8 clinical remission
rates based on Mayo scoring (see infliximab above) at 18.5% vs. 9.2% on placebo
(p =0.031), and 16.5% vs. 9.3% placebo (p < 0.019), respectively (Reinisch et al.
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2011). With maintenance dosing of 40 mg SQ every other week, 17% of patients on
adalimumab achieved clinical remission at week 52 compared to only 8.5% on
placebo (p = 0.004). Mucosal healing was also higher 41% (week 8) and 25%
(week 52) with adalimumab maintenance therapy compared to placebo 31.5% (week
8) and 15% (week 52) (both p < 0.05), respectively. No clinical trial is available for
adalimumab as rescue therapy to avoid colectomy (Sandborn et al. 2012).

4.3 Certolizumab

Certolizumab at 400 mg SQ induction at week 0, 2, and 4 in patients with moderate
to severe Crohn’s disease showed 37% clinical response rate based on CDAI score
decrease >100 compared to only 26% with placebo (p = 0.04) in the PRECISE I
trial (Sandborn et al. 2007b, 2010). In the PRECISE II trial, maintenance therapy
with certolizumab at 400 mg SQ dosing every 4 weeks was superior 48% compared
to placebo 29% (p < 0.001) at week 26 in maintaining remission (Schreiber et al.
2007). The MUSIC trial also showed that certolizumab contributed to mucosal
healing as defined by CDEIS score <6) at week 54 in 27% of patients (Hebuterne
et al. 2012). Fistula closure was also higher in patients on certolizumab mainte-
nance in 36% of patients compared to only 17% on placebo (p = 0.038) (Schreiber
et al. 2011). In those patients who lost response to infliximab, the WELCOME
study showed that switching to certolizumab 62% of patients achieved clinical
response at week 6 after induction of certolizumab, and maintained clinical
response after 26 weeks in 40% on certolizumab (Sandborn et al. 2010).

4.4 Golimumab

For moderate to severe UC, 18% of patients receiving induction with golimumab at
200 mg SQ week 0, and 100 mg SQ week 2 in the PURSUIT-SC trial achieved
clinical remission at week 6 compared to only 6.4% on placebo (p < 0.001)
(Sandborn et al. 2014a, b). The PURSUIT-M trial showed that sustained clinical
remission at week 54 was 28% in the 100 mg SQ every 4 week maintenance dosing
compared to only 15.6% with placebo (p = 0.004). Mucosal healing was achieved
in 42% at both weeks 30 and 54 compared to only 27% on placebo (p = 0.011 and
p = 0.002), respectively (Sandborn et al. 2014a, b).

No head to head trials have been done to date in either Crohn’s disease or UC
between the anti-TNFs. Although some clinical judgment can be made based on
efficacy based on the trial data and our own clinical experience, a prospective trial
would be needed to truly evaluate differences between these agents.

4.4.1 Safety and Side Effects

Safety of anti-TNFs is of concern to patients. However, close monitoring for
possible side effects and discontinuing therapy immediately if they occur can
minimize morbidity. In comparison to corticosteroids, for example, anti-TNF for
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long-term use is far safer. Most often, patients fail to realize the benefits of these
therapies in comparison to its side effects and an algorithm that evaluates the
prognostic factors of patients with IBD can be used to reassure the patient that
the benefits of these medications most often far outweigh its possible side effects.

One of the main concerns of these biologic agents is the occurrence of opportu-
nistic infections. Due to the risk of reactivation of tuberculosis and hepatitis B, all
patients prior to starting anti-TNF therapy should be evaluated for latent or active
TB and active hepatitis B infection. If negative, vaccination to hepatitis B should be
given ideally prior to initiating therapy. Other fungal infections have been reported
and those on anti-TNF therapy with fevers of unknown origin should be evaluated
for these less commonly thought of infections. Patients may also develop antidrug
antibodies to these agents and can present with a variety of side effects, most
commonly infusion or injection site reactions. Neurological side effects have
been reported including multiple sclerosis — plaque like lesions in the brain that
subsides with discontinuation of therapy. Although used to treat psoriasis, anti-
TNFs can bring about a paradoxical worsening of psoriasis in some patients. More
concerning is pustular psoriasis that occurs in the palms of the hands and soles of
the feet and can be quite debilitating. These patients should discontinue anti-TNF
therapy immediately. Anti-TNFs may also exacerbate CHF and those with signifi-
cant cardiac history should be cleared by cardiology prior to starting therapy. The
potential for lymphoma and other cancer risks may deter many patients from
starting anti-TNF therapy. However, the absolute risks of these are small and
perhaps not as high as previously thought and should be weighed against the risk
of small bowel and colon cancer with untreated disease. One must also note that
most of these drugs are usually given in addition to other drugs like mesalamine,
azathioprine, and corticosteroids and thus, drug interactions and cumulative toxi-
cities should be taken into consideration.

4.4.2 Pregnancy and Lactation

All anti-TNFs are category B in pregnancy. The negligible prevalence of pregnancy
complications of congenital abnormalities, preterm delivery, low birth weight, and
misscarriages with anti-TNF exposure suggests that these medications can be used
well throughout the third trimester, when there is active transplacental transfer of
IgG molecules (El et al. 2010). Data from the PIANO registry of over 1,200 mothers
receiving anti-TNF therapy did not reveal any increased risk of infections to their
infants (Mahadevan et al. 2012). However, live virus vaccines should be avoided in
infants unless there is documentation of undetectable serum levels. Certolizumab,
on the other hand, is unique in that it lacks the Fc portion of the antibody which is
required for active transfer to the fetus, thus very limited levels reach the fetus
(<4% of the mother) (Mahadevan et al. 2013). Due to this, infants born to mothers
on certolizumab can take the live virus rotavirus vaccine safely. Breast-feeding is
considered safe (category B) for all anti-TNF therapies as even minimal breast milk
output does not implicate absorption to the newborn as the immunoglobulins are
degraded by the acid in the infant’s stomach to render them useless (Ben-Horin
et al. 2010, 2011).
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4.4.3 Geriatrics

Anti-TNF use should proceed with even closer monitoring in the elderly as those
older than 65 years had higher incidence of severe infections 11% and 10% total
mortality compared to 2.6% and 1% incidence, respectively, in the younger patients
(Cottone et al. 2011). Risk of severe adverse events was also 3 times higher in this
population compared to BD patients <65 years old on anti-TNF therapy (Lobatén
et al. 2015). Older age has been shown to be a statistically significant predictor of
suboptimal early response to anti-TNF therapy (Lobaton et al. 2015; Ferrante et al.
2007), and age greater than 60 years was a significant risk factor for discontinuation
of this treatment (Desai et al. 2013a, b).

5 Anti-Integrin Agents

Both UC and CD involve persistent recruitment of leukocytes into gut tissue,
coupled with dysregulated activation of immune cell function. The a4 integrins
are key molecules which mediate infiltration of the GI tract by memory T lympho-
cytes binding to mucosal address in cell adhesion molecule 1 (MAdCAM-1) on
endothelial cells, and blockade of this interaction has shown to decrease inflammation
in IBD. Therefore, the a4 integrins are an ideal therapeutic target for IBD (Xavier and
Podolsky 2007; Soler et al. 2009).

There are a number of patients who fail either immunomodulators or anti-TNF
agents either because of (1) primary non-response; (2) loss of response; (3) or
intolerance. The anti-integrin agents have been approved for both primary biologic
therapy and for those who failed anti-TNF therapy.

5.1 Natalizumab

Natalizumab is a humanized IgG4 monoclonal antibody that acts by blocking the
adhesion and subsequent migration of leukocytes into the gut by binding a4integrin.
It has also been shown to be effective in the treatment of multiple sclerosis —
another chronic inflammatory disease as it antagonizes both the oyf; and oyf;
integrins which explains its efficacy in the central nervous system and the GI
tract, respectively (Soler et al. 2009).

In the ENACT-1 and ENACT-2 studies, natalizumab was evaluated as both
induction and maintenance therapy for patients with moderate to severe CD. In the
first trial, 905 patients were randomized to receive 300 mg of natalizumab or
placebo at weeks 0, 4, and 8. Primary outcome was response at week 10, defined
by a decrease in the Crohn’s Disease Activity Index (CDAI) score of at least
70 points. In the second trial, 339 patients who had a response to natalizumab in
the first trial were then randomized to receive 300 mg of natalizumab or placebo
every 4 weeks through week 56. Primary outcome was a sustained response through
week 36. A secondary outcome in both trials was disease remission (a CDAI <150).
In the induction trial, both groups, natalizumab and placebo, had similar rates of
response (56% and 49%; p = 0.05) and remission (37% and 30%, respectively;
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p = 0.12) at 10 weeks. Continuing natalizumab into the second (maintenance) trial
resulted in higher rates of sustained response (61% vs 28%, p < 0.001) and
remission (44% vs. 26%, p = 0.003) through week 36 than switching to placebo
(Sandborn et al. 2005).

The ENCORE trial, a global multi-center study, further evaluated the efficacy
of natalizumab as induction therapy in patients with CD. Patients with moderate
to severe CD and active inflammation, characterized by elevated CRP, were
randomized to receive natalizumab 300 mg or placebo intravenously at weeks
0, 4, and 8. Induction of response was assessed at week 8 sustained through week
12. Response occurred in 48% of natalizumab-treated patients and 32% of patients
receiving placebo (p < 0.001). Sustained remission occurred in 26% of
natalizumab-treated patients and 16% of patients receiving placebo (p = 0.002)
(Targan et al. 2007).

5.1.1 Safety and Side Effects

In the ENCORE trial, the most commonly reported adverse effects included
headache, nausea, abdominal pain, nasopharyngitis, dizziness, fatigue, and exacer-
bation of Crohn’s disease (Targan et al. 2007). Studies of natalizumab to date have
not demonstrated an increased rate of lymphoma, cancers, autoimmune diseases, or
cardiovascular events (Targan et al. 2007).

Natalizumab was initially approved in the USA in December 2004 for relapsing
multiple sclerosis. A few months later in February 2005, two cases of progressive
multifocal leukoencephalopathy (PML) were reported among natalizumab-treated
patients with multiple sclerosis. Shortly thereafter, in an open-label extension study
from ENCORE-2, a patient treated with natalizumab died from PML, associated
with the JC virus, a human polyomavirus. As a result of these three cases of PML,
natalizumab was voluntarily withdrawn from the market in 2005. In 2006, it was
reintroduced, under watchful surveillance by the FDA along with the TOUCH
(Tysabri Outreach: Unified Commitment to Health) Prescribing Program. Three
risk factors have been identified for PML in natalizumab-treated patients: longer
duration of natalizumab therapy, especially beyond 2 years; prior treatment with an
immunosuppressant; and the presence of anti-JCV antibodies (Lichtenstein et al.
2012). Based on available date, the estimated incidence for PML is as follows:

For JCV positive patients who receive natalizumab for up to 24 months, the risk
of developing PML is relatively low: <1 in 1,000 with no prior immunosuppressant
(IS) use; 2 in 1,000 with prior IS use. For JCV positive patients who receive
natalizumab for 25-48 months, the risk of developing PML is higher: 4 in 1,000
with no prior IS use; and 11 in 1,000 for patients with prior IS use. When deciding
to use natalizumab, it is important to understand that natalizumab should only
be used in patients who had an inadequate response or were unable to tolerate
conventional therapies (such as anti-TNF agents) (Lichtenstein et al. 2012).

5.1.2 Pregnancy and Lactation
Natalizumab is categorized as FDA pregnancy Class C, which carries an unknown
risk. There are limited safety data on the use of natalizumab during pregnancy and
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lactation. To date, there is one study in the literature examining natalizumab
exposure in pregnancy. In this small study, the risk of congenital malformations
was not found to be increased in 164 pregnancies in patients with CD or multiple
sclerosis on natalizumab during the first trimester (Nazareth et al. 2008). This same
study examined eight men who were exposed to natalizumab at the time of con-
ception, with no evidence of birth defects. There is no data on breast-feeding.

