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Abstract

This mini-review summarizes recent new developments in visceral analgesics. This promising field is
important, as a new approach to address abdominal pain with peripheral visceral analgesics is considered a
key approach to addressing the current opioid crisis. Some of the novel compounds address peripheral pain
mechanisms through modulation of opioid receptors via biased ligands, nociceptin/orphanin FQ opioid
peptide (NOP) receptor, or dual action on NOP and µ-opioid receptor, buprenorphine and morphiceptin
analogs. Other compounds target nonopioid mechanisms, including cannabinoid (CB2), N-methyl-
D-aspartate, calcitonin gene-related peptide, estrogen, and adenosine A  receptors and transient receptor
potential (TRP) channels (TRPV1, TRPV4, and TRPM8). Although current evidence is based
predominantly on animal models of visceral pain, early human studies also support the evidence from the
basic and animal research. This augurs well for the development of nonaddictive, visceral analgesics for
treatment of chronic abdominal pain, an unmet clinical need.
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INTRODUCTION: ABDOMINAL PAIN AND APPROACHES TO ADDRESS THE
OPIOID EPIDEMIC

Chronic abdominal pain may result from diverse conditions, ranging from chronic pancreatitis and Crohn's
disease to chronic abdominal pain, and its treatment remains a challenge in clinical practice. While
interventions such as celiac plexus blocks and nonopioid pain medications provide some relief, they are
typically less efficacious and limited by adverse effects. Thus, opioid medications are commonly used to
manage chronic pain syndromes refractory to other pain management interventions (70). From 1997 to
2008, opioid prescriptions for chronic abdominal pain more than doubled in US outpatient clinics (27). The
adjusted prevalence of visits for which an opioid was prescribed increased from 5.9% (95% CI, 3.5–8.3%)
in 1997–1999 to 12.2% (95% CI, 7.5–17.0%) in 2006–2008 (P = 0.03 for trend), and opioid prescriptions
were most common among patients aged 25 to 40 yr (odds ratio 4.6; 95% CI, 1.2–18.4). Among patients
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with Crohn’s disease, it has been reported that concurrent functional gastrointestinal disorders constitute a
risk factor for opioid misuse, and 20% of patients with Crohn’s disease at a referral gastroenterology clinic
were using chronic narcotics (22). Concurrent irritable bowel syndrome (IBS) was also a risk factor for the
initiation of opioid therapy in hospitalized patients with Crohn’s disease (45). In a population-based,
epidemiological study from Olmsted County, Minnesota, 12% of 3,515 people were using narcotics, and
18–21% of patients with dyspepsia, IBS, or bloating reported using narcotics (20).

A report from the National Academies of Sciences, Engineering, and Medicine (50) documented that, as of
2015, at least 2 million people in the United States have an opioid-use disorder involving prescription
opioids, and an average of ~90 Americans die every day from overdoses that involve illicit opioids,
including heroin and synthetic opioids such as fentanyl; this number has nearly tripled in the 5 yr leading
up to 2015. In 2010, Dr. Susan Okie, a family physician, alerted the medical profession to the flood of
opioids, the rising tide of deaths, the plans of the US Food and Drug Administration to require opioid
makers to provide training for physicians and patient-education materials on the appropriate prescribing
and use of extended-release and long-acting opioids, and the need for action (49). It is clear that, for a
growing number of people, opioid-use disorder began with prescription opioids. This has led to
recommendations for fundamental shifts in analgesic-prescribing practices, a mandate for pain-related
education for all health professionals who provide care to people with pain, and education to the general
public on risks and benefits of opioids. This report from the National Academies and the 138-page report
The President’s Commission on Combating Drug Addiction and the Opioid Crisis (65) detailed societal
approaches to addressing the opioid epidemic and pharmacological approaches to structured withdrawal;
examples of these approaches are summarized in Table 1. The two reports also urged the US Congress and
the Administration to block-grant federal funding for opioid-related and substance use disorder-related
activities to the states.

The report from the President’s Commission also mentioned that the National Institutes of Health have
been partnering with pharmaceutical companies to develop nonaddictive painkillers and new treatments for
addiction and overdose. Volkow and Collins (69) outline the role of science in addressing the opioid crisis
and identify short-, intermediate-, and long-term strategies to address overdose prevention and reversal,
treatment of opioid-use disorders, and treatment of chronic pain.

