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Irritable bowel syndrome (IBS) is the most common disorder referred to gastroenterologists and is characterized by altered bowel
habits, abdominal pain, and bloating. Visceral hypersensitivity (VH) is a multifactorial process that may occur within the peripheral
or central nervous systems and plays a principal role in the etiology of IBS symptoms. The pharmacological studies on selective
drugs based on targeting specific ligands can provide novel therapies for modulation of persistent visceral hyperalgesia. The current
paper reviews the cellular and molecular mechanisms underlying therapeutic targeting for providing future drugs to protect or treat
visceroperception and pain sensitization in IBS patients. There are a wide range of mediators and receptors participating in visceral
pain perception amongst which substances targeting afferent receptors are attractive sources of novel drugs. Novel therapeutic
targets for the management of VH include compounds which alter gut-brain pathways and local neuroimmune pathways.
Molecular mediators and receptors participating in pain perception and visceroperception include histamine-1 receptors, serotonin
(5-hydrodytryptamine) receptors, transient receptor potential vanilloid type I, tachykinins ligands, opioid receptors, voltage-gated
channels, tyrosine receptor kinase receptors, protease-activated receptors, adrenergic system ligands, cannabinoid receptors, sex
hormones, and glutamate receptors which are discussed in the current review. Moreover, several plant-derived natural compounds
with potential to alleviate VH in IBS have been highlighted. VH has an important role in the pathology and severity of complications in
IBS. Therefore, managing VH can remarkably modulate the symptoms of IBS. More preclinical and clinical investigations are needed to
provide efficacious and targeted medicines for the management of VH.
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Introduction

Irritable bowel syndrome (IBS) is the most common disorder
referred to gastroenterologists, which is commonly characterized
by altered bowel habit, abdominal pains, bloating, and is associated
with psychological disorders.'™ It is a common gut disorder with a
prevalence of 9-23%" which varies amongst different geographical
regions and countries, with a higher prevalence in Western Eu-
rope and North America compared with other parts of the world
which could be explained by a relationship between western lifestyle
and gut health.”” Abdominal pain is a prevalent disorder within a
healthy population; however, severe and recurrent pain sensation is
observed frequently in IBS patients. Such painful sensation released
from the gut is considered as the main cause of medical consulta-
tion in patients with IBS."*” While IBS is not amongst the life-
threatening diseases, the intense impact of IBS on various aspects
of the patient’s life leads to drawing greater global attention to this
disease."*"’ The economic burden of IBS complications which
include direct costs (diagnostic practices, consultations, and treat-
ments) and also indirect costs (low work productivity and enhanced
work absenteeism) are appraised to be between €700-1600 per pa-
tient in each year within Furope. Thus, the economic burden which
has been reported to IBS managing indicates an impressive social
expenditure.”"”

Several underlying mechanisms could be discussed in the
pathophysiology of IBS as a multifactorial disease. Inflammatory re-
actions, history of childhood infections,” hypersensitivity and altera-
tion in visceral perception,™"* gastrointestinal dysmotility, changes
in gut microflora, emotional and psychological triggers, increase in
intestinal permeability and food intolerance as well as genefic varia-
tions in bile acid secretion are amongst suggested reasons for IBS

development.'"*

Conventional Treatment of Irritable Bowel
Syndrome

Due to the wide range of IBS clinical manifestations, several
treatment strategies are used to control the disease symptoms.'”"*
Classic pharmacotherapy of IBS includes management of diarrhea/
constipation, abdominal pain, and bloating. In diarrhea-predomi-
nant IBS (IBS-D), antidiarrheal agents like loperamide are used to
control the symptoms; though, recent studies are considering other
types of drugs like mesalazine in the management of diarrhea.” On

the other hand, constipation could be controlled with polyethylene
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glycol and lactulose as well as bulking agents (Psyllium and bran),
milk of magnesia and stimulant laxatives (senna and bisacodyl).”’
Other agents include anticholinergics and antispasmodics for ab-
dominal pain and carminatives for flatulence.”’ In addition, new
drug categories are being investigated for IBS management, which,
at least in part, focus on the psychological aspects of the disease
pathophysiology. Several antidepressants, including imipramine,
clomipramine and nortriptyline from tricyclic antidepressants as
well as citalopram and fluoxetine from selective serotonin reuptake
inhibitors were tested in human subjects to control IBS symptoms;
nevertheless, more clinical evidences are needed to confirm the ef-

fects of antidepressants.”*’

Visceral Hypersensitivity

Functions of visceral organs, such as gastrointestinal disten-
sions and contractions, in non-pathological conditions has normally
no pain. Altered sensation in response to physiological stimuli is
defined as visceral hypersensitivity (VH). Pressure or volume aug-
mentations applied to the bowel induced mechanical stimuli. In
clinical manifestation, VH is defined as an enhanced perception of
mechanical triggers applied to the bowel which seems as pain and

. 2425
discomfort.

VH is a disorder of biopsychosocial diseases as in
functional dyspepsia or IBS. Two major components of VH are
allodynia and hyperalgesia. Hyperalgesia is defined as an intensi-
fied pain sensation in response to stimuli which usually provoke
pain, whereas allodynia refers to the elevated nociceptive sensation
in response to normal stimuli. Previous studies exhibited that VH
is generated from disturbance in the peripheral sensory pathway
and/or central nervous system (CNS). In fact, VH is known as
decreased thresholds of stimuli perception generated from the gas-

trointestinal tract.”**

Epidemiological surveys have demonstrated
different estimation of prevalence of VH in patients with IBS which
varied from 33% to 90%.”* VH generally occurs in IBS-D pa-
tients, who have increased intestinal permeability.*** Clinical studies
demonstrated that the severity of IBS complications in patients with
hypersensitivity IBS is dramatically higher than other IBS patients.
Although primary investigations have restricted the occurrence of
VH to the rectum and sigmoid colon, numerous studies reported
that decreased thresholds of nociceptive sensation were observed
within other parts of the gut including the small bowel, stomach, as
well as the esophagus, indicating the spread of VH within all over

