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Summary

Background: Abdominal pain in irritable bowel syndrome (IBS) remains challenging

to treat effectively. Researchers have attempted to elucidate visceral nociceptive

processes in order to guide treatment development. Transient receptor potential

(TRP) channels have been implied in the generation (TRPV1, TRPV4, TRPA1) and

inhibition (TRPM8) of visceral pain signals. Pathological changes in their functioning

have been demonstrated in inflammatory conditions, and appear to be present in

IBS as well.

Aim: To provide a comprehensive review of the current literature on TRP channels

involved in visceral nociception. In particular, we emphasise the clinical implications

of these nociceptors in the treatment of IBS.

Methods: Evidence to support this review was obtained from an electronic data-

base search via PubMed using the search terms “visceral nociception,” “visceral

hypersensitivity,” “irritable bowel syndrome” and “transient receptor potential chan-

nels.” After screening the abstracts the articles deemed relevant were cross-refer-

enced for additional manuscripts.

Results: Recent studies have resulted in significant advances in our understanding

of TRP channel mediated visceral nociception. The diversity of TRP channel sensiti-

zation pathways is increasingly recognised. Endogenous TRP agonists, including

poly-unsaturated fatty acid metabolites and hydrogen sulphide, have been implied in

augmented visceral pain generation in IBS. New potential targets for treatment

development have been identified (TRPA1 and TRPV4,) and alternative means of

affecting TRP channel signalling (partial antagonists, downstream targeting and

RNA-based therapy) are currently being explored.

Conclusions: The improved understanding of mechanisms involved in visceral noci-

ception provides a solid basis for the development of new treatment strategies for

abdominal pain in IBS.

The Handling Editor for this article was Professor Jonathan Rhodes, and this uncommis-

sioned review was accepted for publication after full peer-review.

Received: 10 May 2017 | First decision: 6 June 2017 | Accepted: 17 August 2017

DOI: 10.1111/apt.14294

938 | © 2017 John Wiley & Sons Ltd wileyonlinelibrary.com/journal/apt Aliment Pharmacol Ther. 2017;46:938–952.

http://orcid.org/0000-0002-9532-2576
http://orcid.org/0000-0002-9532-2576
http://orcid.org/0000-0002-9532-2576
http://wileyonlinelibrary.com/journal/APT


1 | INTRODUCTION

Irritable bowel syndrome (IBS) is a gastrointestinal disorder character-

ized by chronic recurrent abdominal pain and alterations in bowel

habit. The pathophysiology of IBS is incompletely understood, which

poses obstacles in the search for effective therapeutic approaches.

While the defecation pattern can generally be managed adequately

with pharmacotherapy, abdominal pain tends to be difficult to treat

effectively in IBS patients. In the search for new therapeutic strate-

gies, accumulating interest has been given to peripheral mechanisms

of nociception as a key target to develop novel analgesics for IBS-

related pain. It is now widely accepted that an altered visceral sensi-

tivity through abnormal endogenous pain processing plays an impor-

tant role in the pathogenesis. This can result both from peripheral

and central sensitization processes.1 By virtue of peripheral sensitiza-

tion of nociceptive afferents, increased nociceptive discharge can

result in the generation of pain symptoms.2 The responsiveness of

these nociceptive afferents or nociceptors, is determined by the

expression of specific channels sensing noxious stimuli.3 The discov-

ery of sensory transducer molecules, including the transient receptor

potential (TRP) channel family has opened a new horizon in under-

standing peripheral nociceptive processes. TRP channels constitute a

family of nonselective cation channels. Several members of this fam-

ily, of which transient receptor potential vanilloid 1 (TRPV1) has been

studied most extensively, have been identified to function as integra-

tors and transducers of nociceptive signals in both somatic and

visceral pain. However, as nearly all sensory neurons and several

non-neuronal cell types express TRPV1, its role is not limited to

nociception. TRP channels indeed appear to have a broad spectrum

of functions in the human body, a topic that has been reviewed in

detail, elsewhere.4 This review will focus on current knowledge with

regards to the potential role of TRP channels in the pathogenesis of

pain symptoms in IBS, with particular emphasis on visceral nocicep-

tion. Specifically, we will summarise their clinical implications and

discuss the future of TRP channel targeted therapy.

2 | METHODS

Evidence to support this review was obtained from an electronic

database search via PubMed by two of the authors (AB and ZW)

using the search terms “visceral nociception,” “visceral hypersensitiv-

ity,” “irritable bowel syndrome” and “transient receptor potential

channels.” The last date of the search was 21st of July 2017. After

screening the abstracts the articles deemed relevant were cross-

referenced for additional manuscripts.

3 | IRRITABLE BOWEL SYNDROME
PATHOPHYSIOLOGY

Several mechanisms have been hypothesized to play a role in the

pathogenesis of IBS, including disturbances in microbiota, low-grade

inflammation, immune activation, intestinal barrier dysfunction and

altered bile salt absorption. Discussing these mechanisms separately

is beyond the scope of this article. A thorough overview is provided

in a recent review article.5 We would like to emphasise that IBS is a

heterogeneous disease. Even identical symptoms are likely caused by

different processes.5 Grouping IBS patients on the basis of stool pat-

tern thus promotes heterogeneity, resulting in varying results with

different cohorts. This aspect is also relevant when studying the role

of TRP channels in visceral pain generation in IBS. Indeed, low-grade

mucosal inflammation has been proposed as an important patho-

physiological factor in IBS.6 Researchers have since demonstrated a

sensitizing effect of inflammatory mediators on various TRP chan-

nels, as will be discussed below. It is important to note that inflam-

mation does not seem to be required to maintain visceral

sensitization, as two recent clinical studies investigating the effects

of mesalazine in IBS failed to demonstrate any benefits.7,8 On the

other hand, post-inflammatory sensitization can provide a theoretical

explanation for IBS-like symptoms after gastro-enteritis, known as

post-infectious IBS, and after achieving endoscopic and biochemical

remission in inflammatory bowel disease (IBD). However, it would be

inadequate to assume inflammation as the sole driving factor of vis-

ceral hypersensitivity. Shortcomings of our current knowledge on

TRP channel sensitization should be recognized.

4 | SENSORY INNERVATION OF THE
INTESTINE

Nociceptive signalling from the oesophagus to the proximal colon is

conducted through the vagal nerve. Information from mid to distal

colon and rectosigmoid is carried by the lumbar splanchnic and sacral

pelvic nerves. The vagal nerve contains the peripheral terminals of

pseudo-unipolar neurons with their cell bodies located in the nodose

ganglia. Visceral sensory information from the vagal nerve supply is

transduced into the solitary nuclei located in the medulla oblongata.