Given the clinical unmet need represented by the paucity of approved analgesics specifically for visceral
pain syndromes and the societal imperative to develop alternative pharmacological approaches to treat
abdominal pain, this review aims to document the current repertoire of visceral pharmacological (rather
than behavioral) analgesics and to explore novel medications in development for treatment of abdominal
pain to expand on the approaches mentioned by Volkow and Collins (69).

CURRENT VISCERAL ANALGESICS

A recent review on the treatment of abdominal pain in IBS (15) provided details on pharmacological
approaches such as antispasmodics, peppermint oil, antidepressants (tricyclic agents and selective serotonin
reuptake inhibitors), 5-HT  receptor antagonists (alosetron, ondansetron, and ramosetron), nonabsorbed
antibiotic (rifaximin), secretagogues (lubiprostone and linaclotide), a combination µ- and κ-opioid receptor
(OR) agonist and δ-OR antagonist (eluxadoline), histamine H  receptor antagonist (ebastine), neurokinin
(NK)-2 receptor antagonist (ibodutant), and GABAergic agents (gabapentin and pregabalin). Some of these
medications are approved for treatment of IBS, but their predominant effects are on the diarrhea or
constipation associated with IBS. Other medications (ebastine, ibodutant, and the GABAergic agents) are
not approved for IBS or abdominal pain, act centrally, and may affect other cerebral functions, including
induction of somnolence. In addition, some of the approved medications may have adverse effects in the
gastrointestinal tract, such as sphincter of Oddi dysfunction and pancreatitis (eluxadoline) or ischemic
colitis (alosetron), and are associated with warnings restricting their use.
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Earlier attempts to develop κ-OR agonists as visceral analgesics were abandoned after initial trials with
asimadoline (46) and fedotozine (23, 54) were promising in IBS or functional dyspepsia, and another κ-OR
agonist, JNJ-38488502, was ineffective at reducing sensation after colorectal distension, although it exerted
opioid-related effects, specifically increasing colonic compliance in male, healthy volunteers (32).

A nonsedating H  receptor antagonist, ebastine, is a novel and attractive mechanism based on inhibition of
the transient receptor potential (TRP) channel TRPV1 receptors on afferent mechanisms; it reduced
abdominal pain in patients with evidence of rectal hypersensitivity (72). The NK  antagonist ibodutant is
promising and, in a phase 2B trial, was not associated with adverse central or peripheral effects (63).
Further clinical trials with these two promising drug classes are awaited.

There is still an unmet need in the treatment of chronic functional abdominal pain and the pain component
of IBS. This overview addresses several classes of classical modulators of afferent function (Table 2) that
are particularly attractive, because they represent pharmacological moieties with peripheral selectivity.

Novel µ-Opioid Agents

Opioids are effective for the treatment of moderate-to-severe pain but are associated with opioid-related
adverse events such as addiction, respiratory depression, gastrointestinal effects (e.g., nausea, vomiting, and
constipation), sedation, and the “rising tide of deaths” noted in recent years (49). These adverse effects are
directly the result of actions on ORs and may result in limiting the dose to below that required for analgesic
efficacy or lead to deleterious, perhaps even fatal, effects to achieve relief. One of the main objectives is to
provide analgesia or antinociception with reduced dependency, reduced likelihood of addiction, or reduced
respiratory depression. Several novel approaches are in development to obviate these risks.

Novel Biased Ligand of the µ-OR

Conventional opioids bind to the µ-OR and induce analgesia through activation of G protein-mediated
pathways; µ-OR activation also recruits β-arrestin, which mediates receptor desensitization and
internalization and also induces respiratory depression and inhibits gastrointestinal motility. Biased ligands
produce differentiated pharmacology in preclinical studies compared with unbiased ligands; thus, novel
compounds that activate the G protein pathway without activating β-arrestin are in development (Fig. 1).
The expected effect of such an approach would be analogous to the effects of β-arrestin-2 knockout in
mice, that is, enhanced analgesia with reduced gastrointestinal and respiratory effects (12, 52).