26,28,31,32

the gut.
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Pathophysiology and Etiology of Visceral
Hypersensitivity

For the first ime in 1973, it was observed that pain responses
to rectal balloon distensions in patients with IBS are remarkably
higher than healthy subjects. Afterwards, a large body of clinical
studies has reported that pain perception as well as discomfort in
response to rectal distension are intensified in IBS patients, which
indicates the contribution of VH in IBS symptoms.”**** The exact
pathogenesis of the VH and association of altered visceroperception
in clinical symptoms of IBS has not been unveiled; though, recent
pathophysiological investigations have recognized a wide range
of features which result in gastrointestinal dysmotility and visceral
sensitivity via initiating complex cascades. In fact, VH condition is
a multifactorial process that may occur both within the peripheral
nervous system and at the level of CNS function. Several factors,
including microbial infections, intestinal microbiota, psychological
factors, inflammation and immunological factors, brain-gut com-
munication, diet, as well as genes, are involved in the manifestation
of gastrointestinal symptoms of IBS particularly VH.™** Given
the fact that IBS can be induced via an acute episode of infective
gastroenteritis indicates the significant role of peripheral factors
involving pain perception in IBS.** Likewise, it is suggested that
psychosocial factors possess a pivotal role in bowel motility and
visceral sensation. Patients with IBS showed a higher incidence of
depression (20-30%) or anxiety (15-45%) in comparison to healthy
individuals. It has been confirmed that these factors are involved in
the severity of IBS symptoms and visceral pain via affecting brain-
gut interaction, central pain perception, and intestinal motor func-
tion.” In addition, intestinal permeability is among the key factors
associated with the severity of IBS complications and visceral sensi-
tization.”

Disturbance in the immune system of the gastrointestinal tract,
neural pathways, gut endocrine characteristics as well as microbio-
logical condition of the gut alters nociceptive transmission from the
periphery to the brain via sensory nerve signaling in large subsets
of subjects with IBS.” Commensal intestinal bacteria as well as gut
pathogens can obviously alter visceral nociception mediated by reg-
ulating visceral afferents directly or through a disturbing gut barrier
function and intestinal immune system.*™*" Accumulating evidence
suggests that disturbance in the enteric neuroendocrine system is an
important contributor in altered intestinal perception.*

Clinical investigations have reported that microRNA expres-

sion increases in the colonic tissue of IBS patients. It has been found

that these microRNAs can promote epigenetic and genetic events
through modulating intestinal pathways, such as 5-HT signaling
which result in intestinal permeability and somatic hypersensitivity
in IBS patients.” Intestinal tissue inflammation possesses the po-
tential to alter gut wall function, increasing the release of inflamma-
tory mediators which lead to stimulation of sensory afferent nerve
endings within the gastrointestinal tract. Inflammation is able to
cause post-inflammatory hyperalgesia and is among the principal
local factors involved in VH occurring in patients with IBS."* Distal
peripheral afferents including mucosal afferents, serosal and mes-
enteric afferents, as well as muscular afferents have a principal role
in gut-brain axis communication. It has been confirmed that one
of the main mechanisms involved in the pathophysiology of VH
in IBS symptoms is sensitization of the distal peripheral afferents.
In response to a transient inflammation, amongst distal peripheral
afferents, the mesenteric and serosal afferents within the splanchnic
pathway regulate prolonged visceral sensitization. Likewise, these
afferents also possess chemosensitivity to a wide range of agents
such as ATP and bradykinin, which result in induction of post-in-
flammatory VH. Besides, mechanically insensitive afferents within
the colorectal pelvic and lumbar splanchnic pathways possess the
potential to acquire mechanosensitivity causing neural activation in

pathological inflammatory conditions.”

Pharmacological Aspects of Visceral
Hypersensitivity and Irritable Bowel
Syndrome

Novel therapeutic agents for the management of VH include
compounds which alter gut-brain pathways and local neuroimmune
pathways. Since gastrointestinal hyperalgesia is commonly associat-
ed with muscular spasms, molecules attenuating contractions of gut
smooth muscles can improve VH. In addition, therapeutic agents
which are able to suppress neural activation and signaling from the
gastrointestinal tract to the CNS possess a principal role in control-
ling VH. Below are the main molecular targets corresponding with
improving VH in IBS.*”

Immunological and Inflammatory Pathways

Several inflammatory mediators, including neuropeptides,
cytokines, and prostanoids have a pivotal role in the peripheral
sensitization of mucosal neuronal afferents and VH. It has been
reported that elevated amount of mast cells is associated with vis-
ceral hyperalgesia. Clinical trials on IBS patients revealed that the

amount of activated mast cells within the proximity of bowel enteric
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nerves is associated with the incidence and severity of enhanced vis-
ceroperception.™* Animal models of post-infectious gut dysfunc-
tion exhibited that inflammatory pathways obviously affect sensory
motor performance. Clinical evaluation showed that gastrointesti-
nal levels of prostaglandin E2 as well as immune cells, including
CD25+ T cells were elevated in the intestinal mucosa of patients
with IBS. Likewise, mRNA expression of the pro-inflammatory
mediator, IL-1[, has been reported in patients with post-infectious
IBS. It has been suggested that the pro-inflammatory cytokines
affect the performance of enteric nerves as well as sensory innerva-
tions with the motivation of irregular secretomotor responses within
the gastrointestinal tract, causing altered pain threshold and visceral
sensory perception which resulted in the generation of gut pain and

46-48

discomfort.”™ Human studies demonstrated that S-aminosalicylic

acid, an anti-inflammatory drug in the gut, significantly alleviates
pain perception mediated by reducing intestinal immune cells.”***

Toll-like receptors (TLLRs) have a crucial role in encoding
specific receptors involved in abnormal visceral perception. Within
the pathogenesis of post-infectious IBS, TLRs, particularly TL.R9,
modulate host immune reactions to enteric bacteria and encode de-
fense proteins in the epithelial barrier. Moreover, TLRs is involved
in the motivation of neuroimmune responses which is activated by

51,52 B
Intravenous, intracere-

psychological stress in patients with VH.
broventricular, and also the intraprefrontal cortex administration of
TAK-242, which is a specific antagonist of TL.R4, remarkably sup-

pressed VH induced by chronic stress.”