5.1.3 Geriatrics

Clinical studies of natalizumab did not include adequate numbers of patients aged
65 years and older to determine whether they respond differently than younger
patients.

5.2 Vedolizumab

Vedolizumab is an IgG1 humanized monoclonal antibody which was approved by
the FDA in May 2014 for the treatment of UC and CD. It works to specifically bind
to adp7 integrin, blocking its interaction with mucosal addressin cell adhesion
molecule-1 (MAdCAM-1), which is mainly expressed on gut endothelial cells.
By inhibiting binding, vedolizumab blocks the migration of a subset of memory
gut-homing T lymphocytes into inflamed intestinal tissue. The gut specificity is an
important aspect of this treatment as it should not affect lymphocyte trafficking to
other sites, such as the central nervous system (CNS), and consequently should
limit both systemic and CNS toxicity (progressive multifocal leukoencephalopathy
linked to the JC virus) as seen with natalizumab (Soler et al. 2009). Three clinical
trials have shown its efficacy in both moderate to severe UC and CD.

In the Gemini 1 trial, two randomized, double-blind, placebo-controlled trials
were conducted for induction and maintenance using vedolizumab in moderate to
severe ulcerative colitis. In the induction trial, 374 patients received vedolizumab
(dose of 300 mg) or Placebo at weeks 0 and 2, and 521 patients received open-
label vedolizumab at weeks 0 and 2. Disease activity was then assessed at week
6. In the maintenance trial, those patients from either group who had a response at
week 6 were then randomized to (1) Continue receiving vedolizumab every
8 weeks (2) Continue receiving vedolizumab every 4 weeks or (3) Switch to
Placebo for up to 52 weeks. A response was defined as reduction in the Mayo
Clinic score (range from 0 to 12 with 12 being severely active disease) of at least
3 points and a decrease of at least 30% from baseline, with an accompanying
decrease in the rectal bleeding subscore of at least 1 point or an absolute rectal
bleeding subscore of 0 or 1. Response rates at week 6 were 47.1% in the
vedolizumab group as compared to 25.5% in the placebo group (p < 0.001). At
week 52, 41.8% of patients in the Q8 week Vedolizumab group and 44.8% of
patients in the vedolizumab Q4 weeks were in clinical remission (Mayo Clinic
score <2 and no subscore >1), as compared with 15.9% of patients who switched
to placebo (p < 0.001) (Feagan et al. 2013).
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In the Gemini 2 trial, vedolizumab was studied in patients with moderate to
severe Crohn’s disease for both induction and maintenance of remission. In the
induction trial, 368 patients were randomized to receive vedolizumab or placebo
at weeks 0 and 2, and 747 patients received open-label vedolizumab at weeks
0 and 2. Disease activity was then assessed at week 6. In the maintenance trial,
461 patients who responded to vedolizumab were then randomized to placebo or
vedolizumab every 8 weeks or every 4 weeks for 52 weeks. At week 6, 14.5% of the
patients who received vedolizumab and 6.8% who received placebo were in clinical
remission (CDAI of <150) (p = 0.02). A total of 31.4% and 25.7% of the patients,
respectively, had a CDAI-100 response (>100-point decrease in the CDAI score)
(p = 0.23). Of those patients who responded to induction therapy, 39.0% of the
vedolizumab every 8 weeks and 36.4% of the vedolizumab every 4 weeks were in
clinical remission as compared with 21.6% assigned to placebo (p < 0.001 and
p = 0.004 for the two vedolizumab groups, respectively, vs. placebo) at 52 weeks
(Sandborn et al. 2013).

In the Gemini 3 trial, vedolizumab was specifically evaluated in those patients
with moderate to severe Crohn’s disease and previous anti-TNF failure. Previous
anti-TNF failure was defined as an inadequate response to, loss of response to, or
intolerance to any of the anti-TNF agents. 15.2% of the patients who received
vedolizumab and 12.1% of those who received placebo were in remission at week
6 (p =0.433). At week 10, 26.6% of the vedolizumab group compared to 12.1% of
the place group were in remission (p = 0.001). This study found that the actual
benefit was not detectable until week 10 in treatment with vedolizumab in those
patients with Crohn’s disease who were previously treated with anti-TNF therapy
(Sands et al.).

5.2.1 Safety and Side Effects

Some of the less severe adverse effects encountered with vedolizumab use include
nasopharyngitis, arthralgia, headache, pyrexia, nausea, abdominal pain, upper respi-
ratory infection, and fatigue. A meta-analysis by Wang and colleagues demonstrated
that vedolizumab was not associated with increased rates of any serious adverse
effects (RR: 1.21; 95% CI: 1.00-1.46), serious infections (RR: 1.17; 95% CI:
0.51-2.69) and other adverse events including progressive multi-focal leuko-
encephalopathy (PML), death, and cancer (Wang et al. 2014. Of note, no cases of
PML were found in the approximately 3,000 patients exposed for a median time of
18 months of whom 80% had prior exposure to immunosuppressant (Wang et al.
2014). Due to the gut selectivity of this drug, there was a concern that this agent may
increase risk of gastrointestinal infections. This was not seen in either the UC or CD
trial. Certainly, longer term observational data is needed to further understand the
full safety profile of this drug.

5.2.2 Pregnancy and Lactation

Vedolizumab is FDA pregnancy category B indicating no risk to fetus is expected.
Because vedolizumab is an IgG monoclonal antibody, its placental transfer is
similar to the other IgG drugs (infliximab, adalimumab) with linear increase as
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pregnancy progresses. Moreover, the largest amount of drug is transferred during
the third trimester. There are no controlled studies with vedolizumab in pregnant
women and data is currently being collected through an observational pregnancy
registry. A recent observational study by Dubinsky and colleagues demonstrated
that among 16 vedolizumab exposed pregnancies, there were 9 live births, 2 spon-
taneous abortions, 2 elective terminations, and 3 undocumented outcomes at the last
follow -up visit (Dubinsky et al. 2015). At this time, it is unknown if vedolizumab is
present in human milk. Current recommendations include to exercise caution when
administering vedolizumab to a nursing woman.

5.2.3 Geriatrics

Studies have shown that younger age at onset of disease is a risk factor for more
aggressive disease phenotype and surgery. Additionally, there is concern that the
anti-TNF agents may cause serious adverse events in older patients (Desai et al.
2013a, b). As mentioned above, Vedolizumab has been shown to have a favorable
safety profile. Likewise, sub-group analysis from Gemini 1 trial, which enrolled pts.
from 18 to 80 years, has shown that Vedolizumab is effective and safe among
elderly patients (Feagan et al. 2013). A recent position paper recommends
Vedolizumab as the preferred agent for patients with higher risk of opportunistic
infections such as the elderly population (Armuzzi et al. 2016).

6 Current Therapeutic Algorithm for UC

Patients should be risk stratified into low risk and high risk for colectomy. Those
patients at low risk for colectomy include limited anatomic extent and mild
endoscopic disease. Patients at high risk for colectomy include extensive colitis,
deep ulcers on colonoscopy, age <40, high CRP and ESR, steroid requiring disease,
history of hospitalizations, and infections such as C diff and/or CMV (Kornbluth
et al. 2010). Below are guidelines recently published from the Ulcerative Care
pathway by Dassopoulos and colleagues (Dassopoulos et al. 2015).

6.1 Induction and Maintenance Therapy for Low Risk Patients
(Outpatient)

Induction therapies for low risk patients in the outpatient setting include oral
mesalamine and topical mesalamine therapies as well as oral steroid (budesonide
or prednisone) and topical steroids. In those patients who are responders, recom-
mendations include oral and/or topical mesalamine therapy as maintenance therapy
after slowly tapering steroids off.
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6.2 Induction and Maintenance Therapy for High Risk Patients
(Outpatient)

In those patients who do not respond to the aforementioned medications or relapse
with steroid taper, these patients would follow the treatment algorithm reserved for
high risk patients. The options for induction therapy include steroids along with
either of the thiopurines, anti-TNF therapy +/— thiopurine, vedolizumab +/—
thiopurine. For those patients who respond to any of these therapies, the mainte-
nance therapy would be to continue either the thiopurine or biologic +/— thiopurine
as steroids are tapered.

6.3 If No Remission or Relapse with Above, See Below
for Outpatient Therapy Options

For those patients who fail to achieve remission with thiopurine therapy, then
6-TGN levels should be checked to assess if patient is therapeutic or not. If
subtherapeutic, then dose can be increased and if therapeutic, patient should be
switched to a biologic agent (either anti-TNF or vedolizumab). If patients lose
response to anti-TNF therapy, again drug levels can be checked to assess for
therapeutic concentration and development of antibodies. If subtherapeutic anti-
TNF level and no antibody detected, then dose can be increased or interval
decreased as well as consideration of addition of an immunomodulator. If subther-
apeutic anti-TNF level and antibody detected, then switch to a different anti-TNF
agent can be made. Lastly, if therapeutic anti-TNF level is found, then therapy
should be changed to vedolizumab with or without an immunomodulator. If patient
has lost response to vedolizumab, then dose may be increased to every 4 weeks
or change to anti-TNF therapy with or without immunomodulator should be
considered.

6.4 Induction and Maintenance Therapy for High Risk Inpatients

For patients who are hospitalized and at high risk for colectomy, induction therapies
include IV steroids, IV infliximab, or IV cyclosporine. If patients respond to IV
steroids, then decision can be made to start maintenance therapy with either
thiopurine, anti-TNF therapy +/— thiopurine, vedolizumab +/— thiopurine. In
patients who are IV steroid refractory, options include infliximab, cyclosporine,
or colectomy. In those patients who respond to Infliximab, maintenance therapy
would include to continue infliximab +/— thiopurine. In those patients who fail
infliximab, recommendations are for colectomy. For those patients who respond to
IV cyclosporine, decision must then be made to switch to thiopurine or anti-TNF
therapy +/— thiopurine or vedolizumab +/— thiopurine for maintenance. Lastly, in
those patients who fail IV cyclosporine, recommendations are for colectomy.
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7 Current Therapeutic Algorithm for CD

Due to increasing availability of different therapeutic agents, the medical manage-
ment of Crohn’s disease has rapidly evolved. Early stratification of high risk patients
with poor prognosis and aggressive management can avoid disease complications.
With therapeutic drug monitoring, optimizing dosing and medications to the indi-
vidual patient can increase efficacy of drugs and improve their clinical outcome.

In the management algorithm, a newly diagnosed patient should first be risk
stratified based on disease location, severity of endoscopic and histologic activity,
disease phenotype of inflammatory, penetrating or stricturing activity as well as any
other prognostic markers of genetic mutations such as NOD2 or serologic anti-
bodies. Classifying patients at low risk (mild disease), moderate risk (moderate
disease), or high risk (severe disease) should guide the provider in appropriate
medical therapy. Once treatment is initiated, then treatment target should be based
not only on clinical remission but also on endoscopic and ideally if possible,
histologic remission.

Low risk (mild disease) at presentation: >30 years age at diagnosis; limited
anatomic involvement; no perianal or severe rectal disease; superficial ulcers
(Sandborn et al. 2014a, b).

If mild/superficial colonic Crohn’s disease, consider 5-ASA therapy and step up
as needed.

If mild but small bowel or deeper inflammation, start with immunomodulators
therapy with azathioprine 2.5 mg/kg/day or 6-mercaptopurine 1.5 mg/kg/day if
TPMT normal, or methotrexate 25 mg SQ weekly with 1 mg folic acid daily.
Consider bridging with budesonide EC with ileo-colonic disease, or budesonide
MMX if colonic involvement.

Moderate risk (moderate disease) at presentation:

Consider induction with steroid therapy with either budesonide or prednisone
and use of immunomodulator therapy at treatment dose (see dosing above — low
risk section).

Consider monotherapy with anti-TNF therapy or with low dose immunomodula-
tor therapy (azathioprine 50-100 mg or 50 mg 6MP; or MTX 15 mg PO weekly)
to prevent anti-drug antibody formation.