One relatively selective µ-OR agonist that is predominantly a biased G protein ligand and produces G
protein activation with little β-arrestin recruitment is TRV130 (also called oliceridine). It is presumed that
TRV130 changes the conformation of the µ-OR when it binds, resulting in less β-arrestin recruitment. In
preclinical models, TRV130 produced potent analgesia with less constipation and respiratory depression at
doses that were equianalgesic to morphine (25). In phase I studies conducted in healthy volunteers,
TRV130 demonstrated dose-related pupil constriction (indicative of central nervous system efficacy) that
correlated with plasma concentration and an effect that was equianalgesic to morphine (10 mg) during the
cold pressor test, with less reduction in respiratory drive and less severe nausea (60). The effects of this
medication have been tested in phase II, randomized, placebo- and active-controlled studies of the efficacy
and tolerability of TRV130 in acute pain after bunionectomy. After the first dose, TRV130 at 2 and 3 mg
(dosed every 3 h) produced significantly greater categorical pain relief than morphine (dosed at 4 mg every
4 h), with meaningful pain relief in <5 min. TRV130 produced no serious adverse events, with tolerability
similar to that of morphine. However, the proportion of patients who developed nausea was higher in the
group treated with TRV130 at 3 mg every 3 h than in the group treated with morphine at 4 mg every 4 h,
and constipation was more prevalent in all TRV130- than morphine-treated groups (68). This experience
was also demonstrated in rodents (3), in which repeated TRV130 treatment failed to produce tolerance to
antinociception or gastrointestinal inhibition and enhanced abuse-related effects, despite its bias for G
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protein signaling. Several phase I and II trials are recorded in ClinicalTrials.gov, but no other efficacy or
safety data are available. Thus, while biased µ-OR activation is a promising and attractive approach to
produce antinociception, more specific ligands will be needed to avoid the adverse effects of this class of
agonists on respiratory depression and gastrointestinal inhibition.

Another novel, biased G protein µ-OR ligand was identified from a structure-based discovery approach that
computationally docked >3 × 10  molecules against the structure of the µ-OR and, thereby, identified new
scaffolds unrelated to known opioids (47). This approach led to the discovery of PZM21, a potent
gastrointestinal activator with exceptional selectivity for µ-OR and minimal β-arrestin-2 recruitment. In
mice, PZM21 was more efficacious than morphine for analgesia, particularly for the affective component of
analgesia, produced less constipation, and was devoid of both respiratory depression and morphine-like
reinforcing activity in mice at equianalgesic doses. In fact, direct comparisons in these experiments in mice
suggest that TRV130 significantly depresses respiration at 15 min, correlating with its peak analgesic
response, whereas PZM21 is not associated with respiratory depression.

Targeting µ-OR Under Acidic Conditions

Low pH is a hallmark of injured tissue, as occurs in inflammation. Spahn et al. (61) developed a pH-
sensitive opioid that, because of its low pK , selectively activates peripheral µ-ORs at the source of pain
generation. Acidosis can augment the function of heterotrimeric G protein-coupled receptors and affects the
protonation of ligands, which is essential for binding and activation of ORs. The prototype molecule, (±)-
N-(3-fluoro-1-phenethylpiperidin-4-yl)-N-phenylpropionamide, is a fluorinated derivative of fentanyl with
a pK  of 6.8; the fluorine serves to attract protons. This approach produced injury-restricted analgesia in
rats with different types of inflammatory pain without respiratory depression, sedation, constipation, or
addiction potential. This approach may therefore have advantages to target visceral pain associated with
pathophysiological conditions, particularly inflammation.

Nociceptin/Orphanin FQ Opioid Peptide Receptor Modulation

Nociceptin/orphanin FQ opioid peptide (NOP) receptor and its endogenous ligand N/OFQ make up the
fourth members of the OR and opioid peptide family (66). NOP modulates µ-OR-mediated actions, thereby
affecting opioid analgesia, tolerance development, physiological processes, and reward. NOP receptors are
highly expressed in brain and spinal cord; however, there are also NOP receptors on a large number of
peripheral systems, including respiratory, gastrointestinal, genitourinary, cardiovascular, and renal systems.
N/OFQ and NOP receptor activate inwardly rectifying K  conductance and inhibit Ca  channels. N/OFQ
produces inhibitory effects on pain transmission at the peripheral (41) and spinal (42) levels in monkeys.
NOP receptors are widely expressed in the gastrointestinal tract on muscle cell membranes and neurons. In
rat models of visceral hypersensitivity induced by inflammation [2,4,6-trinitrobenzene sulfonic acid
(TNBS)] or stress, UFP-101 (a selective NOP receptor antagonist) blocked the reduction of visceral
hypersensitivity induced by N/OFQ (2).