Histamine-1 Receptor

According to clinical investigations, histamine-1 receptors
are significantly elevated in intestinal and colonic mucosa of IBS
patients in comparison to healthy subjects. Mucosal release of
histamine and tryptase, mediators of mast cell is considered as one
the contributors in the activation of visceral nociceptive sensory
pathways.” It is assumed that antagonists of histamine-1 recep-
tors, which are biologically restricted to peripheral organs, have the
ability to manage hypersensitivity and motility. An animal study on
altered visceral perception revealed that second generation antago-
nists of histamine-1 receptors, including ebastine and fexofenadine
can remarkably alleviate stress associated VH.™* Ketotifen, which is
an antagonist of histamine-1 receptor and a mast cell stabilizer; can
significantly reverse hyperalgesia and relieve discomfort and ab-
dominal pain, as well as clinical digestive symptoms in IBS patients
with VH.*

Visceral Hypersensitivity in IBS

Serotonin

Serotonin (5-hydrodytryptamine; 5-HT) is an important
neurotransmitter and paracrine signaling substance which medi-
ates mutual communication between the brain and the gut. In the
human body; this molecule is mainly (90-95%) produced by the en-
terochromaffin cells of the intestinal mucosa as well as by subgroups
of enteric neurons. 5-HT is the responsible agent for bloating,
nausea, vomiting, and chemotherapy associated pain.””** A large
body of evidence confirmed that mucosal stimulation causes S-HT
release, which results in induction of the peristaltic reflex. Targeting
S-HT receptors as well as 5-HT uptake mechanisms possess a key
role in the production of effective treatment in VH associated dis-
orders.”” A clinical study of patients with IBS suffering from VH
exhibited that alosetron, a S-HT) receptor antagonist, can signifi-
cantly improve gastrointestinal symptoms, including higher volume
thresholds and reducing colonic compliance.”’ Subsequent to aver-
sive rectal exciting, alosetron obviously reduces the emotional motor
system of brain activity leading to modulation of the gut sensitivity.”
In addition, tegaserod which is a partial agonist of 5-HT, receptor
significantly reduced sensitivity to rectal distension and improved
visceral sensation in both patients and healthy subjects.”**

The 5-HT, receptor which participates in nociceptor activation
and its chemical antagonists have a strong rationale for drug de-
velopment to manage functional gut disorders, particularly visceral
sensitivity. S-HT, receptors are expressed in afferent nociceptors
terminating in the superficial layers of the spinal cord. Inhibiting
S-HT, receptors causes the elevation of pressure threshold which
results in blockage of stimulating intestinal peristalsis and reduc-
tion of bowel compliance. Nevertheless, our knowledge about this
S-HT subgroup is restricted and the perfect mechanism of this

receptor in brain-gut axis must be found.”””

Transient Receptor Potential Vanilloid Type |

Transient receptor potential vanilloid type I (TRPV1) is a
significant contributor in colorectal mechanosensation as well as
inflammation-induced pain. TRPV1 is a member of the family of
TRP receptors expressed within the nervous system of the brain,
especially on small-to-medium sized neurons, and there is a strong
motivation on TRPV1 for drug discovery in relation to VH.***’

In response to intestinal inflammatory conditions, locally pro-
duced nerve growth factor (NGF) modulates the expression of
TRPV1 and enhances the sensitivity of the receptor. In fact, NGF-
mediated p38 kinase pathway is involved in enhancing the expres-

sion of TRPV1 which is mediated by the inflammatory cytokines,
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PGs and bradykinin. Activation of TRPV1 is related to protein
kinase C as well as cAMP-dependent protein kinase which cause
phosphorylation of the receptor, resulting in facilitation of colorec-
tal afferent neuron sensitization. In contrast, protein phosphatases
mediate dephosphorylation of TRPV1 leading to its desensitization.
Experimental studies have showed that TRPV1 is activated by
capsaicin and its analogues, as well as other substances like resinif-
eratoxin. Clinical investigations revealed that the levels of TRPV-
1 are elevated in patients with rectal hypersensitivity and that there
is a significant association between the enhancement of TRPV-
1 and sensory response to rectal distension.™” Likewise, TRPV1
has a principal role in the induction and maintenance of persistent
colonic sensitivity, which is induced by neonatal colon irritation in
rats. There is considerable interest in targeting TRPV1 receptors
and neuronal growth factors in order to discover novel therapies
for alleviating visceral pain. Intraperitoneal injection of TRPV1
antagonists significantly reduced sensitivity of the colon to balloon
distention in adult rats compared with control animals.”” SB366791,
a TRPV1 antagonist, noticeably inhibited CCL.2- induced ther-
mal hyperalgesia mediated by suppressing nociceptive signaling
and synaptic transmission.” TRPV1 antagonists like capsazepine
modulate inflammatory associated visceral pain and disease severity

in dextran sodium sulfate-induced IBD.*""

Tachykinins

Tachykinins are specific peptides including neurokinin (NK)
A and B, and also substance P which are expressed within the small
diameter sensory fibers of the gut. These peptides affect NK1,
NK2, as well as NK3 receptors, which are expressed within the
CNS as well as the autonomic nervous system. Current experimen-
tal studies have demonstrated the significant role of NK receptors in
VH. It has been reported that NK receptors as well as substance P
affect sensory neurons and are involved in nociceptive sensation. In
vivo studies showed that SR-140333 and MEN-10930, 2 selective
antagonists of NK1 receptors, possess significant alleviating effects
on inflammatory associated hyperalgesia.””* Different animal stud-
ies have confirmed that nepadutant and saredutant, 2 NK2 antago-
nists, can significantly modulate the colorectal hypersensitivity to
distension. Talnetant, SB-223412, and SR-142801 are amongst the
selective antagonists of NK3 receptors. Peripheral administration of

74-77

SR-142801 suppresses inflammatory associated VH.