Consider monotherapy with anti-integrin therapy or with low dose immunomod-
ulator therapy.

High risk (severe disease): Age less than 30 years at diagnosis; extensive
anatomic involvement, perianal and or severe rectal disease; deep ulcerations,
prior surgical resection, stricturing and/or penetrating behavior (Sandborn et al.
2014a, b).
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Consider combination therapy with anti-TNF and full dose immunomodulators
(AZA/6MP or MTX).

Consider combination therapy with anti-integrin therapy and full dose immuno-
modulators therapy.

For those that have either primary nonresponse or secondary loss of response to
medications, therapeutic drug monitoring can help in management: For patients on
azathioprine or 6-MP subtherapeutic thiopurine metabolite levels of 6-thioguanine
suggests either nonadherence to therapy or need for higher dosing. Those that
develop secondary loss of response due to subtherapeutic levels of anti-TNF
medication can benefit from increased dose or frequency of the drug. Those with
subtherapeutic or no anti-TNF levels with high antidrug antibodies will benefit
most from switching to another anti-TNF agent. Those with low titers of antidrug
antibodies may benefit from addition of immunomodulators to reduce and remove
antibodies and increase drug levels. Alternatively, switching to another anti-TNF
agent could be beneficial. Those with therapeutic drug levels and no antidrug
antibodies should be evaluated for other causes of symptoms such as IBS, small
bowel bacterial overgrowth, bile acid induced diarrhea, C. difficile or CMV infec-
tion, and structural disease such as fibrostenosis requiring surgery. If active disease
is confirmed and other etiologies of symptoms are ruled out, these patients benefit
most by switching out of class to a different mechanism of action agent such as an
anti-integrin.

Similarly in the post-operative setting, risk re-stratifying patients can prevent
further complications from Crohn’s disease:

Low risk of disease recurrence patients: Patients with short strictures less than
10 cm, greater than 10 years of lead time to first surgery and no history of
smoking: can be monitored with disease reassessment every 6—12 months with
colonoscopy.

Those with Rutgeerts scores of i0 can be followed without medical therapy.
Those with Rutgeerts score of il should be considered for immunomodulator
therapy. However, those with significant recurrence (scores of i2—i4) should start
anti-TNF therapy. In a meta-analysis of 9 controlled trials, anti-TNF therapy was
more effective at preventing (n = 6) endoscopic recurrence (odds ratio 0.05;
95% confidence interval 0.02-0.13, p < 0.0001; NNT = 1.9), at preventing
(n = 5) clinical recurrence (odds ratio 0.10; 95% confidence interval 0.05-0.21,
p < 0.0001; NNT = 2.4), and treating endoscopic postoperative recurrence
(n = 2; odds ratio 16.64; 95% confidence interval 2.51-110.27, p < 0.004;
NNT = 2.3), than control treatment with thiopurines or mesalamine (Carla-
Moreau et al. 2015).

Moderate risk patients, those with longer strictures or inflammatory stenosis, and
time to index surgery less than 10 years, should receive 3 months of metronida-
zole along with either immunomodulator treatment (6-MP, AZA) or even
consider anti-TNF therapy. Post-operative colonoscopy is recommended within
6—12 months of surgery.
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High risk patients are those with greater than two surgeries, penetrating/
perforating disease, complicated peri- and postoperative course, and/or those
that continue to smoke should start anti-TNF therapy within 4 weeks of surgery
and smoking cessation should be highly encouraged and emphasized. Repeat
colonoscopy at 6 months post-operatively should be done to reassess disease
activity and optimize medical therapy as needed.

8 Conclusion

Crohn’s disease and ulcerative colitis are complex, multifactorial, immune mediated
inflammatory disorders of the gastrointestinal tract. More than 150 genes have been
identified to be involved in the pathogenesis of IBD. Different environmental factors,
such as smoking, diet, pollution, stress and sleep have also been discovered. Defects
in the immune system and bacterial pathogens in the intestinal tract also play an
important role in the chronic inflammatory process. Considering a complex interplay
of these different factors, it is difficult to discover a curative therapy for these
illnesses. The current therapeutic goals are to achieve clinical remission along with
mucosal healing, avoidance of complications such as surgeries and to improve the
quality of life. Different drug classes such as aminosalicylates, antibiotics, immuno-
modulators and biologics are being used as treatment for CD and UC. Recent studies
have shown that early aggressive therapy with combination of different agents such as
immunomodulators and biologics yield to better outcomes in terms of steroid free
clinical remission and mucosal healing. However, aggressive immunosuppression
can lead to increased risks of cancers and infections and careful selection of these
therapeutic agents and risk stratification are important. Different therapeutic algo-
rithms as laid out above in the chapter would help clinicians to choose optimal and
most effective therapy.
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Abstract

There is little evidence for most of the medications currently used to treat functional
abdominal pain disorders (FAPDs) in children. Not only are there very few clinical
trials, but also most have significant variability in the methods used and outcomes
measured. Thus, the decision on the most appropriate pharmacological treatment
is frequently based on adult studies or empirical data. In children, peppermint oil,
trimebutine, and drotaverine have shown significant benefit compared with placebo,
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each of them in a single randomized clinical trial. A small study found that cyproh-
eptadine was beneficial in the treatment of FAPDs in children. There are conflicting
data regarding amitriptyline. While one small study found a significant benefit in
quality of life compared with placebo, a large multicenter study found no benefit
compared with placebo. The antidepressant, citalopram, failed to meet the primary
outcomes in intention-to-treat and per-protocol analysis. Rifaximin has been shown
to be efficacious in the treatment of adults with IBS. Those findings differ from
studies in children where no benefit was found compared to placebo. To date, there
are no placebo-controlled trials published on the use of linaclotide or lubiprostone in
children. Alpha 2 delta ligands such as gabapentin and pregabalin are sometimes
used in the care of this group of children, but no clinical trials are available in
children with FAPDs. Similarly, novel drugs that have been approved for the care of
irritable bowel with diarrhea in adults such as eluxadoline have yet to be studied in
children. Conclusions: Little data support the use of most medications commonly
used to treat FAPDs in children. More randomized, placebo-controlled studies are
needed to assess the efficacy of pharmacological interventions in the treatment of
FAPD:s in children.

Keywords
Children  Clinical trials « Functional abdominal pain disorders e Irritable bowel
syndrome ¢ Treatment

1 Pharmacotherapy for FAPDs in Children
1.1 Definition

The recently published Rome IV criteria (Hyams et al. 2016) defines functional
abdominal disorders (FAPDs) as a group of functional gastrointestinal disorders
(FGIDs) with pain as the driving symptom. This group of disorders includes four
diagnoses: irritable bowel syndrome (IBS), functional dyspepsia, functional abdomi-
nal pain-not otherwise specified (FAP-NOS), and abdominal migraine. The diagnosis
of functional dyspepsia is now subdivided into two different groups: postprandial
distress syndrome that applies to patients who have postprandial fullness or early
satiation, and epigastric pain syndrome that applies to those patients who have pain or
burning localized to the epigastrium without improvement of their symptoms with
bowel movements. The Rome IV criteria have also subcategorized IBS according to
their predominant bowel pattern as IBS with constipation (IBS-C), IBS with diarrhea
(IBS-D), IBS with mixed bowel habits, and IBS unsubtyped.
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1.2 Epidemiology

FAPDS and defecation disorders are the two most common groups of FGIDs. School
studies worldwide have shown a prevalence of FAPDs of 8—14% using the Rome III
criteria (Devanarayana et al. 2011; Gulewitsch et al. 2013; Jativa et al. 2016; Lu et al.
2016; Saps et al. 2014; Saps et al. 2009; Udoh et al. 2016). A survey interviewing a
large sample of mothers of the US general population found that more than 13% of
children and adolescents met diagnosis for at least one FAPD according to the Rome
III criteria (Lewis et al. 2016). IBS is the most common FAPDs with most of the
studies worldwide showing that 4—7% of all school children qualify by this diagnosis
(Devanarayana et al. 2011; Gulewitsch et al. 2013; Jativa et al. 2016; Lu et al. 2016;
Saps et al. 2014; Saps et al. 2009; Udoh et al. 2016). Studies conducted in high-school
students in China found a much higher prevalence (Dong et al. 2005; Zhou et al.
2010a). The reason/s for these differences in prevalence remains unknown. FAPDs
may manifest alone or overlap with other functional (Friesen et al. 2016) or organic
diseases. Three studies have shown that FAPDs frequently overlap with inflammatory
bowel disease (Diederen et al. 2016; Watson et al. 2016; Zimmerman et al. 2013),
with one of the studies showing that up to 24% of children with an inflammatory
bowel disease in remission met the criteria for an FAPD (Watson et al. 2016). This can
add a level of complexity to the treatment of organic disorders and worsen quality of
life and disability in some children.

1.3 Impact and Prognosis

Children with FAPDs have higher anxiety (Janssens et al. 2015) and disability scores
(Otu-Nyarko et al. 2015) and worse quality of life (Rippel et al. 2012; Warschburger
et al. 2014) than their peers. FAPDs are the most common reason for referral to
pediatric gastroenterology in the USA (Rouster et al. 2016) accounting for 52% of all
consultations in children and adolescents. The healthcare costs associated with this
group of children are enormous (Dhroove et al. 2010; Hoekman et al. 2015). A recent
study shows that the cost of inpatient care for children with FGIDs has tripled in the
past 12 years (Park et al. 2015). Still, outcomes of medical treatment of children with
FAPDs continue to be less than optimal with studies showing poor results in 30-60%
of children (Croffie et al. 2000; Lisman-van Leeuwen et al. 2013). A systematic review
showed that 29% of children that sought medical care for FAPDs had abdominal
complaints after 5 years (Gieteling et al. 2008). Among children with FAPDs, those
with symptoms of IBS seem to have a less favorable prognosis compared with children
with functional abdominal pain or functional dyspepsia (Czyzewski et al. 2016;
Gieteling et al. 2008).

1.4 Pharmacological Treatments

Currently, no drugs have been approved by the FDA for the treatment of any FAPD
in children or adolescents. There is a dearth of clinical trials for FAPDs in this age



150 M. Saps and A. Miranda

group. A comprehensive review of pediatric studies published in 2015 found only
seven randomized clinical trials for the treatment of FAPDs in children (Saps et al.
2015). Another systematic review that investigated the efficacy and safety of phar-
macologic agents in children with FAPDs found only six randomized controlled
trials that met criteria for inclusion (Korterink et al. 2015). Both reviews found that
most of these drug studies had methodological flaws that precluded the authors
from drawing meaningful conclusions regarding efficacy. In contrast, several trials
and multiple meta-analyses have been conducted in adults with IBS and multiple
drugs have been approved for the treatment of IBS in adult patients. Currently, there
are three FDA-approved drugs for the treatment of IBS-D in adult patients. Alosetron
is a 5-HT3 receptor antagonist that was initially approved for the treatment of IBS-D.
The drug was transiently withdrawn from the market and later reinstituted for the
treatment of women with severe and refractory IBS-D. Two new drugs have been
recently approved for the treatment of IBS-D by the FDA. These include eluxadoline,
a mixed mu-opioid kappa receptor agonist and delta receptor antagonist, and rifaxi-
min, a gut-specific antibiotic derived from rifampin. Two drugs have been approved
in the USA for the treatment of adults with IBS-C: linaclotide, a peptide guanylate
cyclase C-agonist, and lubiprostone, a CIC-2 chloride channel activator.

The high prevalence of FAPDs in children, their impact on quality of life, and
the poor treatment outcomes call for well-designed, randomized controlled trials
investigating the efficacy of currently used drugs and the development of novel safe
and effective therapies for this population. One of the challenges in evaluating the
therapeutic benefit of any drug for chronic abdominal pain in children and adults
has been the high placebo response rates that can range from 20 to 50% in some
studies (Pourmoghaddas et al. 2014; Saps et al. 2009). The decision to use a specific
therapy often depends on a significant therapeutic gain over placebo that can some-
times be achieved successfully with more natural or alternative therapies. This is
important in children because of ongoing neuroplasticity and development that can be
influenced by centrally acting drugs. In all cases, the long-term risks of medications
in children are unable to be assessed in adult trials and need to be considered prior to
selecting a therapy in the clinical setting. For that reason, in children with FAPDs
without significant disability, the first line should always be a therapy with the lowest
side-effect profile.