In postmortem control human dorsal root ganglia (DRG), 75–80% of small/medium (≤50-µm-diameter)
neurons in the lumbar and sacral DRG were positive for NOP; moreover, NOP-positive nerve fibers within
the bladder suburothelium revealed a severalfold increase in specimens from patients with detrusor
overactivity and painful bladder syndrome compared with controls. These data suggest that NOP agonists
have potential to alter urinary bladder overactivity and pain syndromes (5), and, given the distribution of
NOP receptors in lumbar and sacral DRG, it is conceivable that there may be analgesic effects in painful
gastrointestinal conditions.

The NOP-selective ligand SCH 221510 was tested for its inhibitory effects on intestinal motility and
visceral pain in preclinical animal models of diarrhea-predominant IBS (IBS-D). In the same study,
expression of the endogenous nociception system (NOP mRNA expression) was lower in colon biopsies
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from six patients with IBS-D than healthy controls, and plasma nociceptin levels were also lower in
patients with IBS-D than controls. These data suggest that altered expression occurs in the tissues, rather
than the extrinsic afferents. The assumption is that the NOP ligand may be able to reverse the deficiency of
endogenous nociceptin and replicate the antimotility and antinociception (after oral or intraperitoneal.
administration) reported in mouse models of IBS-D. Together, these data support the hypothesis that NOP
receptors may become a novel pharmacological target for IBS-D treatment (31). However, the effects of
SCH 221510 may be mediated centrally, since it has also shown anxiolytic actions, and NOP receptors are
documented in many centers in the brain; hence, new ligands that are more selective or peripherally
restricted may be required to optimize this antinociceptive approach.

Dual Action on NOP and µ-OR

Cebranopadol is a novel new agent that combines dual, full agonist action at ORs and NOP receptors (53).
It has demonstrated good efficacy and safety in a variety of preclinical models of acute pain and
particularly potent efficacy in preclinical models of neuropathic pain (44). It is centrally acting, although its
adverse-effect profile has been reported to be superior to that of morphine at equianalgesic doses. It is also
analgesic when injected locally, as in inhibiting the nociceptive effect of formalin injected into the hindpaw
of mice (55). A novel orvinol analog, BU08028, which is a buprenorphine analog and mixed µ-opioid
peptide-NOP receptor agonist, appears to be a safe opioid analgesic without abuse liability in primates (26).

A dual-action agonist, BU08070, has antinociceptive effects in a mouse model of IBS-D (59), as well as
anti-inflammatory effects in a preclinical model of inflammatory colitis; this was associated with
concentration-dependent inhibition of inflammatory markers and with antinociceptive action (76). These
combined effects would suggest that BU08070 acts through peripheral mechanisms. Further studies of the
potential combination effects would be of considerable interest in IBS and inflammatory bowel disease.

Buprenorphine Analogs

Buprenorphine is an opioid partial agonist that produces effects, such as euphoria or respiratory depression,
that are weaker than those of full opioid agonists such as heroin and methadone. Buprenorphine can block
effects of exogenous opioids, thus reducing illicit opioid use. In addition, it does not produce the “rush”
sought by addicted individuals; the most effective approach to treatment of opioid withdrawal is use of a
long-acting oral opioid (usually methadone or buprenorphine) to relieve symptoms and then gradual
reduction of the dose to allow the patient to adjust to the absence of an opioid (57).

κ-OR agonists result in analgesia accompanied by a feeling of dysphoria. On the other hand, antagonists of
κ-ORs were found to block depression, anxiety, and drug-seeking behaviors in animal models. Recently,
selective κ-OR antagonists have been developed as an addiction treatment that does not cause dependence
(38). One novel approach in experimental therapeutics for visceral pain combines analgesia from µ-OR
agonism and the antiaddictive effects of a κ-OR antagonist. ORP-101 is a buprenorphine dimer that is an
agonist at µ-ORs and an antagonist at κ-ORs. In animal studies, Pasricha et al. found that ORP-101 was
highly effective in reducing stool volume and acute abdominal pain in the mustard oil model, relaxed the
sphincter of Oddi, and did not retard gastric emptying. In the IBS mouse model, ORP-101 (50 mg/kg) had a
significant antihyperalgesic effect. These results contrasted with parallel studies of the effects of
eluxadoline (a combination µ- and κ-OR agonist and δ-OR antagonist), which slowed gastric emptying,
induced sphincter of Oddi contraction, and did not have antihyperalgesic effects (51). It is unclear whether
ORP-101 targets heteromeric receptors.