The splanchnic and pelvic nerves contain axons of pseudo-unipolar

neurons arising from a dorsal root ganglion (DRG). Peripheral sensory

information from this supply is transduced into the dorsal horn of

the spinal cord and ascends via the spinothalamic tract.9 Peripheral

nociceptive signalling is extensively modulated by the central ner-

vous system, resulting in suppression or augmentation of the noci-

ceptive input. These central processes determine whether

nociceptive signalling (sensing and transmitting noxious stimuli) is

perceived as pain (unpleasant experience).10

Sensory afferents of the vagal and spinal nerves have previously

been divided in different subclasses.11 Based on their sensitivity to

mechanical stimuli, afferents were divided in mucosal, muscular, ser-

osal and mesenteric fibre classes.2 Mucosal afferents were defined

as responsive to fine tactile and chemical stimuli, whereas serosal

and mesenteric afferents respond to noxious mechanical stimuli.1

Sensing of intermediate (physiological) distension was attributed to

muscular afferents. An additional class specific to the pelvic pathway,

the muscular-mucosal class, responds to tactile stimuli and
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distension. It should be noted that evidence supporting the sus-

pected anatomical distribution described above is currently lacking.

Song et al have attempted to morphologically identify specialised

afferent axonal structures in the guinea pig intestine.12 They were

able to demonstrate mechanosensitive fibres in the mesenteries and

preparations of isolated mucosa/submucosa of the ileum and colon.

However, no mechanosensitive fibres were observed in preparations

of isolated muscle layers (with intact myenteric ganglia and serosa).

Afferent functioning therefore appears to depend on molecular char-

acteristics rather than the location within the gut wall.1,13 Functional

differences in nociceptor transducer molecules and their divergent

expression along sensory afferents determine the physiological role

of these afferents.13 Understanding the functioning of individual

TRP channels may provide further insights into nociceptive pro-

cesses and sensitization mechanisms. Below we will discuss in detail

the TRP channels that have been identified as key players in visceral

nociception. These include TRPV1, TRPV4, TRPA1 and TRPM8. An

overview of current data on these channels and their implications in

IBS is provided in Table 1.

5 | TRP CHANNEL REGULATION

In order to understand TRP channel functioning, one must be aware

of the complex molecular modulation that these channels are sub-

jected to. Modulatory processes can either result in sensitization or

desensitization of the respective afferent.14 While desensitization

prevents nociceptive signaling, sensitization of nociceptors enhances

their discharge (ie potentiates the nociceptor response to a second

stimulus).

Several mechanisms are involved in TRP channel regulation.14

First, gene expression can be altered through DNA methylation,

resulting in gene silencing. Second, posttranslational modifications

(eg phosphorylation and dephosphorylation) affect channel function-

ing. Phosphorylation cascades can be initiated by various sensitizing

agents (discussed below). Depending on the agent, different phos-

phorylation pathways are involved (eg protein kinase A, protein

kinase C, calmodulin-dependent kinase).15 In contrast, dephosphory-

lation reduces TRP channel sensitivity to stimuli. Finally, TRP chan-

nels can be degraded by movement to intracellular lysosomes,16 or

mobilized from intracellular pools to the cell membrane (transloca-

tion).15 All of these processes are kept in balance in physiological

conditions, but can be disrupted in disease. Currently, we are only

beginning to understand the role of these modulatory processes in

IBS. Considering our growing knowledge on TRP channels in visceral

pain, future studies may focus on this unexplored field to guide

treatment development.

6 | TRPV1

Of all TRP channels, TRPV1 has been studied most extensively.

Studies investigating the expression patterns of TRPV1 in mice have

demonstrated the channel’s presence along the entire gastrointesti-

nal tract.17 Although human studies are more scarce, the expression

of TRPV1 in the oesophagus and colon is now well documented,

and the channel is suspected to be present in the human small intes-

tine as well.18 Immunostaining of human colon biopsies has demon-

strated TRPV1-positive fibres throughout the mucosa, with a

particular abundance in the submucosal plexus.19,20 Activation of

these fibres by noxious stimuli results in action potential generation

and pain sensation. TRPV1 is activated by noxious heat ( >42°C),

protons (pH <6) and the vanilloid capsaicin, the pungent principle in

hot peppers.20 In addition, several compounds have been identified

as endogenous agonists. These include inflammatory mediators such

as lipoxygenase products and prostaglandins, and endocannabinoids

such as anandamide (Table 2). Furthermore, TRPV1 seems to be

involved in afferent signalling of mechanical stimuli,3 but its exact

mechanism is still poorly understood. Whether the mechanosensory

properties of TRPV1 are related to indirect effects on neuronal

excitability or interactions with other TRP channels, remains to be

established.21

The use of potent chemical activators such as capsaicin has pro-

vided valuable information on the functioning of TRPV1-expressing

afferents. Upon activation, in addition to the generation of an action

potential, these sensory afferents release pro-inflammatory sensory

neuropeptides; calcitonin-gene related peptide (CGRP) produces local

vasodilation and substance P (SP) increases venular and capillary

permeability leading to plasma protein extravasation and oedema

formation, collectively referred to as neurogenic inflammation.22

TRPV1-expressing sensory neurons can therefore influence GI vascu-

lar, immune and smooth muscle function, as well as sensitize sur-

rounding nociceptors.3 Under physiological conditions, these effects

are counteracted by the anti-inflammatory effects of somatostatin,

which has also been shown to be released by capsaicin-sensitive

afferents.23 Sustained disruptions in the balance of these pro- and

anti-inflammatory neuropeptides may result in the pathological sensi-

tization of nociceptive afferents, as well as local tissue inflammation

(Figure 1). Importantly, these processes do not seem to be limited to

TRPV1, but also apply to the other TRP channels discussed in this

review.

Sensitization of TRPV1-expressing afferents has been demon-

strated in IBS patients by increased perceptive responses to cap-

saicin in multiple studies.20,24,25 Gonlachanvit et al demonstrated

that diarrhoea predominant IBS (IBS-D) patients experience greater

abdominal burning after a single ingestion of a spicy meal or stan-

dard meal in combination with a capsaicin capsule, compared to

healthy controls.24 As symptoms developed within one hour after

ingestion, proximal gut hypersensitivity to capsaicin was suggested

to exist in these patients. Schmulson et al showed a significantly

decreased rectal pain threshold in IBS patients after a 7-day chilli

rich diet compared to a diet without chilli, suggesting TRPV1-

induced visceral hyperalgesia.25 More recently, van Wanrooij et al

studied the effects of rectal capsaicin application in IBS patients.20

Patients reported increased pain intensity, a similar effect lacking in

healthy volunteers. Furthermore, the pain response appeared to be

940 | BECKERS ET AL.