In this chapter we review the pediatric literature on the commonly used drugs for
the care of children with FAPDs, highlighting some of the strengths and limitations
of the published studies and the gaps in the literature when those exist. While the
focus will be on treatments for which data in children exist, in some instances, only
adult studies have been done. In those cases, the drug will be reviewed only if there
is anecdotal evidence of any benefit in children that is based on expert opinion.

1.5 Antispasmodics

There are several classes of antispasmodics: smooth muscle relaxants, antimuscarinic
agents/anticholinergics drugs, selective calcium channel blockers, and peripheral
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opiate agonists. Antispasmodics are commonly used as first line in the treatment of
children with IBS and FAP-NOS. There are no meta-analyses and only few random-
ized clinical studies have been conducted in children investigating the efficacy of this
group of drugs in children and adolescents. Thus, the use of these drugs is mostly based
on anecdotal experience and adult data. There are no data on the efficacy of two of the
most commonly used antispasmodics in children in the USA (hyoscyamine and dicy-
clomine). Both myorelaxants have not proven efficacy in reducing abdominal pain in
adult patients with IBS (Chang et al. 2006). An evidence-based systematic review on
drug treatments for IBS by the American College of Gastroenterology (ACG) IBS task
force (Brandt et al. 2009) found evidence for the efficacy of antispasmodics as a class
for the treatment of IBS. It was suggested that hyoscine, cimetropium, pinaverium,
and peppermint oil (which has antispasmodic properties) could be effective for the
short-term relief of abdominal pain and discomfort in adults with IBS (ACG re-
commendation Grade 2C). There was no evidence available to assess the efficacy
of antispasmodics for long-term treatment. A meta-analysis by Ford et al. on 12
antispasmodics found that in addition to cimetropium, pinaverium, and hyoscine,
otilonium was also effective in the treatment of IBS (Ford et al. 2008). A Cochrane
meta-analysis found that antispasmodics were effective for the treatment of IBS in
adult patients (Ruepert et al. 2011). Fifty-eight percent of patients receiving anti-
spasmodics improved compared to 46% of patients in the placebo group (RR 1.32;
95% CI 1.12to 1.55; P < 0.001; NNT = 7). The meta-analysis found that otilonium,
cimetropium, dicycloverine, hyoscine, pinaverium, and trimebutine were more effec-
tive than placebo in improving abdominal pain and global symptoms of IBS in adults.

Another meta-analysis found that that after excluding low-quality trials, octylonium
bromide was efficacious in improving global IBS symptoms (OR: 2.1; 95% CI:1.8-2.9),
although those results were based on only two studies (Lesbros-Pantoflickova et al.
2004).

1.5.1 Mebeverine

Mebeverine is a beta-phenylethylamine derivative that acts as an intestinal smooth
muscle relaxant with antiperistaltic effects. Although its mechanism of action is not
completely understood, studies have shown that it blocks voltage-operated sodium
channels and inhibits intracellular calcium accumulation (Den Hertog and Van den
Akker 1987).

A randomized, double-blind, placebo-controlled trial on 115 children 618 years of
age diagnosed with FAP according to the Rome III Criteria showed no statistically
significant effect of mebeverine over placebo in intention-to-treat or per-protocol
analysis (Pourmoghaddas et al. 2014). Subjects were randomized to receive mebe-
verine (135 mg, twice daily) or placebo for 4 weeks. Treatment response rate in the
mebeverine and placebo groups based on ITT analysis was 40.6 and 30.3% at week
4 (P =0.469] and 54.2 and 41.0% at week 12 (P = 0.416), respectively. Three out of
44 subjects discontinued the use of mebeverine due to side effects (drowsiness,
nervousness, and nausea). Subjects in the mebeverine group experienced significantly
more dry mouth than subjects in the placebo group (43.1% versus 23.2%, P = 0.047).

Studies in adults showed similar results to pediatric studies. The meta-analysis
by Ford found it unclear whether mebeverine was more effective than placebo in



152 M. Saps and A. Miranda

the treatment of IBS in adults (Ford 2012). A meta-analysis of eight trials (555 adult
patients) (Darvish-Damavandi et al. 2010) that were randomized to receive mebe-
verine or placebo found that it was not beneficial in achieving clinical improvement
of abdominal pain [relative risk (RR) 1.13, 95% CI: 0.59-2.16, P = 0.7056] or
relief of abdominal pain (RR 1.33, 95% CI: 0.92-1.93, P = 0.129) compared to
placebo.

1.5.2 Trimebutine

Trimebutine maleate is an opioid agonist that acts on the peripheral delta, mu, kappa,
and delta opiate receptors; modulates the release of peptides such as vasoactive intesti-
nal peptide, gastrin, and glucagon; and induces the release of motilin (Delvaux and
Wingate 1997). Thus, trimebutine has prokinetic as well as antinociceptive effects. As a
prokinetic, trimebutine accelerates gastric emptying, induces premature phase III-like
motor complexes of the intestinal migrating motor complex, and increases postprandial
colonic motor activity (Shannon et al. 1989). Although motilin release could be at least
partially responsible for the increase in phase III intestinal motor activity, a study has
shown that in humans, this effect could be at least partially mediated by its agonistic
effects in opiate receptors as the injection of naloxone suppresses trimebutine-induced
intestinal complexes without a clear effect on the interdigestive contractile activity of
the colon (Valori et al. 1987). In animals, trimebutine lowers reflexes induced by the
distension of the gut that may result in modulation of visceral sensitivity (Delvaux and
Wingate 1997).

A study on 78 children with IBS found a significant benefit of trimebutine maleate
compared with a non-medicated group (Karabulut et al. 2013). Ninety-five percent of
children receiving trimebutine achieved clinical recovery (adequate relief) compared
with 20.5% who had spontaneous recovery (P < 0.0001). The study did not report side
effects on any of the groups. In adults with IBS, the efficacy of trimebutine had mixed
results. Two systematic reviews comparing trimebutine with placebo in adults with
IBS showed improvement in abdominal pain (Lesbros-Pantoflickova et al. 2004;
Martinez-Vazquez et al. 2012). However, the results were statistically significant in
one of the reviews (81) and not significant in the other one (Martinez-Vazquez et al.
2012). A randomized clinical trial conducted in a group of patients with IBS that
included some adolescents (15-60 years of age) compared the effect of mebeverine
and trimebutine and found no statistically significant difference in effect between both
drugs (Rahman et al. 2014). The authors reported that no patients in the study had
worsening of symptoms or side effects. No studies comparing both drugs have been
conducted in children or adolescents alone.

1.5.3 Peppermint Oil (Menthae Piperitae Aetheroleum)

Peppermint oil is an essential oil isolated via steam distillation from the fresh leaves
of peppermint (Mentha piperita L.) that has been used to treat abdominal ailments
since antiquity (Ulbricht et al. 2010). Peppermint oil and l-menthol, the active
ingredient of peppermint oil, have multiple mechanisms of action that makes them
attractive to be used in the care of FAPDs. Peppermint oil is a smooth muscle
calcium channel blocker (Grigoleit and Grigoleit 2005; Hawthorn et al. 1988).
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Studies on the gastrointestinal effect of peppermint oil have shown a decrease in the
number and amplitude of contractions of the migrating motor complex with an
increase in length of phase I and II and shorter phase III (Micklefield et al. 2000).
Oral administration of peppermint oil has also been shown to prolong orocaecal
transit time (mean time: placebo 65 min, peppermint oil 85 min) while having no
effect on gastric emptying time (Goerg and Spilker 2003). In addition, studies have
shown a relaxing effect on the gallbladder with inhibition of gallbladder emptying
(Goerg and Spilker 2003). The effect of peppermint oil varies with enteric coating.
Enteric coated preparations have an effect on gastroduodenal motility during the
second MMC after its administration while non-enteric coated have more limited
(possibly due to dilution and decrease in concentration of the substrate) but faster
effect (Micklefield et al. 2000). Peppermint oil may also have a neuronal site of
action since it directly inhibits the function of human 5-HT3 receptors. It is likely
that some of the actions of menthol are related to the modulation of 5-HT3 receptor
function (Ashoor et al. 2013). In rats, 5-HT3-induced smooth muscle ileum con-
tractions are suppressed by menthol (Heimes et al. 2011). It has been proposed that
peppermint oil and menthol antiemetic effect (Tate 1997) could be at least partly
explained by their action on the 5-HT(3) receptor ion-channel complex (Heimes
et al. 2011). Orally administered menthol is effectively absorbed by the gastroin-
testinal mucosa. Menthol undergoes extensive enterohepatic recirculation, and it is
incompletely metabolized to menthol glucuronide. Although the effects of pepper-
mint oil are thought to be mostly due to local action, there is some evidence of a
possible systemic effect. Menthol is rapidly absorbed into the brain, and therefore,
functional modulation of 5-HT3 receptors could explain some of the effects noted
(Pan et al. 2012). A study has also shown that menthol has direct effects on the spinal
cord, decreasing pain hypersensitivity (Pan et al. 2012). Menthol blocks voltage-
gated Na+ and Ca2+ channels decreasing neuronal excitability that contributes to
menthol-induced central analgesia (Enna and McCarson 2006). It has been suggested
that menthol could centrally activate y-aminobutyric acid (GABA) type A receptors
that could explain some of its antinociceptive properties (Enna and McCarson 2006).
A study in children showed peak plasma concentrations (Tmax) varying between 2.5
and 8 h post-dose. The residence of the drug in the intestine in children and adults and
the length of time to its central effect may vary with the peppermint oil formulation
(Kline et al. 2001). An additional factor of variability could be related with the
metabolism of menthol and its clearance from plasma. The clearance of menthol is
associated with cytochrome P450 (CYP)2A6 activity, the major enzyme involved in
the hydroxylation of menthols by liver microsomes in humans (Miyazawa et al.
2011). The activity of P450 (CYP)2A6 is not dependent on age, sex, race, or weight.
There is little data on the efficacy of the use of peppermint oil in children with
FAPDs. A 2-week, placebo-controlled, multicenter trial conducted in 42 children
with IBS showed a significant benefit of enteric coated pH-dependent release of
peppermint oil (75%) compared with controls (43%) (Kline et al. 2001). The study
did not report any side effects. A meta-analysis of nine studies conducted in adults
with IBS showed that peppermint oil was significantly superior to placebo in global
improvement of IBS symptoms and improvement in abdominal pain (Khanna
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et al. 2014). Patients receiving peppermint oil were significantly more likely to report
adverse events; however the events were mild and transient. Heartburn was the most
commonly reported adverse. Aromatherapy with peppermint has also been used to
reduce postoperative nausea. A study comparing aromatherapy with alcohol, placebo,
and peppermint found that aromatherapy with peppermint was as effective as placebo
(Anderson and Gross 2004).

1.6 Antibiotics

Rifaximin is a semisynthetic poorly absorbed antimicrobial derivative of rifamycin.
Rifaximin formulation contains an extra pyrido-imidazole ring to reduce systemic
absorption that is less than 1% after oral administration (Huang and DuPont 2005).
Rifaximin elicits its antimicrobial properties by binding to the beta-subunit of the
bacterial DNA-dependent RNA polymerase and thus inhibiting bacterial RNA syn-
thesis (Ojetti et al. 2009). It has a wide local antimicrobial effect against aerobic and
anaerobic Gram-positive and Gram-negative bacteria (Ojetti et al. 2009). Rifaximin’s
effect in restoring the balance of the gut microflora has led to its use in several organic
and functional gastrointestinal conditions such as traveler’s diarrhea (Alajbegovic
et al. 2012), hepatic encephalopathy, inflammatory bowel disease, colonic diverticu-
lar disease, and small intestine bacterial overgrowth (Ojetti et al. 2009).