Morphiceptin Analog

Morphiceptin, a tetrapeptide (NH -tyr-pro-phe-pro-COHN ) amide of a fragment of the milk protein
β-casein, is a selective µ-OR agonist (19). It is derived from β-casomorphin and has >1,000 times more
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selectivity for µ- than δ-ORs. P-317, a novel cyclic pentapeptide derivative of morphiceptin, has been
shown in mouse models to inhibit colonic and ileal smooth muscle contractions in a concentration-
dependent way in vitro, to inhibit gastrointestinal transit when administered intraperitoneally or orally in
vivo, and to display potent antinociceptive action in abdominal pain tests without influencing locomotor
activity and grip strength, which were used as surrogates to check for effects mediated by the central
nervous system (77). More direct measurements that prove peripheral restriction, reduced susceptibility to
tolerance, and respiratory depression are awaited.

NOVEL CANNABINOID AGENTS

The endocannabinoid system is a widely distributed transmitter system that controls gut functions
peripherally and centrally and is involved in the control of nausea and vomiting and visceral sensation.
Cannabinoid receptor (CB) type 1 (CB ) localizes to the cell bodies of DRG neurons and controls visceral
sensation, and transcription of CNR1 is modified through epigenetic processes under conditions of chronic
stress. In addition, a population of small-diameter nociceptive neurons expresses CB  along with TRPV1
and contains peptides such as substance P and calcitonin gene-related peptide. Activation of CB  inhibits
pain perception (nociception), whereas activation of TRPV1 increases pain perception. Reviewing this
information and published data, Sharkey and Wiley proposed that peripherally restricted cannabinoids and
modulators of endocannabinoid synthesis and/or degradation might be used for short-term treatment of
symptoms of IBS and other functional bowel disorders (58).

In humans, the nonselective CB agonist dronabinol was shown to increase colonic compliance, inhibit
postprandial tone, and, paradoxically, increase the sensory rating for pain during random phasic distensions
at all pressures tested and in both sexes (28). Moreover, in a study of 65 patients with chronic abdominal
pain for ≥3 mo after surgery or because of chronic pancreatitis, Δ -tetrahydrocannabinol (THC) did not
reduce pain measures compared with placebo control; THC, administered three times daily, was safe and
well tolerated during a 50- to 52-day treatment period (Fig. 2) (24). Similarly, THC did not reduce
postoperative pain compared with placebo (14).

CB type 2 (CB ) is a class A G protein-coupled receptor that has an amino acid sequence similar to that of
CB  and mediates some of the effects of cannabinoids on the immune system. In addition to expression in
the immune system, CB  has widespread tissue expression in the brain, peripheral nervous system, and
gastrointestinal tract. Several “mixed” cannabinoid agonists are in clinical use primarily for controlling
pain, and it is believed that selective CB  agonism may afford a superior analgesic agent devoid of the
centrally mediated effects of CB . Thus, selective CB  agonists may be candidates for treating pain and
other disease states. There are predominantly preclinical data in support of this concept. For example,
LY3038404 HCl, a potent CB  agonist, possesses tissue-protective and analgesic properties without effects
on higher brain function, and it attenuated pain in a rat model of pancreatitis (74). Orally administered
PF-03550096 (3 and 10 mg/kg) inhibited the TNBS-induced decrease in colonic pain threshold in a rat
model of visceral hypersensitivity (40).

Thus, activation of CB  is suggested as a potential therapeutic target for visceral inflammation and pain
management. APD371, an orally available, peripherally restricted, highly selective, full agonist of CB , is
being tested for efficacy in patients. It was designed to provide pain relief without psychotropic effects and
without the potential for dependence or abuse. It is listed in ClinicalTrials.gov (NCT03155945) as a
treatment being tested in patients with Crohn’s disease (21), although no results are available.

N-METHYL-D-ASPARTATE RECEPTOR ANTAGONISTS

The rationale for use of N-methyl-D-aspartate (NMDA) antagonists for visceral pain is the observation that
development and maintenance of human visceral pain hypersensitivity are dependent on the NMDA
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receptor. This was demonstrated using acid exposure in the esophagus (71). NMDA receptor antagonists
(e.g., ketamine, dextromethorphan, and magnesium) have also been utilized as adjuncts for acute and
chronic pain management. Ketamine is a unique parenteral anesthetic with analgesic-like properties.
Subhypnotic doses of ketamine and its more potent S(+) isomer may prevent central sensitization to opioid
analgesics and, thereby, improve their effectiveness. Because of the well-known central nervous system
side effects of anesthetic doses of ketamine (e.g., hallucinations, excessive sedation, bad dreams, dizziness,
blurred vision, nausea, and vomiting), only subhypnotic doses (<150 µg/kg) should be administered as an
analgesic adjuvant. For noxious visceral stimulation, low-dose ketamine produced significant attenuation of
both pain intensity and unpleasantness (62). S-ketamine did not reduce pain sensation with gastric
distensions in healthy subjects (43). In 10 patients with postpancreatitis pain, S-ketamine infusion was more
effective than placebo in increasing pressure thresholds in somatic pain (suggesting an analgesic effect)
immediately after infusion; however, this effect did not outlast the infusion (13).