TABLE 2 Identified agonists and physical stimuli of TRP channels discussed in this paper16,55,56,110-112

Channel Exogenous agonists Physical stimuli Endogenous agonists

TRPV1 Capsaicin (red pepper), polygodial (mountain pepper), piperine

(black pepper), gingerol (ginger), olvanil, resiniferatoxin,

camphor, diphenylboronic anhydride, double-knot toxin (DkTx),

vanillotoxin (tarantula toxin), phenylacetylrinvanil, 2-

aminoethoxydiphenyl borate (2-APB), evodiamine, cannabidiol,

cannabigerol

(Thermal >42°C) Acid (pH <6), lipoxygenase products (eg 12-(S)-

hydroperoxyeicosatetraenoic acid (12S-HPETE), 15-

(S)-hydroperoxyeicosatetraenoic acid (15S-HPETE),

leukotriene B4 (LTB4),

5-(S)-hydroxyeicosatetraenoic acid (5S-HETE)),

reactive oxygen species (ROS), adenosine, ATP,

lysophosphatidic acid, polyamines (eg spermine,

spermidine, and putrescine) and conjugates of

biogenic amines (eg N-arachidonylethanolamine

(anandamide), N-arachidonoyldopamine (NADA),

N-oleoyldopamine, N-oleoylethanolamine (OLEA),

N-arachidonolylserine, N-hexadecanamide, and

various N-acyltaurines and N-acylsalsolinols)

TRPV4 Bisandrographolide A (BAA), alpha-phorbol 12,13-didecanoate

(4a-PDD), phorbol 12-myristate 13-acetate (4a-PDH), apigenin,

GSK1016790A and RN1747

Mechanical and

thermal ( >24°C)

Citric acid, dimethylallyl pyrophosphate, anandamide,

arachidonic acids and epoxyeicosatrienoic acid

metabolites (eg 5,6-epoxyeicosatrienoic acid (5,6-

EET) and 8,9-EET, which also mediate TRPV4

activation by cell swelling)

TRPA1 Allyl isothiocyanate (AITC), cinnamaldehyde (cinnamon), allicin

(garlic), carvacrol and thymol (oregano), curcumin (turmeric),

capsiate (capsinoid), acrolein, menthol, icilin, nicotine, URB597,

chlorobenzylidene malononitrile (tear gas), formalin, a, b-

unsaturated aldehydes, auranofin, PF-4840154,

cannabichromene, cannabidiol (CBD), tetrahydrocannabinol

(THC) and apomorphine (agonist in low micromolar range and

antagonist in higher concentration)

Mechanical and

thermal ( <15°C

and >25°C)

Prostaglandins (eg prostaglandin A1, 8-iso-

prostaglandin A2, and 15-deoxy-D-prostaglandin

J2), 4-Hydroxnonenal (4-HNE, a lipid peroxidation

product), 4-oxononenal (4-ONE), methylglyoxal,

reactive oxygen species (ROS), cytokines (eg TNF-a

and IL-6), bradykinin and hydrogen sulphide

TRPM8 Menthol, icilin, linalool, geraniol, WS-3, WS-12, WS-23, PMD38,

hydroxycitronellal, FrescolatMGA, FrescolatML, CoolactP,

Cooling agent 10, cis- and trans-p-menthane3 and CPS-36

Thermal ( <28°C) Unknown

TABLE 1 Data on TRP channels in IBS

Channel Implications in IBS Study type Reference

TRPV1 Sensitized and/or upregulated in colonic tissue samples of IBS patients,

resulting in enhanced capsaicin sensitivity.

Sensitized by inflammatory mediators.

Expression profiles regulated epigenetically, likely influenced by

psychological stress through glucocorticoids and/or catecholamines.

Indirectly involved in mechanosensation.

Human studies

Animal study

Combined study

Human study

Animal studies

Animal studies

19, 20, 26-28

32

34

27

36, 37

21, 48

TRPV4 Elevated levels of endogenous agonist 5,6-EET in the supernatant in of

colonic biopsies from IBS-D patients.

Sensitized by inflammatory mediators.

Putative direct mechanosensitive nociceptor.

Human study

Animal studies

Human study

31

42-44

41

TRPA1 Functional coupling with TRPV1.

Activated by hydrogen sulphide, of which higher amounts are present in

IBS-D patients with small intestinal bacterial overgrowth.

Sensitized by inflammatory mediators.

Likely to act as a directly mechanosensitive nociceptor in hyperalgesia.

Animal study

Human study

Animal studies

Animal studies

Human study

52

57

53, 54

48, 49

50

TRPM8 Inhibits chemo- and mechanosensory responses of TRPA1 and TRPV1.

Potentially protective against nociceptor sensitization through anti-

inflammatory effects.

TRPM8 polymorphisms are associated with slower colonic transit and

an increased risk of IBS-C and IBS-M.

Animal study

Animal study

Human study

61

62

58
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TRPM8

TRPA1

TRPV4

TRPV1

Action potential

Neurogenic inflammation

Nociceptor sensitization

Local tissue inflammation
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y 
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F IGURE 1 Schematic depiction of nociceptive afferent innervation of the intestine. Proximal (blue) neurons travel through the vagal nerve.
These neurons transduce sensory information through the nodose ganglia into the solitary tract nuclei. Distal (red) neurons travel through the
splanchnic and pelvic nerves (two distinct systems). Both the splanchnic and pelvic nerves’ somata reside in the dorsal root ganglia. In addition,
splanchnic nerves travel through prevertebral ganglia (not shown). The nociceptive afferents within these neurons presumably have their nerve
endings (top inset) in the mucosa/submucosa and mesenteries.12 Various stimuli (shown at the top) can activate the nociceptors, depending on
the expressed TRP channels (Table 2). Stimuli include exogenous agonists (eg capsaicin or menthol), physical stimuli (eg mechanical or thermal)
and endogenous agonists (eg prostaglandins or lipoxygenase products). Activation of nociceptors by these stimuli results in action potential
generation and pain sensation. In addition, inflammatory mediators are released (neurogenic inflammation), which can result in TRP channel
sensitization and local tissue inflammation. NG = nodose ganglion, STN = solitary tract nucleus, DRG = dorsal root ganglion, S = splanchnic
nerves, P = pelvic nerves
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independent of anticipatory anxiety, suggesting a direct capsaicin

effect on nociceptive mucosal afferents.