Rifaximin was approved by the FDA in 2015 for the treatment of adults with
IBS-D but has not received approval for use in children. The adult approval includes
an initial use at a dose of 550 mg three times daily for 14 days and retreatment on a
14-day course up to two times in patients who experience recurrent symptoms.

The mechanism of action of rifaximin in the treatment of IBS-D is not completely
understood. Quantitative and qualitative alterations in the gut flora had been found
in some patients with IBS (Kerckhoffs et al. 2009; Posserud et al. 2007; Pyleris et al.
2012). Based on these data it would have been reasonable to suggest that the sole
mechanism of action of rifaximin is due to its antimicrobial effect. However, clinical
trials on patients with IBS-D have shown persistent symptom improvement >12 weeks
after one course of treatment (2 weeks) with rifaximin. This suggests that the mechan-
ism of action may not be limited to its immediate bactericidal effect and that the lasting
effects that result from the treatment with rifaximin affect an underlying cause/s of IBS.
Multiple mechanisms of action have been proposed including rifaximin playing a role
in modulating the gut microenvironment by improving dysbiosis and promoting the
colonization of the gut with beneficial bacterial species (DuPont 2016a, b), inducing
changes in the production and metabolism of intestinal bacteria, reducing bacterial
products that negatively affect the host, and modulating the inflammatory responses of
the host to bacterial products (Pimentel 2016).

The approval of rifaximin in adult patients was based on multiple clinical trials
including two major studies (TARGET 1 and TARGET 2) (Pimentel et al. 2011)
conducted in adult patients with IBS without constipation. In both studies the
subjects received rifaximin 550 mg or placebo, three times daily for 2 weeks, and
were followed for another 10 weeks. Significantly more patients in the rifaximin
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group compared to the placebo group reported adequate relief of IBS symptoms
during the first 4 weeks after treatment (TARGET 1: 40.8% vs. 31.2%, P = 0.01;
TARGET 2 40.6% vs. 32.2%, P = 0.03). More patients in the rifaximin group also
reported improvement in bloating, abdominal pain, and stool consistency. There
was a similar incidence of adverse events in both groups. The TARGET 3 study
investigated the effects of retreatment and showed the benefit of rifaximin (Lembo
et al. 2014) after a first and second repeat treatment. An important consideration
when using antimicrobials to treat FAPDs is the possible selection of resistant
bacteria, but this appears to be unusual. The TARGET 3 trial did not find evidence
of pathogenic gastrointestinal bacterial growth or overall bacterial overgrowth after
repeated treatment (Lembo et al. 2014).

Two clinical trials have investigated the effect of rifaximin in children with IBS
(Collins and Lin 2011; Scarpellini et al. 2013). A double-blind, placebo-controlled
trial conducted in 75 children aged 8—18 years with chronic abdominal pain found
no significant difference in symptom improvement between both groups (Collins
and Lin 2011). The study included a mixed group of diagnosis including functional
dyspepsia, functional abdominal pain, and IBS. This was considered acceptable
since, regardless of symptoms, 91% of children with chronic abdominal pain had
abnormal lactulose breath hydrogen (LBT) (Collins and Lin 2010). Children in the
study were randomized in a 2:1, double-blind fashion to receive 550 mg of rifaxi-
min or placebo three times per day (same dose as TARGET adult trials) for 10 days.
Participants had LBT and questionnaires at baseline and 2 weeks after treatment.
Over 90% of children in both groups tested positive for LBT (criteria used to
diagnose small bowel bacterial overgrowth) at baseline. The authors hypothesized
that the negative results of the study were due to the low frequency of successful
treatment of small bowel bacterial overgrowth after treatment with only 20% of
children treated with rifaximin having normalized LBT after treatment. Only one
child withdrew from the study after 1 day of receiving rifaximin due to abdominal
pain. An open trial by Scarpellini et al. (2013) was conducted in 50 children with
IBS. All children underwent an LBT test at the beginning of the study. Children
who tested positive in the LBT received rifaximin 200 mg three times daily for
7 days, while the rest remained untreated. Among the 33 children who tested
positive for small bowel bacterial overgrowth, the LBT normalized in 64% of the
children after rifaximin treatment. Children who normalized the LBT had a signifi-
cant improvement in intensity of abdominal pain, bloating, and flatulence compared
with their baseline symptoms. Children who did not normalize the LBT after
rifaximin treatment had no significant difference in intensity of gastrointestinal
symptoms from baseline. Only two adverse events were reported and both were
related to mild constipation. Together, the interpretation of the results of both pediatric
trials deserves consideration. The results of the open trial seem to be in line with the
explanation given by Collins et al. to explain their negative study (few children achie-
ved a negative LBT with treatment) as most children who normalized the LBT in the
Scarpellini et al.’s (2013) study had improvement of their gastrointestinal symptoms
while those who did not normalize their LBT had no improvement. However, certain
aspects of these studies remain unexplained. The dose of rifaximin in the placebo-
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controlled study was much higher than in the open-label study (1650 mg versus 600 mg
daily) and still only 20% of children versus 64% of children normalized their LBT.
The comparison of the results of the pediatric and adult studies raises the questions on
whether the pathophysiology of IBS and the effect of treatment are different in adults
and children. The TARGET studies found a beneficial effect of rifaximin without the
requisite of having a positive LBT (inclusion criteria was only IBS without constipa-
tion) while the results of the pediatric open-label study (Lembo et al. 2014) suggest that
a negative LBT and thus the absence of small bowel bacterial overgrowth would be
necessary to achieve a positive effect of the treatment. However, an alternative expla-
nation is that the designs of the pediatric and adult studies are different and thus do not
allow comparisons since the adult studies were limited to patients with IBS, while the
randomized clinical trial in children included a mixed sample of children with various
FAPDs (15% functional dyspepsia, 55% IBS, and 31% functional abdominal pain).

1.7 Cyproheptadine

Cyproheptadine is an antagonist of histamine (H-1), serotonin (5-HT2A, 5-HT2B,
and 5-HT2C), and calcium channels (Yamamoto et al. 2006). In addition to its
extraintestinal uses including allergy, migraines, and neuroleptic induced akathisia,
it is commonly used in pediatric gastroenterology to treat abdominal pain (Johnson
et al. 2014; Madani et al. 2016; Weiss et al. 1995). Only one randomized, placebo-
controlled trial has been published assessing the efficacy of cyproheptadine in
children abdominal pain. This study included 29 children with functional abdomi-
nal pain who were randomized to cyproheptadine or placebo. Cyproheptadine was
found to be significantly better than placebo (Sadeghian et al. 2008). Children
(4-12 years) in the study were randomized to cyproheptadine 0.25-0.5 mg/kg or
placebo daily in two divided doses for 2 weeks and their outcomes were assessed at
the end of the first and second weeks. Pain resolved in 20% of cases and improved
in 66.6% of cases. In the placebo group, there was no change in 50% of cases,
improvement in 35.7% of cases, and worsening pain in 14.3% of cases. There was
also improvement in both the patients’ self-report and the parents’ impression in the
cyproheptadine group compared with the placebo group. Two children had side effects
including increased appetite or airway problems. Among other pain-predominant con-
ditions, a case series and a retrospective study reported benefit of cyproheptadine in
the treatment of abdominal migraine (Lundberg 1975; Worawattanakul et al. 1999).
Worawattanakul et al. reported that among 12 children who received treatment for
abdominal migraine with cyproheptadine at a dose of 0.25-0.50 mg/kg daily, 83% had
an excellent or a fair response (Worawattanakul et al. 1999). Most of the patients in this
chart review received propranolol as first-line drug and had a similar rate of improve-
ment (83%); however 75% of children that received propranolol were categorized as
excellent improvement compared to only 33% of those in the cyproheptadine group.
Parents reported side effects from cyproheptadine in only two children (one patient
had drowsiness and another one had increased appetite and excessive weight gain).
Another retrospective review (Madani et al. 2016) on the use of cyproheptadine
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reported improvement in 72% (13/18) of children with abdominal migraine, 75% (6/8)
of children with cyclic vomiting syndrome, and 100% (10/10) of children with IBS.
Rodriguez et al. conducted a retrospective, open-label study on the use of cyprohepta-
dine in children with dyspeptic symptoms (Rodriguez et al. 2013). The study that was
conducted on a sample of 80 children with refractory upper gastrointestinal symptoms
(retching post-fundoplication and abdominal pain nausea, vomiting and early satiety)
found a beneficial response to therapy in 55% of cases. This is the only pediatric study
that has reported the effect of cyproheptadine in a sample of patients with retching after
a Nissen fundoplication. The response rate in this group of children was (12/14) 86%.
The authors attribute the benefit of cyproheptadine in patients with fundoplication to its
effect in improving fundic accommodation and/or gastric hypersensitivity to distention.
There were side effects in 30% of children (somnolence 16%, irritability/behavioral
changes 6%, increased appetite and weight gain 5%, abdominal pain 2.5%). Despite the
authors showing a tendency to a lower response in patients with functional dyspepsia,
this medication is frequently used for this purpose. One of the most common indica-
tions is for the treatment of functional nausea in children; however due to the fact that
this diagnosis was only recently implemented in children by the Rome IV Criteria
(Hyams et al. 2016), there have been no prospective studies specifically designed to
assess its effect in this group of children. One of the most common side effects of
cyproheptadine is increased appetite; thus the drug is often used as an appetite stimulant
in children with nonorganic failure to thrive.

1.8 Prosecretory Drugs

1.8.1 Linaclotide

Linaclotide is a 14-amino-acid synthetic peptide agonist of guanylate cyclase C (GC-C)
that is currently approved by the Food and Drug Administration (FDA) and European
Medicines Agency (EMA) for the treatment of chronic constipation and IBS-C in adult
patients (Kang et al. 2015). Linaclotide is homologous to the bacterial heat-stable
enterotoxins which causes global endemic diarrhea (Bharucha and Waldman 2010).
Linaclotide pH-independently binds with high affinity to GC-C that is selectively
expressed in mucosa cells from the duodenum to the rectum (Lucas et al. 2000).
GC-C catalyzes the conversion of GTP to cGMP leading to the accumulation of
intracellular cyclic guanosine-3’,5'-monophosphate (¢cGMP) (Bryant et al. 2010;
Busby et al. 2010) and stimulation of signaling cascades through downstream effectors
(Lucas et al. 2000). Linaclotide has a concentration-dependent dual mechanism of
action increasing intestinal fluid secretions and accelerating intestinal transit in addition
to reducing visceral hypersensitivity. Linaclotide is stable in simulated gastric fluid
(pH 1) and resistant to hydrolysis by pepsin (Busby et al. 2010). Linaclotide appears to
be well tolerated (Bharucha and Waldman 2010; Lee and Wald 2011) and acts locally
in the GI tract. Since it is poorly absorbed it has minimal systemic exposure, reducing
the risk of systemic adverse effects. The most common side effect of linaclotide is
diarrhea that is inherent to its mechanism of action. Linaclotide is approved for IBS-C
at a 290 pg dose and for chronic constipation at a 145 pg dose (Layer and Stanghellini
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2014). There are no published studies on the efficacy and safety of linaclotide in
children or adolescents.

1.8.2 Lubiprostone

Lubiprostone belongs to the prostone group, a group of drugs derived from a metabo-
lite of prostaglandin E1. Lubiprostone is an orally administered synthetic bicyclic fatty
acid secretagogue agent that acts at the apical membrane at the luminal side of the
intestinal epithelial cells. It is a selective type 2 chloride channel activator (C1C-2) that
elicits its effect in the small intestine and colon through the CFTR-dependent pathway
(Bijvelds et al. 2009) promoting efflux of chloride and water secretion (Raschi and De
Ponti 2014). This leads to luminal distension and secondary peristalsis that accelerates
small bowel and colonic transit (Saad and Chey 2008). Although it was initially
thought that the lubiprostone effect could be independent of CFTR, animal studies
show that in the absence of CFTR activity, lubiprostone does not induce Cl secretion in
the ileum (Bijvelds et al. 2009). Prostones, unlike prostaglandins, do not stimulate
smooth muscle contraction, and in fact lubiprostone inhibits neuronally mediated
contractions of colonic circular muscle (Camilleri et al. 2006). Thus, in healthy
subjects, lubiprostone does not directly increase colonic motor function and has no
apparent effect on sensation (Sweetser et al. 2009). Lubiprostone also has an effect on
the stomach. It increases fasting, but not postprandial, gastric volume and delays
gastric emptying of a solid meal. It has, however, been shown to decrease fullness
30 min after a satiating meal (Camilleri et al. 2006).