Opioid Receptors
Opioid receptors, including &, i, and k receptors are expressed

within submucosal and myenteric plexus of the gut, and also vis-

ceral nociceptive sensory pathways. A large body of investigations
reported that opioid receptors play an important role in modulating
gut secretion and motility, as well as colorectal perception. Fxperi-
mental studies exhibited that fedotozine and asimadoline are among
agonists of k-opioid receptors which can significantly reduce pain
sensation.”” In a clinical trial on patients with IBS, fedotozine
significantly decreased volume or pressure stimuli perception. Like-
wise, in another clinical study, asimadoline alleviated functional dys-
pepsia symptoms, particularly hyperalgesia.””* It has been found
that activation of p-opioid receptors by exogenous opioids can re-
duce bowel transition. Eluxadoline, a pi-opioid receptor agonist and
d-opioid receptor antagonist, showed a significant elevation in pain
threshold in IBS-D patients.""'

Tyrosine Receptor Kinase Receptors

Tyrosine receptor kinase (Trk) receptors, a group of tyrosine
kinases, possess modulatory activity on synaptic plasticity as well as
adjustment of neuronal transmission strength within the nervous
system. It has been found that the level of the Trk high affinity re-
ceptor (TrkA) expressing fibers is significantly elevated in patients
with rectal hypersensitivity and fecal urgency. It has been recog-
nized that amongst Trk receptors (A, B, and C), TrkA is mainly ex-
pressed in nociceptive sensory neurons. Neurotrophins, particularly
NGE are amongst the main molecules that act on Trk receptors
and TrkA possess the highest affinity to this substance.”* k252A,
a TrkA antagonist, significantly attenuated VH to colorectal disten-
sion induced by chronic stress-induced in mice.”* Visceral inflam-
mation stimulates TrkB which is commonly expressed in visceral
afferents through brain-derived neurotrophic factors and results in
regulating painful sensation. Preclinical examinations confirmed
that systemic NGF induces hyperalgesia mediated by activation of

. . . . - 82,83,85
peripheral terminals in nociceptive neurons. "

Voltage-gated Channels

Voltage-gated channels are stimulated by tissue-damaging mo-
tivations, which cause alterations in pain thresholds mediated by in-
crease in sensitivity of peripheral neurons. Voltage-gated potassium
channels have a principal role in regulating neuronal activation;
thus, peripheral hypersensitivity can be obviously modulated via
blocking potassium currents. The 2 major types of voltage-gated
potassium channels are the sustained delayed rectifier current and
the transient A-type current.”*" The increased level of potassium
can lead to depolarization of the cell membrane in smooth muscles,
which is associated with the entry of extracellular calcium ions as

well as stimulation of bowel contractions. It has been suggested
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that ryanodine and inositol triphosphate receptors are involved in
depolarization-induced calcium currents in muscle cells.”

In electrically motivated cells, voltage-gated calcium channels
provide the main current of Ca’" from extracellular tissue to the
cytosol. Voltage-gated calcium channels consist of pore forming
subunits as well as different smaller subunits such as B, y, a,, and
8. Marger et al™ reported that elevation of the current density in
the T type calcium channel (a subfamily of voltage-gated calcium
channels) within colonic nociceptors can exacerbate VH. Calcium
channel antagonists, mibefradil, ethosuximide, and NP078585 can
remarkably inhibit butyrate-induced VH in rats.

Voltage-gated sodium channels produce the rising phase of the
action potential mediated by enhancing sodium ion permeability
in the neuronal cell membrane. They can also reduce the activa-
tion threshold and enhance current density. Voltage-gated sodium
channels, in addition to voltage-gated K channels, regulate the
excitability of sensory neurons. Clinical evidence has confirmed the
contribution of sodium channels in visceral sensation. In a double-
blind crossover clinical trial, the intra-rectal injection of lidocaine, a
blocker of voltage gated Na channels, increased pain threshold and
mitigated rectal hypersensitivity in patients with IBS.” In an in vivo
study on A-803467, a selective Nav1.8 sodium channel blocker,
showed that this molecule can attenuate mechanical allodynia and
thermal hyperalgesia in visceral tissues.” Such therapeutic effects
was also observed with administration of ambroxol, another Na™

channel blocker, in animal models of inflammatory pain in rats.”

Adrenergic Receptors

The receptors involved in the norepinephrine pathway belong
to a subfamily of G protein-coupled receptors, which contain o
and B subtypes. Chronic stress can cause overexpression of brain
G proteins along with colonic adrenergic o, receptors, which are
able to induce visceral perception in IBS patients. Likewise, the
norepinephrine reuptake transporter has a principal contributor in
stress associated visceral perception.” Winston et al” reported that
inhibition of adrenergic aul/a2 as well as 1/ B2 receptors signifi-
cantly protects against heterotypic chronic stress-induced VH in
rats. Within the distal colonic epithelium, B1 and B2 adrenergic re-
ceptors are implicated in the stimulation of electrogenic K currents
with significant roles in colonic perception. 32 adrenergic receptors
are expressed on primary afferent nociceptors and modulate pain
perception in the animal gut. Systemic propranolol, an antagonist
of B-adrenergic receptor, can significantly mitigate heterotypical,
intermittent, and stress-induced VH in rats; however, an antagonist

of the q-adrenergic receptor, phentolamine, did not affect viscero-

Visceral Hypersensitivity in IBS

motor responses to colorectal distension. Administration of specific
antagonists of B-adrenergic receptors showed that among 1, B2
and B3 receptors, only 32 antagonists obviously suppressed visceral
sensitivity induced by heterotypical intermittent stress in animals. In
fact, increased secretion of norepinephrine in serum can remarkably
trigger B2 adrenergic receptors, which cause reduction of sensation

threshold in colon-specific dorsal root ganglia.””