Mechanisms underlying the increased capsaicin sensitivity in IBS

patients have been studied extensively. Akbar et al demonstrated

upregulation in sigmoid mucosal samples of IBS patients.19 This

increase correlated with symptom severity, suggesting that an

increase in afferent discharge through TRPV1 activation might be

directly related to pain symptom generation. Our earlier study cor-

roborated these findings, demonstrating increased transcription of

TRPV1 in IBS patients, which also strongly correlated with symptom

severity.26 More recently, two studies confirmed the augmented

expression of TRPV1 in colonic biopsies of IBS-D patients.27,28 It

should be noted that the overall density of innervation has been

shown to be increased in IBS patients. Increased TRPV1 sensitivity

may therefore be due to axonal sprouting rather than isolated

TRPV1 upregulation, possibly as a result of increased nerve growth

factor expression.28,29 On the other hand, van Wanrooij et al were

unable to objectify increased numbers of mucosal TRPV1 in colonic

biopsies of IBS patients, as compared to healthy controls.20 Even

when the IBS patient group with visceral hypersensitivity (defined by

decreased discomfort threshold during rectal distension) was anal-

ysed separately, no significant upregulation of TRPV1 was found.

The question whether increased capsaicin responsiveness in IBS

relates to individual TRPV1 sensitivity or TRPV1 expression thus

remains without a decisive answer.

6.1 | TRPV1 functioning in (post-)inflammatory
conditions

As discussed above, the mediators of neurogenic inflammation are

known to sensitize TRPV1. In addition, systemic inflammatory medi-

ators have been shown to be involved in both sensitization and

activation of TRPV1 (Table 2).30 Their potential relevance to IBS

pathophysiology is evident, as many have postulated a role for sub-

clinical inflammation in IBS.5 However, inflammation has been

argued to be within the physiological range in IBS.6 Moreover, a

study measuring poly-unsaturated fatty acids in colon biopsy mate-

rial from IBS-D patients and healthy controls, failed to demonstrate

differences in concentrations of lipoxygenase products (TRPV1 ago-

nists).31 It is possible that the role of inflammatory mediators in

TRP channel sensitization is limited to post-inflammatory hyperalge-

sia, as encountered in post-infectious IBS and IBD in remission.

Animal studies have provided evidence for TRPV1 mediated post-

inflammatory hyperalgesia, using experimental colitis models

induced by dextran sodium sulphate. After recovery from colitis,

TRPV1 deficient mice showed no pain-related behavioural

responses or increased visceromotor responses to colorectal disten-

sion, whereas these responses were readily observed in wildtype

mice.32

Another explanation for inflammation mediated hyperalgesia in

IBS could be related to histamine. Barbara et al observed increased

numbers of mucosal mast cells in close proximity to sensory nerves

in colon biopsies of IBS patients,33 and these findings have been

confirmed in a more recent study.28 Moreover, Wouters et al

demonstrated an increased Ca2+ response and increased number of

responding neurons to capsaicin in histamine pre-treated biopsy

specimens of healthy volunteers.34 Immunostaining showed

co-expression of histamine receptor H1 (HRH1) and TRPV1 on

submucosal neurons in both IBS patients and healthy controls. A

functional coupling of these receptors therefore appears likely. In a

proof-of-concept trial, the same study group demonstrated a signifi-

cant decrease in abdominal pain scores in IBS patients after

12 weeks of treatment with the HRH1 antagonist ebastine, as com-

pared to placebo. Unfortunately, not all patients reported pain relief,

emphasising the heterogeneity of the IBS patient population.

6.2 | Chronic stress and epigenetics

IBS is often described to be a disorder of the brain-gut axis. In this

model, psychological stress is generally accepted as a key factor

influencing GI symptoms and vice versa. Importantly, animal models

have suggested both glucocorticoid- and catecholamine-mediated

TRPV1 upregulation.35,36 In addition, epigenetic mechanisms may

regulate the effects of chronic stress on TRPV1 expression.

Increased histone acetylation of the TRPV1 promoter has been

demonstrated in chronic stress models in rats, resulting in TRPV1

upregulation in DRG derived neurons.37 Furthermore, the epigenet-

ics of visceral pain perception have been investigated in diarrhoea

predominant IBS patients.27 Two miRNAs known to decrease TRPV1

expression, miR-199a and miR-199b, were found to be significantly

downregulated and shown to correlate with pain scores. Taken

together, these results indicate epigenetic alterations, possibly under

the influence of psychological stress, modulate TRPV1 functioning

in IBS.

6.3 | Activation of sensitized nociceptors

Currently identified endogenous agonists of TRPV1, as well as the

other TRP channels discussed in this review, are primarily related to

inflammation (Table 2). As already noted, (subclinical) inflammation is

not the sole underlying mechanism in IBS. Furthermore, it is

unknown whether the concentrations of endocannabinoids known to

activate TRPV1 in vitro are high enough in vivo in order to achieve

activation.38 This constitutes a significant gap in our knowledge of

peripheral nociception in IBS, as it remains unclear what stimuli ulti-

mately activate sensitized nociceptors in vivo. Although capsaicin is

a common dietary constituent, it is unlikely to be a major factor in

abdominal pain generation in IBS. Current understanding of intestinal

signalling suggests that nociceptive signals are generated by exciting

sensitized nociceptors as a result of mechanical stimulation or dis-

tension. These mechanical stimuli could be related to physiological

motor responses of the intestine.6 High amplitude colonic contrac-

tions have been shown to be of a magnitude above nociceptive

thresholds in visceral hypersensitivity. Therefore, mechanical stimuli

generated by the gut itself may be responsible for the generation of

pain symptoms through sensitized nociceptors.
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7 | TRPV4

Studies investigating expression patterns of transient receptor

potential vanilloid 4 (TRPV4) in the human colon have demonstrated

immunoreactivity in the submucosa and serosa.39 Initially termed

vanilloid receptor-related osmotically activated channel (VR-OAC),

this channel has been implicated in the detection of osmolarity

changes.40 In addition, TRPV4 is now known to sense strong acido-

sis, temperatures >24°C and, among others, the synthetic phorbol

ester alpha-phorbol 12,13-didecanoate (4aPDD) (Table 2). Currently

identified endogenous agonists include anandamide and the poly-

unsaturated fatty acid metabolites 5,6-epoxyeicosatrienoic acid (5,6-

EET) and (8,9-EET).