Lubiprostone is rapidly metabolized by carbonyl reductase and its metabolism is
independent of the hepatic cytochrome P450 system. Lubiprostone has been approved
by the US FDA for the treatment of chronic idiopathic constipation (24 pg twice daily),
irritable bowel syndrome with constipation (IBS-C) (8 pg twice daily), and opioid-
induced constipation in adults. The most common side effects are transient nausea
(approximately 20% of patients), diarrhea, and headaches (Camilleri et al. 2006;
Johanson 2002, 2003, 2004). Lubiprostone appears to be safe in long-term studies.
An open-label study that included 127 children assessed its effects on stool consistency
and number of bowel movements (Hyman et al. 2014). In this study, children received
lubiprostone for 4 weeks at doses of 12 pg once daily, 12 pg twice daily, or 24 pg twice
daily based on their age and weight. The study showed a significant increase in the
mean number of bowel movements compared with baseline (3.1 vs. 1.5/week). The
most common adverse events were nausea (18.5%), vomiting (12.1%), and diarrhea
(8.1%). No randomized placebo-controlled studies have been published in children.

1.9 Antidepressants

Adult and pediatric patients with FAPDS have visceral hypersensitivity and per-
ceive higher pain intensity (Castilloux et al. 2008; Di Lorenzo et al. 2001; Nozu and
Kudaira 2009; Van Ginkel et al. 2001; Zhou et al. 2010b). It has been demonstrated
that psychological stress, including poor sleep, can cause changes in intestinal motility
and hypersensitivity in IBS patients compared to healthy controls (Dickhaus et al.
2003; Patel et al. 2016; Rao et al. 1998). Several studies have investigated
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the effectiveness of antidepressants in patients with FAPDs. Some of the most
commonly used antidepressants to treat FAPDs are tricyclic antidepressants (TCAs)
that include amitriptyline, imipramine, and desipramine. Selective serotonin reuptake
inhibitors (SSRIs) have also been studied, including citalopram, fluoxetine, and parox-
etine. However, the clinical efficacy of antidepressants for FAPD:s is still controversial.

1.9.1 Tricyclic Antidepressants (TCAs)

To date, the exact mechanisms for the antinociceptive effects of TCAs remain
unknown. Most studies that have investigated the effects of antidepressants on
IBS symptoms do not include patients with clinical psychological comorbidities,
making it very difficult to determine whether the presence of these comorbidities
influences the effects of the treatment. In other words, whether symptom improve-
ment with antidepressant therapy occurs through treatment of the psychological
condition or primarily by affecting pain pathways is not well known. It is important
to consider that the doses of TCAs used to treat chronic pain are much lower than
those used to treat depression. Overall, TCAs are likely to have several targets and
mechanisms responsible for the analgesic effect. This group of drugs has been used
to treat patients with FAPDS and other chronic pain conditions such as migraine
headaches, fibromyalgia, and neuropathic pain (Moore et al. 2015; Powers et al. 2013;
Rico-Villademoros et al. 2015). In IBS patients, amitriptyline reduces visceral sensi-
tivity to rectal balloon distention and acute stress-induced visceral hypersensitivity
(Thoua et al. 2009). One potential mechanism is related to its effect on voltage-gated
sodium channels. Amitriptyline inhibits currents in these channels and decreases their
expression in animals (Liang et al. 2014). The antinociceptive effects may also be
related to (1) effects on serotonergic and adenosine pathways, (2) effects on the endog-
enous pain modulation system known as diffuse noxious inhibitory control (DNIC) or
potentiation of endogenous opioids, or (3) modulation and antagonism of the NMDA
receptor (Eisenach and Gebhart 1995; Gray et al. 1998; Liu et al. 2013).

A recent meta-analysis from adult studies demonstrated that TCAs (amitripty-
line, imipramine, desipramine, doxepin, trimipramine) significantly improve clini-
cal symptoms of IBS compared to placebo (Rahimi et al. 2009). One of the most
commonly used TCAs is amitriptyline. A meta-analysis of four large randomized,
placebo-controlled trials of amitriptyline for the treatment of IBS in adults showed
a fourfold clinical improvement in those undergoing treatment compared to placebo
(Chao and Zhang 2013).

In children with FAPDS, the benefits of TCAs are more controversial since
data are conflicting. In a large multicenter trial involving 90 children with chronic
abdominal pain (including functional dyspepsia, functional abdominal pain, and
IBS), low-dose amitriptyline was no better than placebo. There was a 53% improve-
ment in satisfactory relief of symptoms and satisfaction with treatment in children
who received amitriptyline and 50% in those receiving placebo. In this study, the
large placebo response may have explained the negative results (Saps et al. 2009).
Interestingly, in that study, amitriptyline did lower anxiety scores at the end of the
4-week trial compared to placebo. A smaller randomized trial of amitriptyline in
33 adolescent females with IBS showed improvement in quality of life at 4 and
8 weeks (Bahar et al. 2008). This study was difficult to interpret due to incomplete
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information regarding abdominal pain scores. More importantly, patients in the
placebo group responded with worsening pain, which questions the validity of the
study.

Because amitriptyline has been associated with a modest QTc prolongation, a
screening EKG is recommended prior to initiating treatment (Castro et al. 2013).
However, there are no clear guidelines on the need for ECG prior or after treatment
in children receiving low doses of amitriptyline. It should be noted that antidepressants
have an FDA black box warning due to increased risk of suicidal thoughts and ideation
that has been linked to this class of medication (Olfson et al. 2008). The prevalence of
major psychiatric conditions in children reporting chronic abdominal pain is low and
there are currently no published reports of increased suicidal behavior in nondepressed
children receiving low dose of amitriptyline for the treatment of FAPDs.

1.9.2 Selective Serotonin Reuptake Inhibitors (SSRIs)

More than 90% of the body’s serotonin is located in the gastrointestinal tract.
Because serotonin and its receptors play a critical role in gastrointestinal function
and motility, SSRIs represent an attractive therapeutic option. Further, a number of
adult and pediatric patients who seek treatment for FGIDs have underlying psychi-
atric comorbidities such as anxiety or depression (Sibelli et al. 2016; Walker and
Greene 1989). Despite not having FDA approval for the treatment of FGIDs, SSRIs
are believed to have some effect on pain perception and are commonly used in
clinical practice. Several studies in adults have yielded conflicting results in regard
to their effectiveness. A recent study evaluated the effects of intravenous citalopram
in 23 adult IBS patients (Tack et al. 2006). This randomized, placebo-controlled
study measured IBS symptom severity as the primary outcome. Overall, citalopram
resulted in a significant improvement in the number of days of abdominal pain over
placebo. Those in the citalopram group also had improvement in bloating severity
and overall well-being after 6 weeks. The generalizability of this small study was
questioned mainly due to the use of intravenous citalopram that is not practical. A
placebo-controlled trial and a meta-analysis that included four studies in adults with
IBS demonstrated that citalopram was not superior to placebo in reducing abdominal
pain (Ladabaum et al. 2010; Ruepert et al. 2011). A separate study randomized adult
IBS patients to one of the three treatment arms that included imipramine, citalopram,
or placebo (Talley et al. 2008). Patients were adequately matched based on IBS type
and the primary outcome was the percentage of responders who reported “adequate
relief” of IBS symptoms. There was no difference in relief of IBS symptoms between
groups or in the secondary outcome defined as the number of subjects who experi-
enced >50% of weeks of adequate relief. A recent randomized, placebo-controlled
trial in children with functional abdominal pain showed that citalopram was not
superior to placebo on per-protocol and intention-to-treat analysis (Roohafza et al.
2014). This study included 86 patients that were randomized to receive citalopram
20 mg/day or placebo for 4 weeks. Treatment response was defined as >2 point
reduction in the Faces Pain Scale (6-point). At 4 weeks, 55.8% of patients in the
citalopram group showed improvement in pain compared to 39.5% in the placebo
group (P = 0.097). Changes in depression, anxiety, or somatization scores were no
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different between groups. These results were different than what was found in a small
(n = 25), open-label study of citalopram in children with recurrent abdominal pain.
This study found that 21/24 (84%) of subjects responded to citalopram based on a
Clinical Global Impression Scale score of <2. Abdominal pain, anxiety, depression,
and functional impairment also improved over the 12 weeks of treatment (Arkwright
et al. 2016).

Fluoxetine, a SSRI, has also been evaluated for the treatment of adults with IBS
in two clinical trials. In one study, abdominal pain scores, global symptom relief,
and psychological symptoms were assessed before and after 6 weeks of treatment
with either fluoxetine 20 mg or placebo (Kuiken et al. 2003). This study also assessed
changes in rectal sensitivity using a barostat and pain perception scales. The authors
found no difference in the threshold for discomfort/pain compared to placebo. Also,
there was no difference between fluoxetine and placebo in the proportion of patients
reporting significant abdominal pain, bloating, flatulence, urgency, and global relief
of IBS symptoms. In a separate randomized, controlled, double-blind study, fluoxe-
tine was compared to placebo (Vahedi et al. 2005). The study duration was 12 weeks
and included adult patients with IBS-C. Fluoxetine significantly improved abdominal
discomfort, bloating, stool consistency, and frequency after 4 weeks of treatment
compared to placebo.

Two small clinical trials have investigated the effects of paroxetine in adults
with IBS. One of the studies investigated whether a high-fiber diet alone or in
combination with paroxetine or placebo was more effective (Tabas et al. 2004). The
trial first investigated the effects of a high-fiber diet alone (Group 1) followed by
a randomized, double-blind trial of diet with paroxetine or placebo (Group 2).
Improvement in overall well-being in at least 30% of study participants using a
5-point Likert scale was the primary objective. Improvement in abdominal pain,
and abdominal bloating, was also recorded. Those that received paroxetine experi-
enced a greater improvement in overall well-being (63.3%) compared to placebo
(26.3%). There were no significant differences between treatment groups in regard
to abdominal pain, bloating, or social functioning. Results should be interpreted
with caution since improvement in overall well-being could reflect the effects of the
antidepressant in mood and not necessarily on IBS symptoms. A separate double-
blind, randomized, placebo-controlled investigated the efficacy of paroxetine in
patients with IBS over a 12-week period (Masand et al. 2009). The primary outcome
measured was composite pain scores. There was no difference in the composite pain
scores between paroxetine or placebo group. At the end of treatment, the authors
reported a significant difference in the clinical global impression-improvement score
with 65.9% of subjects in the treatment group having a score of 1 or 2 versus 16.7% in
the placebo group (P < 0.01). Only 72 patients were included in this trial.

1.10 Alpha 2 Delta Ligands (Gabapentin and Pregabalin)

Two compounds, gabapentin and pregabalin, that bind to the a2d subunits of the
voltage-gated calcium channels have been used to treat neuropathic pain, including
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diabetic neuropathy and post-herpetic neuralgia (Markman et al. 2016; Taylor
2009; Tzellos et al. 2010). Pregabalin is currently approved for the treatment of
fibromyalgia and generalized anxiety disorders (GAD). These drugs are structurally
related to gamma-aminobutyric acid (GABA) but not functionally active at the
GABA or benzodiazepine receptor sites and do not have any effects on GABA
synthesis or degradation. To date, few studies have examined the distribution of the
20 subunit outside the central nervous system. While the a2d subunit has been
found in areas of the brain involved in pain processing, such as amygdala, hippo-
campus, anterior cingulate cortex, insula, and spinal cord (Taylor and Garrido
2008), only limited studies have investigated the expression in the gastrointestinal
tract (Taylor and Garrido 2008). Overall, the exact mechanisms that could influence
symptoms associated with FAPDs are not well understood.