Glutamate Receptors

The main excitatory neurotransmitter within the CNS is gluta-
mate. N-methyl-D-aspartate (NMDA) and o-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) are the binding
receptors of glutamate. In experimental models of VH, the function
of the glutamate NMDA receptor is obviously enhanced within the
anterior cingulate cortex.”* Likewise, persistent stimulation of the
AMPA receptor, which has a key role in regulating rapid excitatory
transmission as well as synaptic plasticity, is involved in hyperal-
gesia.” AMPA receptor consists of four subunits, which include
GluR1, GluR2, GluR3, and GluR4, which form tetramer struc-
tures. The GIuR2 subunit participates in the development of VH
which is induced via intracolonic administration of mustard oil.”*
The non-selective antagonist of glutamate AMPA receptor, named
6-cyano-7-nitroquinoxaline-2,3-dione disodium salt, remarkably al-

leviated visceral perception induced by substance P*

Sex Hormones

Sex hormones are significant contributor in the stimulation
of the VH process in animal models. Estrogen participates in the
development of the stress associated VH in female rats. One of the
experimental methods for induction of stress-induced VH is neo-
natal maternal separation, which potentially results in the perception
of pain in response to colorectal distension in rats.”” Likewise, it has
been shown that estrogen is involved in colonic perception, which is
stimulated by peripheral chemical sensitization. Estrogen contrib-
utes to the central sensitization of visceral pain through spinal acti-
vation of cAMP-response element binding protein pathways which
modulate transcriptional signaling within the dorsal root ganglion
as well as the CNS. In contrast, loss of gonadal hormones in ovari-
ectomized rats significantly blocked the pathological process of VH,

. .. . 98,99
which is reversed by administration of exogenous estrogen.

Cannabinoid Receptors

Accumulating evidence has suggested that the endocannabi-
noid pathway has a principal role in several neuronal processes.
There are 2 major types of cannabinoid receptors, CB1 and CB2
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receptors. CB1 receptors are associated with the adverse effect of
cannabinoids, including catalepsy and hypothermia, and CB2 re-
ceptors, which are mainly located in the myenteric and submucosal
plexus of the gastrointestinal tract, are associated with mitigating gut
motility and pain perception.'”’ RQ-00202730, a selective agonist
of the CB2 receptor, can remarkably alleviate visceral hyperalgesia
stimulated by trinitrobenzenesulfonic acid (TNBS) in an animal
model of IBS. The selective CB2 receptor agonist which has no ad-
verse effect of cannabinoid pathway associated with CB1 receptor,
can be considered as a safe and efficacious future drug for manag-
ing VH. Likewise, such a therapeutic effect has been reported by
another selective CB2 receptor, PF-03550096, in animal models of
VH induced by TNBS."""""!

Protease-activated Receptors

Proteases participate in nociception signaling through af-
fecting several groups of ligands like protease-activated receptors
(PAR). PAR is a member of the family of seven transmembrane
domains, namely G-protein-coupled ligands, which is stimulated
via proteolytic cleavage of their extracellular N-terminal domain
and the ensuing binding of the newly released N-terminus. There
are four main PAR receptors, which include PAR1, PAR2, PAR3,
and PARA4. These receptors are directly or indirectly able to act on
conducting and/or blocking pain sensation mediated by sensory
neurons."”'” In fact, PAR2 seems to be a pro-nociceptive receptor
which participates in nociception and sensitization; though, PAR4
and PAR1 possess the potential to block nociceptive sensation. ™"
In addition, PAR4-deficient animals revealed more intensive vis-
ceral sensation induced by mustard oil (intracolonic administration)
in comparison to wild-type mice."”'"* Administration of AYPGKF-
NH(2), a PAR4 agonist peptide, noticeably alleviated the viscero-
motor response to colorectal distension in mice. Intracolonic ad-
ministration of PAR4 agonists significantly mitigated hyperalgesia
and allodynia in response to colorectal distension induced by PAR2
agonists. In fact, agonists of PAR4 modulate VH by suppression
of free intracellular calcium mobilization which is stimulated by the
pro-nociceptive PAR2 agonists. ™'

Subjects with post-infectious IBS showed an elevation in pro-
teolytic activity in the colonic tissue. In patients with IBS, tryptase
(which is released from mast cells), as well as serine proteases of
bacteria (eg, gingipains-R) has a key contributor in the neuronal
signaling of hypersensitivity via PAR2 stimulation. Some serine-
proteases like thrombin are able to stimulate PAR1 but not PAR2,
indicating their potential for mitigating nociceptive sensation.'”*'"”

Antagonizing PAR2 receptors as well as activation of PARI and

PAR4 receptors by selective agonists can be considered as novel

therapeutic targets for managing VH in IBS patients.'”

Gut Microflora

Initially after birth, the human baby becomes infected with a
huge number of microorganisms which start to form the normal
flora of the body."*""” The main part of the body containing the
microorganism is the intestine with a population of about one thou-
sand CFU/mL. of microbes which is hundreds of times higher than
the human cells."”

The importance of gut microbiota is because of its activity to
metabolize non-digestible large polysaccharide fibers, vitamin K
synthesis, bowel cells growth, and immune system modulation as
well as prevention of pathogen colonization."" Once an alteration in
the composition of gut microflora occurs, the result would be gas-
trointestinal complications, including changes in bowel habits, ab-
dominal pain and bloating, which are common symptoms amongst
IBS patients as well. In such situations, one of the safest therapeutic
approaches (along with antibiotic or other therapies, if necessary) is
to use probiotics.

Probiotics are special types of generally recognized as safe
bacteria and yeasts with beneficial effects for human health and are
famous for their positive role in the relief of signs and symptoms of

' Lactobacillus and

several functional gut disorders including IBS.
Bifidobacterium species as well as Bacillus coagulans from bacteria
and Saccharomyces boulardii as a yeast probiotic are the most well-
known strains in the management of gastrointestinal disorders.""""