Accumulating evidence points toward a role of TRPV4 in

mechanosensation.3,41 Under basal conditions, TRPV4 is thought to

primarily sense high threshold mechanical stimuli.42 Comparing

TRPV4 knockout and wildtype mice, responses to noxious disten-

sion pressures were diminished in TRPV4 knockouts. In contrast,

responses did not differ at innocuous pressures. TRPV4 is however

considered to play a major role in visceral hypersensitivity.42,43

Intracolonic administration of 4aPDD has been shown to induce

hyperalgesia in mice.42 In IBS, several pathways have been pro-

posed to result in visceral hypersensitivity through TRPV4 sensitiza-

tion. The effects on TRPV4 of known mediators of visceral

hypersensitivity, serotonin and histamine, were investigated in one

study.44 Serotonin and histamine administration was demonstrated

to result in potentiated TRPV4 responses to 4aPDD. The same

research group postulated a role for proteases in mediating visceral

hypersensitivity.45 Subsequent studies have supported this the-

ory.42,43 Activation of protease-activated receptor (PAR2), a channel

that is also co-expressed with TRPV4 in afferents innervating the

colon, resulted in visceral hyperalgesia in wildtype mice. Because

hyperalgesia was lacking in TRPV4 knockout mice, this channel was

suspected to be the downstream effector of PAR2 mediated

visceral hypersensitivity.42

Human studies on visceral TRPV4 functioning are currently lim-

ited. In one study researchers acquired supernatant of colonic biop-

sies from IBS-D patients.31 Intracolonic administration of the

supernatant resulted in visceral hypersensitivity in mice. This was

concluded to be TRPV4 mediated, as injection of TRPV4 targeted

small interfering RNA prevented the effect. Subsequently, potential

TRPV4 agonists in the supernatant were quantified. The concentra-

tion of 5,6-EET was found to be significantly elevated and correlated

with patients’ abdominal pain severity and frequency. Interestingly,

5,6-EET production was linked to PAR2 activation, as PAR2 agonist

peptide induced 5,6-EET synthesis in sensory neurons. The authors

therefore suggested 5,6-EET to be an endogenous TRPV4 agonist

with a major role in visceral hypersensitivity in IBS-D patients. Again,

the heterogeneity of IBS should be emphasised as the above solely

relates to IBS-D patients. No significant differences in poly-unsatu-

rated fatty acid metabolite concentrations in supernatants have been

observed in constipation predominant IBS (IBS-C) patients, mixed

bowel habit IBS (IBS-M) patients and healthy volunteers.

8 | TRPA1

To date, our knowledge on transient receptor potential ankyrin 1

(TRPA1) functions in visceral nociception is mostly limited to animal

models. TRPA1 is thought to primarily act as a chemosensor,

responding to various irritants and spices, among others cinnamalde-

hyde (cinnamon) and allyl isothiocyanate (AITC), the pungent com-

pound in mustard oil, horseradish and wasabi.3 Currently identified

endogenous agonists include prostaglandins and products of oxida-

tive stress (Table 2). Furthermore, TRPA1 has been implicated in

temperature sensation, although its responsiveness has long been

debated. Recently, a U-shaped temperature-activation curve was

demonstrated using human TRPA1 in lipid bilayer and whole-cell

patch-clamp recordings.46 This study group observed TRPA1 activa-

tion in temperatures below 15°C, as well as temperatures above 25°,

but little activation to temperatures in between.

In addition to the above, TRPA1 has been studied intensively for

its suspected mechanosensitive properties. It appears to have no role

in sensing high pressure distension under basal conditions.47 How-

ever, TRPA1 has been demonstrated to be an important mediator of

visceral hyperalgesia.48,49 Several animal studies have indicated that

the mechanical stimulus threshold can be decreased upon chemical

activation with mustard oil. These findings have recently been con-

firmed in an ex vivo study using human colonic tissue.50 Moreover,

TRPA1 can be sensitized via PAR2 activation. Similar to TRPV4,

TRPA1 may therefore be one of the effectors of protease mediated

visceral hypersensitivity.

Several characteristics of TRPA1 add to the complexity of its

functioning. TRPA1 is almost exclusively expressed in TRPV1-posi-

tive neurons. Both channels have been shown to interact with each-

other.51 Similar to TRPV1, TRPA1 can be desensitized upon

repeated stimulation.52 In addition, TRPA1 activation can be reduced

upon repeated capsaicin application, a process referred to as cross-

desensitization.52 Indeed, Brierley et al showed that TRPA1 knock-

out mice were responsive to capsaicin, but lacked mechanical desen-

sitization that normally follows afterwards.48 Thus, whereas TRPV1

is responsible for the direct response to capsaicin, the subsequently

reduced mechanosensory function appears to be TRPA1-mediated.

These results are in line with the general belief that TRPV1 itself is

not directly mechanically gated,21 as the reduced response to

mechanical stimuli upon chemical desensitization of TRPV1 relies on

TRPA1.

8.1 | TRPA1 functioning in (post-)inflammatory
conditions

TRPA1 expression has previously been investigated in inflamed

human colonic tissue, showing upregulation in IBD patients with

active inflammation.51 Evidence explaining the role of TRPA1 in

inflammation however remains contradictory, with reports of both

pro- and anti-inflammatory effects. Although its effect on inflamma-

tion is enigmatic, TRPA1 itself is undoubtedly affected by inflamma-

tory mediators. Indeed, the endogenous agonists of TRPA1 are
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related to inflammation (Table 2). Furthermore, studies investigating