Adverse effects of recreational use of ketamine include acute neurobehavioral abnormalities (such as
agitation, hallucinations, anxiety, and psychosis), cardiovascular features (hypertension and tachycardia),
and, with long-term use, psychological dependence and tolerance, gastrointestinal toxicity, particularly
abdominal pain and abnormal liver function tests, and hemorrhagic cystitis (39).

Overall, these data suggest the need for more research to appraise utility and benefit-to-risk ratio, given the
potentially significant adverse effects.

CALCITONIN GENE-RELATED PEPTIDE RECEPTOR ANTAGONISTS

Recent evidence has shown that endosomal signaling of the calcitonin-like receptor (CLR) contributes to
pain transmission and that a cholestanol-conjugated antagonist, calcitonin gene-related peptide [CGRP-
(8–37)], accumulated in CLR-containing endosomes and selectively inhibited CLR signaling in endosomes.
CGRP caused sustained excitation of neurons in slices of rat spinal cord (73). These data suggest that
CGRP receptors function not only at the plasma membrane, but also in endosomes, to control complex
processes in vivo, and the data suggest that development of CLR antagonists may be efficacious in a
variety of pain syndromes. A number of candidate molecular antagonists of CGRP are being tested
(reviewed in Ref. 56).

TARGETING TYROSINE KINASES IN PROTEASE-ACTIVATED RECEPTOR
2-MEDIATED RECEPTOR-OPERATED GATING OF TRPV4 CHANNELS

TRP channels constitute a large group of ion channels prevalent in mammalian central and peripheral
nervous systems and in nonneuronal cells; they function in sensing temperature, noxious substances, and
pain. TRP channels are classified into two major groups according to their amino acid sequence, rather than
by selectivity or ligand-binding affinity: group 1 consists of TRPC (canonical), TRPV (vanilloid), TRPM
(melastatin), TRPN (no mechanoreceptor potential C), and TRPA (ankyrin) channels; group 2 is composed
of TRPP (polycystic) and TRPML (mucolipin) channels (reviewed in Ref. 79). The TRPs with greatest
evidence for a role in nociception are TRPV1, TRPV4, and TRPM8.

First, TRPV1, also referred to as the capsaicin receptor, is a ligand-gated, nonselective cation channel with
high permeability for Ca . TRPV1 is activated by several ligands and physiochemical stimuli, including
noxious heat (>43°C), pH (pH 5–6), vanilloids (e.g., capsaicin), ethanol, and lipid mediators derived from
arachidonic acid, such as anandamide. TRPV1 is widely expressed on DRG neurons, innervating the colon,
bladder, pancreas, stomach, and duodenum. TRPV1-expressing afferents participate in the regulation of
gastrointestinal blood flow, secretion, mucosal homeostasis, motility, and nociception. In patients with
rectal hypersensitivity, the increase in TRPV1 expression was positively correlated with the level of
hypersensitivity (18). Additional studies have assessed TRPV1 activity in subtypes of IBS and
demonstrated TRPV1 upregulation and sensitization of submucosal neurons from rectal biopsies in IBS
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patients with visceral hypersensitivity (67, 72). This suggests that treatment may target expression of
TRPV1, rather than sensitization of the capsaicin receptor itself. The upregulation of such visceral sensory
mechanisms involving TRPV1 has been recently demonstrated through studies of supernatants generated
from tissue biopsy of patients with postinfectious IBS, which were tested in murine DRG (visceral afferent)
neurons (11).