In vitro and animal studies revealed that multispecies probiotic
preparations exert beneficial effects via prevention of hyperper-
meability, decrease in occludin (a protein with a crucial role in
regulation of tight junctions) degradation by inflammatory phase
enzymes, elevation of Zona occludens protein-1 (ZO-1) (which
acts as cross-linkers in tight junctions) expression, and reduction in
VH."? Oral administration of Bifidobacterium and Lactobacillus
as well as their mixture remarkably reduced intestinal permeability
as well as the contractile response of colonic smooth muscles in mice
with IBS.* The probiotics significantly alleviated VH symptoms
of post-infectious IBS in animals which is mediated by suppression
of intestinal inflammation and release of inflammatory cytokines.
Farly life administration of a mixture of 8 probiotic bacteria strains
prevented the development of VH induced by neonatal maternal
separation in rats via regulation of pain mediator transmission as
well as inflammatory cytokines.'**

A randomized, double-blind, placebo-controlled clinical trial

on moderate to severe IBS patients showed that a liquid non-dairy
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probiotic product containing Lactobacillus rhamnosus, Lactobacillus
plantarum, Lactobacillus acidophilus, and Enterococcus faecium
could enhance patient satisfaction due to decrease in abdominal
pain.'” On the contrary, in a randomized, double-blind, placebo-
controlled setting, Roberts et al'"® could not find a significant
change in overall outcomes of constipation-predominant IBS and
mixed stool form-IBS patients using a multispecies probiotic mix-
ture. In a systematic review of Moayyedi et al,"” it is mentioned that
in animal studies it was proposed a positive role for probiotics to
reduce VH; though there are still controversial data on the potential
of probiotics which requires high quality clinical trials to provide

enough evidence.

Plant-derived Natural Compounds as Novel
Drugs for Visceral Hypersensitivity

Curcumin

Curcumin is a second metabolite from turmeric, which has
long been used as a spice because of its pleasant color and odor.
Curcumin has a wide range of therapeutic properties including an-
tioxidant,"* anti-inflammatory,"” antimicrobial,”’ antidepressant,'”’
immunomodulatory'™ and antinociceptive'” effects. Previously, a
pilot study on turmeric extract suggested the beneficial effects of
this medicinal plant in IBS patients.'** In an animal study, curcumin
alleviated anxiety and depressive like behaviors in rats with IBS.
Brain derived neurotrophic factor, 5-HT, and phosphorylation of
cAMP-response element binding proteins were also modulated
both in the peripheral nervous system and the CNS. The 5-HT1A
receptor is suggested to be involved in the curcumin mechanism of
action for the management of VH in rats with IBS."” Another in
vivo study showed a remarkable decrease by curcumin in viscero-
motor response to colorectal distension in rats."** Ex vivo assess-
ments on TNBS- treated jejunum confirmed the peripheral effect
of curcumin on mesenteric afferent nerves. It was also demonstrated

that curcumin, at least in part, interacts with TRPV1."**'’

Dicentrine

Dicentrine is a plant derived alkaloid with o adrenoceptor an-
tagonist and anti-platelet activity.**'*” Oral administration of dicen-
trine in complete Freund’s adjuvant model of cutaneous inflamma-
tion demonstrated the antinociceptive effect in mechanical and cold
hypersensitivity, as well as chronic inflammatory pain. Dicentrine
reversed the pain caused by intraplantar injection of cinnamalde-

hyde, which is an activator of transient receptor potential cation

Visceral Hypersensitivity in IBS

channel 1 receptors which are involved in visceral pain caused by

"% In addition, in the acetic

inflammatory conditions and stimuli.
acid-induced abdominal pain animal model, dicentrine could de-

. . . 131
crease visceral pan pCI‘CCpUOH.

Berberine

Berberine is an alkaloid found in several plants amongst which
the most famous ones are Berberis spp. from the family Berberi-
daceae."*"" Anti-inflammatory, ** antioxidant,”* and anti-ulcer"
activity of berberine chloride have been demonstrated in several
studies. Deng et al"”’ evaluated 12 berberine derivatives, which
showed their remarkable activity for the treatment of IBS. In a post
inflammation-IBS model induced by 4% acetic acid in rats, abdom-
inal withdrawal reflex scores to colorectal distention were signifi-
cantly lower in berberine treated animals compared with a placebo
group, which represents the activity of berberine in reduction of
VH. Berberine could also decrease defecation times and improved
stool consistency. Inhibition of berberine effect by the concomitant
administration of aminoguanidine (a nitric oxide synthetase inhibi-
tor) suggests a role for nitric oxide in the visceral antinociceptive
effect of berberine.”™ Berberine could be proposed as an adjuvant
treatment for IBS; however, recent studies showed an alteration in
plasma level of berberine in animal models of IBS which suggests

the necessity of dose adjustment for patient with IBS."”

Ginseng Saponins

Ginseng is an ancient medicinal herb native to China and east-
ern Asia with several health promoting effects.""’ Ginsenosides, the
active ingredients of ginseng belonging to the saponins class of phy-
tochemicals, have an inhibitory activity of the 5-HT}, receptor. To-
tal ginseng saponins were evaluated for their healing activity in a rat
model of IBS which resulted in significant differences with negative
control. In addition, 2 subtypes of ginseng saponins, protopanaxa-
diol ginsenosides and protopanaxatriol ginsenosides, showed that
protopanaxatriols are more effective than protopanaxadiols.”*' Total
ginseng saponins showed antinociceptive activity in animal models
of VH, which was performed by assessing the number of contrac-
tions in the external oblique muscles of rats during the colorectal

distention period."*

Tetrahydropalmatine

Tetrahydropalmatine is an isoquinoline alkaloid mainly found in
Stephania and Corydalis species.'* Pharmacological activities like
beneficial effects in myocardial ischemia-reperfusion injury have

been reported from this compound.'** JCM-16021 is a multi com-
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ponent herbal medicine composed of seven plants amongst which
one is standardized based on tetrahydropalmatine amount. Antino-
ciceptive effects of JCM-16021 were assessed in a neonatal-mater-
nal separation model of visceral pain. Pain threshold in response to
colorectal distention was significantly increased in the JCM-16021
treated group.'*’ Intragastric administration of tetrahydropalmatine
noticeably suppressed primary hyperalgesia in response to both
thermal and mechanical stimuli in rats. This molecule also signifi-
cantly alleviated mirror-image thermal hyperalgesia induced by bee
venom in comparison to the control group. Pre-administration of
tetrahydropalmatine in the acetic acid-induced visceral pain group
resulted in significant antinociceptive effect in comparison to the
negative control group. Tetrahydropalmatine demonstrated modu-
latory effect on mechanical and thermal inflammatory pain hyper-
sensitivity along with suppression of visceral nociception which is

mediated by the supraspinal level of nociceptive signaling.