the effects of chemically induced colitis in mice demonstrated sensi-

tization of visceral afferents to mechanical stimuli. These effects

were observed in wildtype mice, but not in TRPA1 deficient

mice.47,53,54

Since TRPV1, TRPV4 and TRPA1 have all been shown to be

involved in inflammation induced visceral hyperalgesia, one could

assume that combined sensitization of these channels provides a

particularly potent mechanism to induce hypersensitivity. Synergistic

effects of TRPV1 and TRPA1 inhibition have indeed been demon-

strated in the attenuation of colorectal distension-associated pain

behaviour at high pressures in rats.54 Unfortunately, this concept has

not yet been proven in IBS. Cenac et al have measured endogenous

agonists of TRPA1, TRPV1 and TRPV4 (primarily inflammatory medi-

ators) in the supernatant of colon biopsy material of IBS patients.31

They demonstrated elevated levels of endogenous agonists of

TRPV4, but not TRPA1 or TRPV1. Another study involved peripheral

blood mononuclear cell supernatants from IBS-D patients.55 The

supernatants were shown to induce mechanical hypersensitivity

in vitro in colonic afferent neurons. Cytokine concentrations in the

supernatants were subsequently measured, showing elevated levels

of TNF-a, soluble IL-2, IL-6, IL-10, IL-1b and the chemokines CCL3

and CCL4. Combined with the expression profiles of the receptors

of these signalling molecules in colonic nerves, the authors proposed

TNF-a, IL-6, IL-10 and IL-1b as possible mediators of mechanical

hypersensitivity in IBS-D. The mechanism of action of TNF-a was

demonstrated to be TRPA1 dependent, as its sensitizing effect was

abolished in the presence of a TRPA1 antagonist. In contrast, the

selective inhibition of TRPV1 using low doses of capsazepine had no

effects on mechanical hypersensitivity induced by TNF-a. In addition,

a more recent study by the same group demonstrated IL-6 mediated

mechanical hypersensitivity to be TRPA1 dependent as well.56

Whether an interaction of sensitized TRP channels plays an impor-

tant role in IBS thus remains to be elucidated.

Future studies should include different approaches covering

the diversity of potential pathophysiological mechanisms in IBS.

For example, elevated levels of hydrogen sulphide, an endogenous

TRPA1 agonist, were recently demonstrated in IBS-D patients with

small intestinal bacterial overgrowth.57 These findings demonstrate

that mechanisms of TRP channel sensitization may vary among

patients.

9 | TRPM8

Transient receptor potential melastatin 8 (TRPM8) appears to be

one of the least studied TRP channels in humans. Only very

recently TRPM8 polymorphisms have been demonstrated to be

associated with slower colonic transit and an increased risk of IBS-

C and IBS-M in humans.58 However, data on TRPM8 functioning is

mainly based on animal studies, limiting our understanding of its

role in visceral pain generation. Our current knowledge of TRPM8

is that it has a role in thermosensation (primarily low

temperatures).59 Several chemical compounds are able to activate

TRPM8, among others menthol and icilin. Many will acknowledge

that the sensation of mentholated liniments is difficult to describe.

Cold and burning perceptions alternate upon application. Because

of these opposing sensory inputs, menthol is thought to also acti-

vate channels other than TRPM8. Indeed, some authors have

pointed to menthol-induced TRPA1 activation in order to explain

the diverse psychophysical sensations after topical application of

menthol.60 Moreover, coupling of TRPM8 to both TRPV1 and

TRPA1 has been demonstrated previously.61 As mentioned above,

AITC is able to cause mechanical hypersensitivity through TRPA1

activation. This effect, however, does not occur after pre-treatment

with icilin. In contrast, icilin-induced mechanical desensitization is

absent in TRPA1 deficient mice, indicating that the effect was

TRPA1 mediated. Likewise, capsaicin is able to cause mechanical

desensitization, but not after icilin pre-treatment.61 TRPM8 is

therefore thought to inhibit chemo- and mechanosensory responses

of TRPA1 and TRPV1, and thus provide antinociceptive effects

through cross-desensitization.

In addition, visceral TRPM8 is thought to have a role in inflam-

mation. Human studies have revealed increased TRPM8 expression

in colonic biopsy material from IBD patients as compared to

healthy controls.62 Several experimental colitis models in mice have

suggested protective effects of TRPM8 activation. In these studies,

icilin treatment significantly attenuated induced colitis in wildtype

mice, but not in TRPM8 deficient ones.62-64 The protective effects

of TRPM8 activation have been linked to CGRP, which co-localizes

with TRPM8 in the human colon.64 Although the pro-inflammatory

effects of CGRP in neurogenic inflammation are evident, primarily

consisting of vasodilation, anti-inflammatory effects of the neu-

ropeptide have been observed as well.65,66 De Jong et al demon-

strated expression of the components of the CGRP receptor,

calcitonin receptor-like receptor (CLR) and receptor activity modify-

ing protein-1 (RAMP1), on CD11c+ dendritic cells in the murine

spleen.64 CGRP knockout mice were shown to have higher levels

of pro-inflammatory cytokines (including TNF-a and IL-6) in chemi-

cally induced acute colitis, as compared to wildtype mice. More-

over, CD11c+ dendritic cells were found to be co-localized with

CGRP positive fibres in the murine colon. CGRP was therefore

thought to exert a protective role in colitis via inhibition of the

release of pro-inflammatory cytokines, through interaction with

local dendritic cells. Indeed, TRPM8 deficient mice showed signifi-

cant improvement in disease activity after treatment with recombi-

nant CGRP, whereas no effect of treatment was observed in

wildtype mice with induced colitis. Paradoxically, enhanced CGRP

expression levels have been observed in mucosal fibres of TRPM8

deficient mice.62 This discrepancy has yet to be clarified, although

it is likely that a disrupted colonic CGRP release prevents the neu-

ropeptide from reaching its effector. Taken together, these results

suggest that TRPM8 upregulation is a protective mechanism aimed

at mitigating tissue inflammation. Therefore, TRPM8 could theoreti-

cally protect against nociceptor sensitization by inflammatory

mediators.
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10 | NON-NEURONAL TRP CHANNEL
EXPRESSION

As already mentioned, TRP channels are expressed by a multitude of

cell types including those of non-neuronal origin (both intestinal and

extra-intestinal).67 Examples of non-neuronal cells expressing TRP

channels include vascular smooth muscle cells, endothelial cells, ker-

atinocytes and intestinal epithelial cells. The possible involvement of

the latter in IBS pathophysiology should not be overlooked.

Increased intestinal permeability has been demonstrated in IBS-D

patients,68 and has been associated with visceral hypersensitivity.69

In two studies, TRPV4 activation with 5,6-EET and 4aPDD resulted

in increased intestinal permeability.70,71 One of the proposed mecha-

nisms was via downregulation of tight junction proteins. However,

conflicting results have been obtained for the role of TRPV1 in regu-

lating intestinal permeability. Capsaicin has previously been shown

to increase permeability. In contrast, the endocannabinoid-like com-

pound oleoylethanolamine has been shown to be able to both

increase and decrease intestinal permeability via TRPV1.72 Similarly,

the role of TRPA1 in the regulation of intestinal permeability remains

controversial. Fothergil et al demonstrated decreased trans-mucosal

resistance in colon tissue from mice after AITC and cinnamaldehyde

administration.73 We demonstrated no effects on small intestinal

permeability with the administration of cinnamaldehyde in twelve

healthy controls.74 It therefore remains unclear to what extent TRP

channels contribute to IBS pathophysiology via altering intestinal

permeability.