Second, the TRPV1 receptor antagonist JYL1421 prevented the visceral hypersensitivity to mechanical and
chemical stimuli and the increase in TRPV1 immunoreactivity in the DRG. Moreover, TRPV1 antagonist,
injected 1 wk after TNBS instillation, decreased the visceral hypersensitivity to mechanical distension of
the colon, but not to chemical stimulation (48). In the intestine, TRPV4 is a nonselective cation channel
that is sensitized by G protein-coupled receptors. TRPV4 expression is enhanced by inflammatory
mediators, including histamine and serotonin (16). A selective TRPV4 antagonist, RN1734, reduced
abdominal pain associated with intestinal inflammation based on a mouse model of intracolonic
administration of mustard oil and measurement of the number of postures defined as spontaneous pain-
related behaviors (30).

The relevance of TRPV4 to gastrointestinal or colonic pain is supported by the observation of colonic
biopsies in 40 patients with IBS that demonstrated levels of the polyunsaturated fatty acid metabolite 5,6-
epoxyeicosatrienoic acid (a TRPV4 agonist), but not levels of TRPV1 or TRPA1 agonists, which were
increased in IBS biopsies compared with controls, or increases in levels of 5,6-epoxyeicosatrienoic acid,
which correlate with pain and bloating scores (17). The same study also showed that, in human DRG,
TPV4 was expressed by 35% of neurons. These data suggest that visceral hypersensitivity involves
activation of TRPV4. Protease-activated receptor 2 sensitizes TRPV4 channels to cause hyperalgesia in
mice (35), and the tyrosine kinase inhibitor bafetinib inhibits the protease-activated receptor 2-induced
activation of TRPV4 (34). Although bafetinib is a second-generation dual BCR-ABL/Lyn tyrosine kinase
inhibitor in development for glioma and hematological malignancies, it is conceivable that other agents in
this class might be developed for visceral pain.

Third, TRPM8 is also expressed by peripheral sensory neurons of visceral organs (37) and may be involved
in the reduction of visceral hypersensitivity by coupling of TRPM8 to both TRPV1 and TRPA1 (37).
TNBS-induced colonic hypersensitivity to mechanical stimuli was significantly reduced by the TRPM8
agonists peppermint oil and caraway oil, administered together (1). In addition, small clinical trials with
enteric-coated peppermint oil showed decreased abdominal pain and increased quality-of-life scores in
patients with IBS (reviewed in Ref. 10).

G PROTEIN-COUPLED ESTROGEN RECEPTOR AND ESTROGEN RECEPTOR
LIGANDS

Estrogen receptor (ER)-α and ERβ have been implicated in the regulation of visceral pain by estrogens
(33). ERα is predominantly expressed in the superficial dorsal horn of the spinal cord, which receives
information from nociceptive sensory neurons, while ERβ is found in a deeper layer in the gut (4). In
addition, ERα, ERβ, and G protein-coupled ER (GPER) are expressed in the membrane and cytosolic
protein fractions of spinal cord dorsal horn in both sexes, supporting a crucial role of all ERs in pain
signaling (75). In addition to the sex differences noted in humans with IBS (64), numerous animal studies
have shown that visceral and somatic sensitivity vary during the rat estrous cycle and that high ovarian
hormone levels are associated with visceral hypersensitivity (36). All these factors provide the rationale for
considering the development of antinociceptive agents through modulation of ERs.

GPER is expressed in the human colon and in the mouse colon and ileum. G-1 (a nonselective GPER
agonist) and estradiol (an ER ligand) inhibited muscle contractility in vitro in human and mouse colon,
prolonged the time to bead expulsion in female mice, and reduced pain sensation in vivo, as shown by the
number of behaviors observed in mice in response to intracolonic instillation of 1% mustard oil (78).
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ADENOSINE A  RECEPTOR AGONIST

Adenosine is an extracellular purine nucleoside-signaling molecule responsible for diverse actions in the
nervous, cardiopulmonary, renal, and gastrointestinal systems. The biological actions of adenosine are
mediated by binding to four subtypes of G protein-coupled receptors: A , A , A , and A . The
adenosine A  receptors are activated by micromolar levels (10–100 µM) of adenosine, which are achieved
in pathological conditions; the A  receptors are involved in the control of intestinal secretion, motility,
and sensation (8). The adenosine A  receptors are mainly expressed in the peripheral tissues, such as the
large intestine (29). Adenosine’s role in diverse enteric functions and disease processes are extensively
reviewed elsewhere (6, 7). Recent data show that, in rat models of IBS (based on stress such as maternal
separation or wrap-restraint stress), the A  receptor antagonist aminophylline reduced visceral pain as
well as colonic propulsion (9).