There are numerous studies in animals demonstrating the anti-hyperalgesic
effects of gabapentin and pregabalin. These include models of inflammatory and
neuropathic pain (Diop et al. 2002; Feng et al. 2003; Field et al. 1997; Million et al.
2007; Ohashi-Doi et al. 2010; Ravnefjord et al. 2008; Stepanovic-Petrovic et al.
2008). Pregabalin has been shown to influence nociceptive processing by altering
the firing of spinal neurons (You et al. 2009). Because the effect on spinal neurons
was not present in spinalized animals, the authors of that study suggested a supraspinal
site of action of pregabalin. Another effect of «20 subunit ligands involves altering
the release of noradrenalin, glutamate, substance P, calcitonin gene-related peptide
(CGRP), and serotonin (Brawek et al. 2009; Dooley et al. 2000; Fehrenbacher et al.
2003; Patel et al. 2000). The increase in serotonin seen with these compounds may
explain its anxiolytic effects (Dixit and Bhargava 2002). In patients with generalized
anxiety disorder, pregabalin has been shown to improve not only anxiety, but also
gastrointestinal symptoms (Stein et al. 2009). No study has examined the efficacy of
a2 subunit ligands on clinical symptoms of IBS in adults or children. However, two
studies have investigated the effects on visceral sensitivity in adults with IBS. In one
study, 40 patients with diarrhea-predominant IBS underwent a baseline barostat study
and then were subsequently randomized to receive placebo or gabapentin. After 5 days,
the barostat study was repeated. Gabapentin increased the threshold for bloating, dis-
comfort, and pain and placebo did not, suggesting a reduction in rectal sensory thres-
holds. Rectal compliance also significantly increased after gabapentin, but not after
placebo (Lee et al. 2005). A separate study assessed the effect of pregabalin in 26 IBS
patients with rectal hypersensitivity. Rectal sensitivity was assessed through the baro-
stat technique. In this study, pregabalin increased the sensory threshold for pain, desire
to defecate, and first sensation (Houghton et al. 2007). Overall, there are limited studies
on the antinociceptive effects of pregabalin in adults with FAPDs and no studies in
children.
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1.11  Peripheral Opioid Receptor Acting Drugs

1.11.1 Loperamide

This p-opioid receptor agonist has been used to treat diarrhea and has been evaluated
for the treatment of IBS-D (Cann et al. 1984; Efskind et al. 1996). While there are no
studies in children with IBS, the existing studies in adults using this drug are limited
by significant methodological flaws. In general, however, it is accepted that loper-
amide improves stool consistency, form, and urgency in the IBS-D population, but
has marginal effects on abdominal pain. Similar to other opioid receptor agonists
that target the gastrointestinal tract, loperamide has very little penetration of the
blood-brain barrier, limiting the potential for CNS side effects and dependence.

1.11.2 Eluxadoline

A peripherally acting mixed p- and k-opioid receptor agonist and 8-opioid receptor
antagonist has been approved for the treatment of IBS-D in adult patients. Opioid
receptors in the enteric circuitry play an important role in regulating gastrointestinal
motility, secretion, and visceral sensation. This drug has very low oral bioavailabil-
ity and is primarily excreted through the gut unchanged (Davenport et al. 2015;
Fujita et al. 2014). It is thought that the 5-opioid receptor activity of eluxadoline
may lessen the constipating effects of unopposed p-opioid receptor activation and
improve the analgesic effects.

There are no pediatric studies on eluxadoline at this time. Two large, random-
ized, placebo-controlled trials in adults showed that eluxadoline improves abdomi-
nal pain and IBS symptoms. In a phase 2 study, patients that received eluxadoline at
100 or 200 mg twice daily reported a decrease in symptoms of IBS with diarrhea
(Dove et al. 2013). In this study, 807 patients received eluxadoline (5, 25, 100, or
200 mg) or placebo twice daily for 12 weeks. The primary endpoint measured was a
reduction in daily pain score of >30% from baseline and at least 2 points on 0—10
scale, as well as stool consistency of 3 or 4 on the Bristol Stool Scale for at least
66% of daily stooling diary entries. At the 200 mg dose, 13.8% of subjects met the
primary endpoint compared to 5.7% in the placebo (P < 0.05). There was also
improvement in frequency of bowel movements, urgency, quality of life, adequate
relief assessment, and global symptoms at doses of 100 and 200 mg (P < 0.05). In
the phase 3 trial, a total of 2428 patients were enrolled in two trials lasting 26 weeks
(IBS-3002 trial) and 52 weeks (IBS-3001 trial) (Dove et al. 2013). The primary
endpoint included a composite response of patients that recorded a reduction of
>30% from baseline on >50% of the days and improvement in stool consistency on
the same day for at least 50% of the days. Patients that received 100 mg of elux-
adoline twice daily showed reduced symptoms of IBS-D and sustained efficacy
over 6 months compared to placebo. At this dose, 25.1% of patients (IBS-3001 trial)
reached the primary endpoint compared to 17.1% in the placebo group (P = 0.004).
In the IBS-3002 trial, 29.6% of subjects at the 100 mg twice daily dosing reached
the primary endpoint compared to 19% in the placebo group (P < 0.001).
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1.11.3 Future Directions

To date, most studies have been conducted in adults and only a limited number of
trials have investigated the benefit of pharmacotherapy in children with FAPDs
(Table 1). A recent meta-analysis concluded that most of those studies were single
center, had small sample sizes, and were heterogeneous in terms of methods and
endpoints (Saps et al. 2015). The study also concluded that there is an urgent need
for well-designed clinical trials using validated outcome measures. In view of the
need to develop meaningful and standardized methods and measures that will guide
future recommendations for the treatment of FAPDs in children the Rome Founda-
tion recently formed a subcommittee on clinical trials to develop guidelines for the
design of clinical trials in children with IBS (Table 2) (Saps et al. 2016). These
guidelines provide recommendations on methodological design, clinical outcomes,
and minimum length of trials; inclusion and exclusion criteria; and recommended
workup.
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Table 2 Primary endpoints, entry, and responder definition criteria for clinical trials on

pediatric IBS*

Primary
endpoints
Abdominal
pain intensity
AND stool
consistency

Indication
IBS-C

IBS-D Abdominal
pain intensity
AND stool

consistency

Entry criteria
Abdominal pain intensity

Weekly average of worst
abdominal pain in past 24 h
>3.0 on a 0—10-point scale or
>30 mm in 100 mm visual
analog scale”

AND

Stool consistency

Bowel movements during
run-in period with average
consistency <3 on the Bristol
Stool Form Scale: type

1 (very hard) or type 2 (hard)

Abdominal pain intensity
Weekly average of worst
abdominal pain in past 24 h
>3.0 on a 0-10-point scale or
>30 mm in 100 mm visual
analog scale”

AND

Stool consistency

Bowel movements during
run-in period with average
consistency >5 on the Bristol
Stool Form Scale: type

6 (loose), 7 (very loose)

“Use only abdominal pain endpoints in trials on FAP-NOS
°Or cutoff equivalent to moderate pain if using a different pain scale

Responder definition

Abdominal pain intensity
(dual criteria)

>30% improvement in
abdominal pain

AND improvement >reliable
change index (RCI) at the last
week of trial compared with
baseline

AND

Stool consistency
Improvement in (>1 Bristol
Stool Form Scale — to a higher
number) average consistency
at the last week of trial
compared with baseline
Abdominal pain intensity
Dual criteria

>30% improvement in
abdominal pain

AND improvement >reliable
change index (RCI) at the last
week of trial compared with
baseline

AND

Stool consistency
Improvement in (>1 Bristol
Stool Form Scale — to a lower
number) average consistency
at the last week of trial
compared with baseline
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Abstract

Epidemiological studies indicate sex-related differences among functional gas-
trointestinal disorders (FGIDs) wherein females are more likely to receive a
diagnosis than their male counterparts. However, the mechanism by which
females exhibit an increased vulnerability for development of these patho-
physiologies remains largely unknown, and therapeutic treatments are limited.
The current chapter focuses on clinical research outlining our current knowledge
of factors that contribute to the female predominance among FGID patients such
as the menstrual cycle and sex hormones. In addition, we will discuss progress in
preclinical research, including animal models, which serve as valuable tools for
the investigation of the development and long term manifestation of symptoms
observed within the patient population. Although much progress has been made,
additional longitudinal studies in both clinical and preclinical research are
necessary to identify more specific mechanisms underlying sex-related differ-
ences in FGIDs as well as targets for improved therapeutic approaches.

Keywords
Animal models ¢ Functional gastrointestinal disorders ¢« Gender  Irritable bowel
syndrome ¢ Sex differences ¢ Sex hormones ¢ Stress

1 Introduction

Sex differences have been reported in some gastrointestinal (GI) disorders but has
been a particular area of focus in functional GI disorders (FGIDs), which has now
more recently been defined as disorders of gut—brain interactions (Drossman 2016).
One of the most common of these disorders is irritable bowel syndrome (IBS),
which is characterized by recurrent abdominal pain or discomfort associated with a
change in bowel habits (Mearin et al. 2016). A meta-analysis of 80 studies that
included 260,960 subjects identified a prevalence rate of 11.2% (95% CI, 9-8 to
12.8%) (Lovell and Ford 2012b). Most but not all FGIDs have a female predomi-
nance. Sex and gender differences in FGID patients have been studied to a limited
extent, but most of the research has been in IBS. Additionally, in an effort to better
understand sex-related differences in FGIDs such as IBS, preclinical science has
developed rodent models mirroring facets of human experiences and subsequent
alterations in pain. Thus, this review will focus on IBS and will cover sex and
gender differences in epidemiology, pathophysiology, and treatment as well as
preclinical studies which support or enhance our understanding of the patient
population (Fig. 1).

2 Epidemiology
Women are more likely to report symptoms of FGIDs. With respect to esophageal

disorders, globus sensation and rumination syndrome are reported in females more
than males (Chial et al. 2003; Drossman et al. 1993). Functional chest pain of
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Fig. 1 Development of FGIDs such as IBS is influenced by complex interactions between central,
peripheral, and sex-related factors. SHT3-serotonin receptor 3, CIC2-chloride channel 2, GCC-
guanylate cyclase

esophageal origin, which includes those with non-cardiac chest pain, has a female
predominance in the tertiary care referral population (Cormier et al. 1988). Other
esophageal disorders and symptoms, including GERD, heartburn, and dysphagia
are not associated with gender differences (Houghton et al. 2016). Although there
are no gender differences in the prevalence of functional dyspepsia, female gender
was found to be a significant predictor of functional dyspepsia compared with
organic causes of dyspepsia (Stanghellini et al. 1996). In addition, women with
functional dyspepsia appear to have delayed gastric emptying, lower tolerance to
the gastric water loading test, greater symptom burden, and worse health related
quality of life than men.

Traditionally, IBS has been regarded as a female predominant condition with a
female-to-male ratio of 2-2.5:1 in those who seek health care. Female gender is also
arisk factor for post-infection IBS (Spiller and Garsed 2009). However, the female
predominance is less apparent in the general population, which suggests that
women with IBS are more likely to seek healthcare for their symptoms (Adeyemo
et al. 2010; Camilleri and Choi 1997; Drossman et al. 2002; Miiller-Lissner et al.
2001; Talley 1999; Thompson 2000). Lovell and Ford (2012a) conducted a meta-
analysis of 56 studies containing 188,229 subjects with IBS and found that the odds
ratio (OR) for IBS in women, compared with men, was 1.67 (95% CI: 1.53-1.82).
However, the prevalence of IBS was not significantly higher in women than men in
studies conducted in the South Asian, South American, or African populations.
There likely is an interaction between gender and cross-cultural differences which
impacts these findings. The IBS with constipation subtype was more common in
women than men (OR: 2.38; 95% CI: 1.45-3.92) and the IBS with diarrhea subtype
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was less common in women (OR: 0.45; 95% CI: 0.32-0.65) than men. Adeyemo
and colleagues (Adeyemo et al. 2010) performed a systematic review and meta-
analysis of the literature to evaluate gender differences in individual IBS symptoms.
They evaluated 22 studies that included nine conducted in the general population,
12 in an IBS only sample, and 1 in both the general population and IBS patients.
Women in the general population were more likely to report abdominal pain and
pain-related IBS diagnostic symptoms, but this gender difference did not exist in
IBS. In both the general population and IBS patients, women were more likely to
report predominantly constipation-related symptoms including abdominal disten-
sion, bloating, straining, and hard stools than men. In contrast, men with IBS were
significantly more likely to report the diarrhea-related symptoms of loose/watery
stools and increased stool frequency than women with IBS.