11 | MOTILITY EFFECTS OF TRP CHANNEL
ACTIVATION

Although we here focus on the role in visceral nociception, it should

be noted that TRP channels are known to affect gut motor function

as well.21 The effects of TRP channel activation on motility are not

only channel dependent, but also location dependent. For example,

TRPV1-positive fibres located in the lower oesophageal sphincter

that are exposed to gastric acid cause a local inhibitory reflex, lower-

ing the intraluminal pressure.75 On the other hand, application of

capsaicin in the distal colon and rectum in mice has been shown to

cause fast transient colonic contractions followed by a delayed sus-

tained contraction.76 These results indicate that different effector

pathways are involved depending on the location. Suggested effec-

tors are the tachykinin receptors (mainly NK1 and NK2), which

respond to neuropeptides released upon TRP channel activation, as

discussed above.77 Indeed, the contractility lowering effect in the

oesophagus was demonstrated to be NK1 dependent via local sub-

stance P release, whereas NK2 activation was shown to be responsi-

ble for long lasting contractility in the distal colon.75,76 Additional

pathways are likely to be involved however, as fast transient colonic

contractions were shown to be inhibited by NK1 antagonists. Other

TRP channels have also been implicated in motility. Whereas TRPV4

has previously been demonstrated to inhibit colonic motility in mice

via reduced NO-dependent calcium release, TRPA1 has been impli-

cated in both reduced and increased motor activity.39,78,79 Taken

together, the effects on gut motility emphasise the involvement of

TRP channels in IBS pathophysiology, as they may account for both

the altered defecation pattern as well as pain symptoms encountered

in the syndrome.

12 | CLINICAL IMPLICATIONS

Although all of the TRP channels discussed above are suggested to

have a role in visceral pain generation, only two (TRPV1 and TRPM8)

have been implied in the treatment of IBS. Generally, two strategies

are exploited in blocking TRP channels. One is the direct inhibition

by administration of antagonists, the other one by repeated stimula-

tion in order to desensitize the channel and its respective nerve ter-

minal. In addition, several alternative techniques for TRP channel

targeted therapy have been developed, that will be discussed here-

after. A summary of the optional therapeutic strategies related to

each TRP channel is provided in Table 3.

12.1 | TRP antagonists

The discovery of TRPV1 as a key player in nociception led to the

development of TRPV1 antagonists as novel therapeutics in pain

control. However, investigators soon encountered a major hurdle, as

the first compounds interfered with thermoregulation. Several first-

generation compounds were stranded in pre-clinical trials as they eli-

cited marked hyperthermia.80,81 Moreover, interspecies differences

in TRPV1 functioning further complicated research. While one

TRPV1 antagonist appeared to be safe in animals, its first human

clinical trial was prematurely halted as hyperthermia was observed in

three out of four patients.82 Interestingly, while TRPV1 has been

identified as a thermosensor, its temperature threshold is well above

physiological body temperature. It is possible that adverse effects

are not TRPV1 related and represent an off-target effect. Addition-

ally, classical TRPV1 antagonists impair the noxious heat sensation

and may therefore increase burn risk. Together, these results dis-

favoured the development of non-selective TRPV1 antagonists.

Therefore, new strategies are being explored in order to tackle ther-

moregulation related adverse events in TRPV1 targeted therapy.

Several second generation modality specific antagonists have been

developed, as it has been observed that hyperthermia is less severe

with compounds that are full antagonists for capsaicin, but not for

protons.83 Two recent phase-I trials reported no side effects of two

modality-selective TRPV1 antagonists.84,85 Their potency as anal-

gesics however remains to be established in future studies.

12.2 | Desensitization

The desensitizing properties of TRPV1 agonists such as capsaicin

have been exploited for many years by topical preparations in the

treatment of neuropathic pain.86
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At this moment, only one small randomized crossover study

investigated the effects of six weeks of chilli treatment in IBS-D

patients.87 At the end of treatment, patients reported significantly

decreased post-prandial abdominal burning sensations. Similar posi-

tive effects have been demonstrated in epigastric pain in patients

with functional dyspepsia.88 An important drawback of capsaicin

therapy however, is its short-term aggravating effects, possibly limit-

ing adherence in the clinical setting. Therefore, more studies are

needed to evaluate efficacy and feasibility in a larger IBS population.

In addition, it remains to be established at which dose, frequency

and length of administration repeated capsaicin is able to, if all,

induce desensitization of TRPV1-positive nerve endings in the gut.

Ultra-rapid desensitization using potent agonists offer a theoreti-

cal background for achieving a fast analgesic response. One of these

ultra-potent TRPV1 agonists is resiniferatoxin, which causes

sustained calcium influx, resulting in a cytotoxic intracellular free

calcium concentration and consequent axonal damage of TRPV1-

positive neurons.89 Unfortunately, its potency also poses challenges.

Similar to first generation TRPV1 antagonists, resiniferatoxin

increases the heat pain threshold. Moreover, high or repeated

systemic doses of resiniferatoxin induce long-lasting damage to

TRPV1-positive neurons,90 rendering it not suitable for therapeutic

applications in IBS.

12.3 | Cross-desensitization

Another mechanism aimed at analgesia is related to TRPV1 channel

cross-desensitization. As mentioned above, TRPM8 activation is

thought to provide antinociceptive effects through subsequent inhi-

bition of TRPV1 and TRPA1. Peppermint oil, containing the TRPM8

agonist menthol, exploits these beneficial effects and is registered

for the use in IBS in several countries.91 It should be noted that the

exact mechanism of action remains to be elucidated. Moreover, its

effects appear to reach beyond TRP channel signalling as calcium

channel mediated smooth muscle relaxation has been observed

in vitro in human colon tissue without the involvement of TRPM8.92

Multiple small trials have evaluated the efficacy of peppermint

oil in IBS. Side effects of this herbal therapy are rather mild, with

heartburn being the most common.91 One meta-analysis reported

that 75% of IBS patients experience improvement in abdominal pain

compared with only 27% in patients receiving placebo.91 In a more

recent trial, patients received either a sustained release peppermint

oil preparation ensuring drug release in the small intestine, or a pla-

cebo. Patients receiving peppermint oil reported a significantly

greater reduction in abdominal pain or discomfort compared with

patients receiving placebo after a treatment duration of 28 days.93

New preparations have been developed recently ensuring pepper-

mint oil release in the colon, trials are ongoing and data on the effi-

cacy of these new formulations will be reported in the near future.