Complementary and Alternative Therapies for
the Management of Visceral Hypersensitivity
in Irritable Bowel Syndrome

Due to the chronic undesirable complications of IBS which
overshadows the quality of life, a growing number of patients are
seeking complementary and alternative medicine (CAM) to man-
age their symptoms. It is reported that around half of IBS patients
are using CAM along with their conventional medicaments."**'*’
‘Traditional herbal formulas, acupuncture, meditation, hypnotherapy;
as well as manipulative and body-based practices are amongst dif-
ferent types of CAM being used by IBS patients.'* Some of these
methods like acupuncture-moxibustion and hypnotherapy showed
beneficial effects on the relief of IBS symptoms and alleviation of
visceroperception mediated by regulating brain-gut axis peptides, as

149,150 ..
Several clinical

well as mediators of the neuroendocrine system.
trials on different subgroups of patients with IBS confirmed the ef-
ficacy of acupuncture-moxibustion in managing gut complications,
including improving low threshold of the rectal sensation, gut mo-
tility, and pain perception, indicating their therapeutic benefits on
VH."""% Nevertheless, there is still a need for clinical trials to be
set up for providing evidence on the dose, duration, and efficacy of

different types of CAM.'"

Discussion

IBS is considered as the most common disorder referred to

gastroenterologists. Several conventional drugs have been used for

IBS which are not satisfactory in managing symptoms and achiev-
ing remission and possess numerous side effects. IBS has a multi-
factorial pathophysiology in which VH, disturbance in gut motility
inflammation and immune disturbance, as well as psychological fac-
tors are among the key contributors. A large body of evidence has
suggested that IBS is considered as a heterogeneous disorder with
VH as a pivotal biological hallmark.'"***

VH means decreased thresholds of stimuli perception gener-
ated from the gastrointestinal tract, which plays as a key pathophysi-
ological mechanism in nociceptive sensation in large subgroups
of patients with functional gastrointestinal disorders, particularly
IBS. ™ The exact etiology of VH has not been recognized; howev-
er, it is hypothesized that both peripheral and central neural mecha-
nisms are involved in the pain sensitization."”* Given the fact that
VH is considered as a paramount clinical manifestation observed
in patients with IBS, assessment practices of pain sensation such as
modern imaging methods, as well as the barostat method, possess
an increased interest to understand mechanisms of visceropercep-
tion in IBS."”

Dysregulation in the afferent part of the brain—gut axis pos-
sesses the potential to induce VH. It has been reported that several
novel compounds which possess multiple gastrointestinal pharma-
cological effects can be considered as future drugs for managing
VH in IBS patients. However, evidence indicating the efficacy,
safety and tolerability of the pharmacological agents for manag-
ing VH in patients with IBS are restricted. Gut tissue possesses a
wide exposure to external agents such as microbes and nutritional
compounds. Several biological cascades are implicated in the
physiologic function of the gut including neural, immunological,
and mucosal epithelial cell performance. The complex interaction
among the neuroimmune pathway, gut-brain axis, as well as intes-
tinal epithelial cells stimulates inflammatory and motility response,
resulting in visceroperception and a low threshold of nociception.”
The pharmacological research on selective drugs based on target-
ing specific ligands can result in providing novel effective therapies
for modulating persistent visceral hyperalgesia. The current paper
has reviewed the cellular and molecular mechanisms underlying
therapeutic targeting for providing future drugs in order to protect
or treat visceroperception and pain sensitization in IBS patients.
Figure illustrates the pharmacological aspects of novel therapeutic
targeting for the management of VH in IBS.

Numerous molecular mediators and receptors participating in
pain perception and visceroperception including histamine-1 recep-
tors, $S-HT receptors, transient receptor potential vanilloid type I,
tachykinins ligands, opioid receptors, voltage-gated channels, Trk
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Pharmacological targets of future drugs for managing VH in IBS
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Figure. Pharmacological targets of novel drugs for the management of visceral hypersensitivity (VH) in irritable bowel syndrome (IBS). TLRs,
Toll-like receptors; PGE2, prostaglandin E2; IL-1p, interleukin-1f; H1-R, histamine-1 receptor; 5-HT, §-hydrodytryptamine; TRPV 1, transient
receptor potential vanilloid type I; PKA, cAMP-dependent protein kinase; PKC, protein kinase C; ZO-1, Zona occludens protein-1; NK| neuro-

kinin; NGE nerve growth factor; Trk, tyrosine receptor kinase; VG-Cs, voltage-gated channels; KC, potassium channel; CaC, calcium channel;
NaC, sodium channel; NERT, norepinephrine reuptake transporter; NMDA, N-methyl-D-aspartate; AMPA, o-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid; PAR, protease-activated receptors; R, receptor.

receptors, protease-activated receptors, adrenergic system ligands,
cannabinoid receptors, sex hormones, and glutamate receptors, are
considered as specific molecular targets for future treatment of VH.
Gut microbiota have also attracted a lot of attention from physicians
around the world as a part of treatment in IBS patients. Multispe-
cies probiotic products have shown effectiveness in controlling some
abdominal symptoms and improving the quality of life in a number
of human studies. In addition, preclinical evaluation exhibited the
therapeutic effect of probiotics on gut motility and visceropercep-
tion in animal models of IBS. The Table shows a summary of novel
drugs and their underlying mechanisms for the management of
VH.