While there are no human studies assessing such adenosine A  receptors as targets for visceral analgesia
in humans, this class of medications, which has been used for obstructive airway disease for several
decades, may be available for formal testing in patients with abdominal pain.

CONCLUSIONS

Although unproven for efficacy in patients, these novel approaches for the treatment of visceral pain with
peripherally restricted or targeted mechanisms augur well for the future hope of developing peripheral
visceral analgesics for IBS and chronic abdominal pain.
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Table 1.

Examples of approaches to address the opioid epidemic

Societal approaches

Reducing restrictions on lawful access to prescription opioids, because such restrictions may be driving some people
toward the illegal market

Treatment for the millions who have opioid-use disorder

Removal of impediments to full coverage of medications approved by the US Food and Drug Administration for
treatment of opioid-use disorder

Partnerships between public and private payers, including insurance companies, to develop reimbursement models
that support evidence-based and cost-effective comprehensive pain management, including drug and nondrug
treatments for pain

Pharmacological approaches

Access to methadone and buprenorphine (substitute µ-opioid agonists) in a structured withdrawal program

Access to naloxone (a µ-opioid antagonist prescribed to rescue people dying as a result of respiratory depression
from an opioid)

Approaches to address the opioid epidemic are from Refs. 50 and 65.
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Table 2.

Classes of novel peripheral visceral analgesics

Class of Peripheral Visceral
Analgesic

Examples Summary of Mechanism of Action

Novel µ-opioid agents

    Novel biased ligand of
the µ-opioid receptor

TRV130 and PZM21 Activates G protein without β-arrestin pathway

    Targeting µ-opioid
receptor under acidic conditions

NFEPP A fluorinated derivative of fentanyl exclusively
activated at acidic sites, e.g., inflammation

    NOP receptor
modulation

SCH 221510 NOP ligand may reverse a possible deficiency of
endogenous nociceptin in IBS

    Dual action on NOP
and µ-opioid receptor

Cebranopadol and
BU08070

Peripherally active mixed µ-opioid peptide-NOP
receptor agonist

    Buprenorphine
analogs

ORP-101 Combines analgesia from µ-opioid receptor agonism
and the antiaddictive effects of a κ-opioid receptor
antagonist

    Morphiceptin analog P-317 Cyclic pentapeptide derivative of morphiceptin with
indirect evidence of peripheral action

Novel CB  agonists LY3038404,
PF-03550096, and
APD371

Selective CB  agonists; may have superior analgesic
effects devoid of the centrally mediated CB  effects

N-methyl-D-aspartate receptor
antagonists

Ketamine Prevent central sensitization to opioid analgesics,
improving effectiveness of opioids

CGRP-related peptide receptor
antagonists

CGRP-(8–37) Blocks endosomal signaling of the CLR to pain
transmission

Drugs targeting TRP channels

    TRPV1 JYL1421 TRPV1 receptor antagonist reduces mechanical, but
not chemical, hyperalgesia

    TRPV4 RN1734 Selective TRPV4 antagonist reduces chemically
induced hyperalgesia

    TRPM8 Peppermint oil and Agonists that reduce colonic hypersensitivity to

Open in a separate window

NOP, nociceptin/orphanin FQ opioid peptide; IBS, irritable bowel syndrome; CB , cannabinoid receptor type 2;
CGRP, calcitonin gene-related peptide; CLR, calcitonin receptor-like receptor; TRP, transient receptor potential;
GPER, G protein-coupled estrogen receptor; ER, estrogen receptor.

2 2
1

2
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Fig. 1.

Hypothesis for increased analgesia and reduced adverse events for a biased G protein µ-opioid receptor ligand. Morphine
binding to the µ-opioid receptor (left) engages analgesic signaling through G protein coupling to inhibit nociception by
neuronal hyperpolarization and also engages β-arrestins to the same receptor, which inhibits G protein coupling and
promotes respiratory depression and constipation. TRV130 is a G protein-biased ligand that engages G protein coupling
similarly to morphine, but with less β-arrestin recruitment. [Reproduced from Ref. 68.]
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Fig. 2.

Open in a separate window

Mean visual analog scale (VAS) pain scores at baseline and during study treatment show randomized controlled trial of Δ -
tetrahydrocannabinol (THC) and placebo in 3 forms of chronic pain. There was no significant effect of treatment with
THC. [Reproduced from Ref. 24.]

Articles from American Journal of Physiology - Gastrointestinal and Liver Physiology are provided here courtesy of
American Physiological Society
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