The recently established Rome IV diagnostic criteria was based on normative
data in the US general population. The Rome IV diagnostic criteria for IBS differs
from Rome III criteria in that the presence of abdominal pain and/or discomfort
occurring for at least 3 days per month in Rome III was changed to at least 1 day of
abdominal pain per week in Rome IV (Mearin et al. 2016). In a community survey
of almost 6,000 subjects across 3 countries, (USA, UK, and Canada), the prevalence
of IBS based on Rome IV vs. Rome III criteria was 5.8% vs. 11.1%. Similar to
Rome III, women were more likely to have IBS by Rome IV than men (7.1%
vs. 4.1%; OR 1.87, p < 0.0001) (Palsson et al. 2016).

Other FGIDs which have a greater female-to-male ratio include chronic consti-
pation, including outlet type of constipation (Siproudhis et al. 2006), functional
abdominal bloating and distension, functional abdominal pain syndrome, and
functional anorectal pain. However, functional diarrhea is more common in men
than women (Houghton et al. 2016).

3 Role of Female Sex Hormones on IBS Symptoms
3.1 Effect of Menstrual Cycle on IBS Symptoms

A systematic review of 13 studies that assessed the effect of menstrual cycle on IBS
symptoms found that all but three studies found that, on average, 40-60% of women
reported increased GI symptoms at the time of menses compared to other phases of
the menstrual cycle. These symptoms included loose stools, bloating, abdominal
pain, stool frequency, and other changes in bowel habit with increased diarrhea
more common at the time of menses than constipation (Adeyemo et al. 2010). One
study that measured menstrual cycle phase using ovulation kits which is the more
accurate method found that while menstrual cycle effects on symptoms were
similar in healthy women and IBS women, symptom severity was greater in
women with IBS. There is an amplification of symptoms during the late luteal
and early menses phases coincident with falling estrogen and progesterone levels
(Heitkemper et al. 2003).
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3.2 Effect of Menopausal Status on IBS Symptoms

The effect of menopausal status, when ovarian hormone levels decline, on IBS
symptoms has not been well studied. In menopause, the incidence of IBS decreases
but constipation and somatic discomfort syndromes increase in menopause
(Gonenne et al. 2006; Houghton et al. 2016). In women with IBS, nausea has
been reported more frequently by premenopausal women than postmenopausal
women (Gonenne et al. 2006; Lee et al. 2001). Healthy women have been shown
to experience more gaseousness and excessive flatulence than postmenopausal
women.

3.3 Effect of Hormone Replacement Therapy on IBS Symptoms

Two studies investigated the effect of hormone replacement therapy (HRT) on IBS
symptoms in women over the age of 50 who were presumably postmenopausal
(Gonenne et al. 2006; Ruigomez et al. 2003). In one study, women who use HRT
are more likely to develop IBS than women who do not, although the prevalence
and severity of IBS symptoms were similar between these two groups (Ruigomez
et al. 2003). The other study was conducted in postmenopausal healthy women who
were more likely to have looser stools and greater ease of passage if they took
estradiol or progesterone therapy alone for 7 days compared to those on placebo
(Gonenne et al. 2006).

In premenopausal women, two studies evaluated the effect of hormone supple-
mentation on IBS symptoms. One study assessed the effect of oral contraceptive
pills (OCP) in women with IBS which was associated with lower abdominal pain
severity compared to non-OCP users, although this difference did not meet statisti-
cal significance after correcting for multiple comparisons (Heitkemper et al. 2003).
The second study was a placebo-controlled trial that evaluated the effect of a
gonadotropin releasing hormone (GnRH) agonist, which stimulates the release of
follicular stimulating hormone and luteinizing hormone, which suppress the secre-
tion of ovarian hormones. Compared to placebo, the GnRH agonist improved the
severity of IBS symptoms (Heitkemper et al. 2003; Palomba et al. 2005).

4 Pathophysiology of IBS

IBS is a multifactorial condition with a complex pathophysiology (Fig. 1). As with
the other disorders of gut—brain interactions as defined in Rome IV, IBS is classified
by symptoms related to any combination of motility disturbance, visceral hyper-
sensitivity, altered mucosal and immune function, altered gut microbiota, and
altered CNS processing (Drossman 2016). A unifying theory in the pathogenesis
of IBS and other FGIDs is that there is a dysregulation in the complex interplay
among multiple domains, including the gut lumen, intestinal mucosa, enteric
nervous system, and the CNS that results in enhanced sensation and altered
motility.
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4.1 Visceral Perception

Increased visceral perception is due to increased peripheral sensitivity of visceral
afferent pathways (peripheral sensitization) or to central amplification of visceral
afferent input (central sensitization) (Mayer 2000). In multiple experimental stud-
ies, enhanced visceral perception in IBS has been demonstrated as decreased pain
or discomfort thresholds, increased sensory ratings, and increased viscerosomatic
referral areas with rectal and/or colonic balloon distension using a computerized
distension device (barostat) (Mertz et al. 1995; Munakata et al. 1997). Studies have
demonstrated either increased or similar visceral perception in women with IBS
compared to men with IBS and healthy women (Chang et al. 2006; Houghton et al.
2016). Multiple factors can influence visceral sensitivity including menstrual cycle
phase, stress, bowel habit subtype, and psychosocial factors which may explain
differing results.

4.2 Motility

In general, men appear to have more rapid gastric emptying and intestinal transit
compared to women (Houghton et al. 2016). Ambulatory colonic manometry over
24 h performed in healthy men and women demonstrated lower pressure activity,
particularly in the transverse and descending colon than healthy men (Rao et al.
2001). Slower colonic transit in women likely contributes to the female predomi-
nance in chronic constipation.

4.3 Autonomic Nervous System Function

Sex differences in the autonomic nervous system (ANS) function have been found
in IBS. Heart rate variability is a measure of cardioautonomic tone as it assesses
cardiosympathetic and vagal balance. Men with IBS had greater cardiosympathetic
and lower vagal tone at baseline and in response to rectosigmoid balloon distension.
Skin conductance, a measure of sympathetic nervous system function, was also
higher in men with IBS compared to women with IBS (Tillisch et al. 2005). In
another study, cardiosympathetic/vagal balance was also higher in men with IBS
than women with IBS during flexible sigmoidoscopy (Cheng et al. 2013). These
studies support alterations in ANS responses in IBS that are similar to that seen in
response to stress.

4.4 Morphologic and Functional Brain Imaging

A number of studies have demonstrated alterations in brain activation patterns to
visceral balloon distension in IBS. In addition, sex differences in IBS have been
reported. Men show greater activation of the corticolimbic inhibition system (e.g.,
dorsolateral prefrontal cortex, insula), while women show greater activation in
limbic and paralimbic regions (e.g., amygdala, ventromedial prefrontal cortex)
(Berman et al. 2006; Naliboff et al. 2003). Sex differences were also found in the
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effective connectivity of functional neural networks in IBS at rest. Men with IBS
showed normal feedback inhibition within a network involved in limbic activity.
Women with IBS had greater connectivity between the amygdala and infragenual
anterior cingulate cortex (ACC) activation suggestive of a greater responsiveness of
a network regulating amygdala reactivity to emotionally salient stimuli (Mayer
et al. 2007). Another study showed sex differences in gray matter density and
volume with greater cortical thickness in the subgenual ACC in men with IBS
compared to women with IBS (Hong et al. 2013). These studies demonstrate
morphologic and functional brain differences in men and women with IBS that
could help explain differences in how men and women respond to visceral stimuli
as well as the increased vulnerability of IBS in women.

4.5 Stress

FGIDs, particularly IBS, are stress-sensitive disorders. Multiple studies have shown
that early life stress (ELS) is associated with IBS. ELS includes sexual, emotional,
and physical abuse and general trauma experienced in childhood. Bradford et al.
(2012) found that women with IBS reported more ELS experiences than men with
IBS. A recent study evaluated the interaction of sex and IBS on hypothalamic-
pituitary adrenal (HPA) axis response to hormone challenge (Videlock et al. 2016).
Men with IBS had a greater cortisol response to adrenocorticotropin hormone (ACTH)
administration vs. healthy men, while women with IBS had a blunted response
compared to men. IBS was also associated with decreased glucocorticoid receptor
(GR) expression on peripheral blood mononuclear cells (PBMC). GR expression
levels negatively correlated pituitary (ACTH) response to corticotropin-releasing
hormone, suggesting that PBMC GR expression is a peripheral marker of central
HPA axis function and could support impaired negative feedback as a mechanism of
HPA axis dysregulation in IBS. Interestingly, these findings were mainly seen in men
with IBS (Videlock et al. 2016). A history of ELS was associated with a greater
cortisol response to hormone challenge (Videlock et al. 2016) as well as to a visceral
stressor, a flexible sigmoidoscopy (Videlock et al. 2009). The effect of ELS on cortisol
response to a visceral stressor was seen in men but not women. Taken together, these
findings provide evidence that IBS is associated with a dysregulated HPA axis and that
there are divergent responses in men and women with IBS.

4.6 Mucosal Immune Function

IBS has been associated with alterations in cytokine profiles although there is more
apparent in blood levels than mucosal levels (Chang et al. 2012; Ohman et al.
2009). Colonic mucosal levels of the anti-inflammatory cytokine IL-10 were found
to be lower in women with IBS compared to healthy women but no differences were
seen within men (Chang et al. 2012). Women with IBS have also been shown to
have a greater number of colonic mucosal mast cells and a lower number of CD+3
and CD+8 T cells (Cremon et al. 2009). These findings suggest that mucosal
immune activation is sex dependent in IBS (Houghton et al. 2016).
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5 Animal Models

In preclinical research, sex-related differences in visceral pain responsiveness have
been primarily studied in rodent models of ELS. ELS, characterized by childhood
neglect, physical abuse, and/or sexual abuse, affects approximately 40% of the
population before adolescence and has been correlated with increased instances of
FGIDs in females (Bradford et al. 2012; Costello et al. 2002; Dong et al. 2004;
Finkelhor et al. 2005). Although animal models cannot completely mirror the
complexities of the human ELS experience, they are important tools for isolating
specific variables and expanding our understanding of how environmental
influences may lead to sex-related differences in FGIDs. The following section
outlines several important models of ELS and their key findings regarding visceral
pain, the hallmark symptom of IBS.

The rodent model of maternal separation (MS) utilizes removal of pups from
mother and nest, most commonly for 3 h/day on postnatal (PN) day 2—14 (Plotsky
and Meaney 1993) in order to mimic childhood neglect and abuse. MS results in
alterations in maternal care, including altered licking and grooming behaviors and
arched back nursing (Plotsky and Meaney 1993). Variations in neonatal separation
time and duration have resulted in conflicting reports regarding sex-related differ-
ences in visceral sensitivity in adulthood (Coutinho et al. 2002; Prusator and
Greenwood-Van Meerveld 2016; Rosztoczy et al. 2003). However, a 3-h/day
separation from PN days 2—-14 has been shown to elicit male specific visceral
hypersensitivity, as evidenced by an increased visceromotor response (VMR) to
colorectal distension (CRD) in adult male Long Evans rats (Prusator and
Greenwood-Van Meerveld 2016). In this 