Along with the mentioned pharmacological targets with the

potential to manage VH, natural compounds could be considered
as novel future treatments for VH in IBS patients. Among the wide
range of evaluated molecules, in vitro and animal studies suggest
a positive role for curcumin, dicentrine, ginseng saponins, berber-
ine and tetrahydropalmatine in the improvement of visceral pain
perception; however, more mechanistic studies as well as clinical
trials are necessary to confirm the effectiveness of these novel com-
ponents. In addition, various CAM approaches, including phys-
iotherapy; traditional medicines, acupuncture, mind-body directed
interventions, as well as psychosocial-directed therapies with modest
but proven efficacy, are currently employed and are able to help IBS
patients in managing VH and persistent visceral pain.

A wide range of novel pharmacological compounds as well as
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natural molecules is capable of improving visceral complications
of IBS; however, the most important limitation on practical use of
these products is the lack of enough clinical evidence which requires
more studies for better understanding of the mechanisms of action,
safety, and efficacy of the above mentioned agents.

In conclusion, it has been confirmed that VH has an important

role in IBS pathology and in the severity of patient complications
indicating that managing VH can remarkably modulate the symp-
toms of IBS. Preclinical and clinical evaluations of pharmacological
targets with the potential to prevent or cure VH in IBS conditions
are discussed in the current review in order to provide more effica-

cious and targeted medicaments rather than conventional treatments

Table. Mechanism of Action and Receptor Targeting of Future Drugs for the Management of Visceral Hypersensitivity

Source Agents as future drugs Cell/ receptor targets Therapeutic effects in managing VH References
Chemical ~ S-aminosalicylic acid Intestinal immune cells dInflammation and pain perception 19, 49, 50
A-803467 Selective Na,1.8 sodium d Mechanical allodynia and thermal hyperalgesia 90
channel blocker
Alosetron 5-HT, receptor antagonist TVolume thresholds, 60, 61
dColonic compliance,
JEmotional motor system of brain activity and
modulation of the gut sensitivity
Ambroxol Na* channel blocker dInflammatory pain 91
Asimadoline K-opioid receptor agonist 4 Pain sensation, 78-80
JHyperalgesia in functional dyspepsia
AYPGKF-NH, PAR#4 agonist peptide dVisceromotor response to colorectal distension 102,103
Capsazepine TRPV1 receptor antagonist dInflammation and visceral pain 67,72
CNQX Non-selective glutamate dVisceral perception induced by substance P 96
AMPA receptor antagonist
Ebastine and fexofenadine ~ Histamine-1-receptor antagonists 4 Stress associated VH 54
Eluxadoline p-opioid receptor agonist and T Pain threshold 80, 81
§-opioid receptor antagonist
Fedotozine K-opioid receptor agonist 4 Pain sensation, 78-80
dVolume or pressure stimuli perception
K252A TrkA antagonist LVH in colorectal distension 84
Ketotifen Histamine-1-receptor antagonist dHyperalgesia, discomfort and abdominal pain 56
and mast cell stabilizer
Lidocaine Voltage gated Na™ T Pain threshold, 89
channels blocker dRectal hypersensitivity
Mibefradil, ethosuximide, Calcium channel antagonists dButyrate-induced VH 88
and NP078585
Nepadutant and saredutant ~ NK, receptor antagonists Modulation the colorectal hypersensitivity to distension 74-77
PEF-03550096 Selective CB2 receptor agonist dVisceral hyperalgesia 101
Propranolol B-adrenergic receptor antagonist JHeterotypical intermittent stress-induced VH 92,93
RQ-00202730 Selective CB2 receptor agonist dVisceral hyperalgesia 100
SB366791 TRPV1 receptor antagonist 4 Thermal hyperalgesia 71
SR-140333 and Selective NK, receptor antagonists Y Inflammatory associated hyperalgesia 73-75
MEN-10930
SR-142801 Selective NK receptor antagonist JInflammatory associated VH 75-77
TAK-242 Specific TLR, receptor antagonist dChronic stress-induced VH 53
Tegaserod Partial 5-HT, receptor agonist dSensitivity to rectal distension, 62-64
Improved visceral sensation
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Table. Continued

Visceral Hypersensitivity in IBS

Source Agents as future drugs Cell/ receptor targets Therapeutic effects in managing VH References
Natural Berberine Involvement of nitric oxide d Abdominal withdrawal reflex score to colorectal 138
synthetase distention,
dDefecation times,
Improvement of stool consistency
Curcumin Involvement of TRPV1 and dVisceromotor response to colorectal distension, 125, 126
5-HT |, receptors, Modulation of Modulation of depressive behavior in IBS
BDNE 5-HT and pCREB
Dicentrine o-adrenoceptor antagonist, dVisceral pain perception 130, 131
Involvement of TRPA1 receptors
Ginseng saponins 5-HT,, receptor blocker Antinociceptive effect in VH 141
Probiotics Gut microflora dlntestinal permeability and contractile response of 41, 113-115
colonic smooth muscle,
JVH symptoms of post-infectious IBS,
Regulation of pain transmission mediators and
inflammatory cytokines
Tetrahydropalmatine Not identified T Pain threshold, 143, 145

4 Primary hyperalgesia due to thermal and

mechanical stimuli, Antinociceptive effect

VH, visceral hypersensitivity; S-H'T, serotonin; PAR, protease-activated receptor; TRPV1, transient receptor potential vanilloid type I; CNQX, 6-cyano-7-nitro-
quinoxaline-2,3-dione disodium; AMPA, oi-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; TrkA, tyrosine receptor kinase A; NK, neurokinin; CB, canna-
binoid; TLR, toll like receptor; BDNE brain derived neurotrophic factor; pPCREB, phosphorylated cAMP-response element binding protein; IBS, irritable bowel

syndrome; TRPA, transient receptor potential cation channel.

for hypersensitive IBS patients. Further well-designed controlled
clinical trials are mandatory in order to confirm the therapeutic ef-
ficacy and safety of novel pharmacological compounds on VH in
IBS patients.
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