12.4 | Downstream targets of therapy

Drugs that target molecules downstream of TRPV1 provide an

attractive pharmacological alternative to direct TRPV1 inhibition. As

TRPV1 activation is accompanied by the release of sensory neu-

ropeptides inducing neurogenic inflammation and sensitization of

surrounding nociceptors, it makes sense to target mediators (or their

respective receptors) of this process. Indeed, antagonists of the

tachykinin NK1 and NK2 receptors of substance P and neurokinin A

respectively, are being developed for various purposes, among others

TABLE 3 Summary of therapeutic strategies in relation to the TRP channels discussed in this paper

TRPV1 TRPV4 TRPA1

Antagonists Potent analgesics, but thermoregulation

interference with first generation

compounds80-82

Modality-selective antagonists currently being

developed108

Reduction of human nociceptor

mechanosensitivity ex vivo41
Tested in neuropathies

with good safety profiles105

Several antagonists currently

evaluated in clinical trials105

Desensitization Six wk of chilli treatment effective in IBS-D

patients, but short-term adverse effects may limit

adherence87

Evidence currently lacking Repeated TRPA1 stimulation

results in desensitization52

Cross-desensitization Inhibition of chemo- and mechanosensory

responses with peppermint oila
Inhibition of chemo- and

mechanosensory responses with

peppermint oila

Reduced mechanosensitivity

through repeated capsaicin

administration52

Downstream targets NK1 antagonists may provide anti-hyperalgesic

effects96

Improved abdominal pain and stool pattern in

female IBS-D patients with NK2 antagonist

ibodutant94

Somatostatin analogues may provide anti-

hyperalgesic effects98-101

Improved abdominal pain scores in IBS patients

with HRH1 antagonist ebastine34

Evidence currently lacking Evidence currently lacking

RNA-based therapy Plausible102 Plausible102 Plausible102

aEffects mediated by TRPM8 activation61

BECKERS ET AL. | 947



for symptom relief in IBS. For example, ibodutant, a neurokinin-2

receptor antagonist, has been shown to improve abdominal pain and

stool pattern in female IBS-D patients.94 Moreover, neurokinin-1

receptor antagonists such as aprepitant are currently being used as

anti-emetics and have been suggested as analgesics as well.95,96

Unfortunately, several pre-clinical studies demonstrated that NK1

antagonists lacked analgesic effects.97 It should be noted that animal

models studying the effects of NK1 antagonists simulated somatic

pain, whereas the NK1 receptors are more relevant in visceral

pain.96 Moreover, NK1 antagonists are thought to function as anti-

hyperalgesic agents rather than analgesics as they do not affect

baseline nociception, but attenuate nociceptive responses sensitized

through inflammation.97 Although at first sight this does not appear

favourable, inhibiting the sensitized state rather than the normal

resting state may actually make NK1 antagonists excellent candi-

dates for treating visceral pain. The most important advantage would

be that physiological functions may remain unaltered. In fact, similar

mechanisms likely explain the beneficial effects of the HRH1 antago-

nist ebastine in IBS patients, which has been discussed above.34 As

TRPV1 sensitization after histamine pre-treatment has been shown

to be HRH1 mediated, the effects of ebastine on abdominal pain are

thought to be related to the inhibition of the sensitized state of

TRPV1.

One additional mediator of neurogenic inflammation has been

implicated as a potential target in the development of analgesic

therapies. Somatostatin, originating from capsaicin-sensitive sensory

afferents, counteracts pro-inflammatory neuropeptides CGRP and

substance P. Indeed, the potent analgesic effects of somatostatin

have long been recognized.98 Early studies using the somatostatin

analogue octreotide have demonstrated increased thresholds of vis-

ceral sensory perception in IBS patients.99,100 Moreover, anti-hyper-

algesic effects of selective agonists of somatostatin receptor 1 and

2 have been reported in induced visceral hypersensitivity in

mice.101 Therefore, somatostatin analogues or receptor agonists

may provide additional therapeutic strategies in visceral pain. Clini-

cal studies will need to substantiate their applicability in IBS

patients.

12.5 | RNA-based therapy

The observation of decreased expression of several TRPV1 target-

ing miRNAs in IBS patients suggests an opportunity for RNA-based

therapy. The therapeutic potential of post-transcriptional gene

silencing by RNA interference is increasingly being recognized.102

The major benefit of synthetic siRNAs is their high target speci-

ficity, preventing the suppression of unrelated genes. Unfortunately,

several challenges have yet to be overcome before RNA-based

therapy can become a therapeutic option in IBS. The oral bioavail-

ability of oligonucleotides is limited, confining the possible modes

of administration to more invasive approaches. Furthermore, the

effects are only transient, demanding repeated treatment. There-

fore, there is a need for stable TRPV1 targeting siRNAs that are

readily absorbed in the GI tract.

12.6 | Exploiting new targets

Our current knowledge on the role of visceral TRPV4 and TRPA1 in

humans is limited. Nonetheless, data from animal studies, discussed

above, suggest that these channels are viable targets for IBS therapy.

The previous discovery of elevated levels of the endogenous TRPV4

agonist 5,6-EET in IBS-D patients and the putative implication of

TRPV4 in mechanical hypersensitivity justify the need for further

research. TRPA1-targeted therapy has been explored in animal mod-

els of visceral pain. However, contrasting evidence was found

demonstrating attenuated visceral nociception in rodents with both

TRPA1 antagonists as agonists.54,103,104 It is unclear whether the

mechanism of action of the latter was based on desensitization.

Arguing against such a mechanism is the observation that reduced

abdominal contractions were observed in mice after a single oral

dose of a TRPA1 agonist. Furthermore, one TRPA1 antagonist has

recently shown efficacy in patients with painful diabetic neuropathy,

and several other TRPA1 antagonists have entered the phase of

testing in clinical trials.105 Although the true potential of these drugs

will need to be explored, their safety profile appears to be more

favourable than that of early TRPV1 antagonists. Given this advan-

tage, we expect a boost in TRPA1 targeted therapy development in

the near future.

New targets may continue to be identified. TRP channel regula-

tory processes in IBS constitute relatively unexplored terrain (see

Section 5). Improved understanding of the underlying molecular pro-

cesses may help identify targets that modulate TRP channel func-

tioning.

13 | CHALLENGES OF TRP CHANNEL
TARGETED THERAPY

Although the possibilities of TRP channel targeted therapy appear

endless, treatment development has been plagued by many chal-

lenges over the past years.16 As mentioned above, the first TRPV1

antagonists were associated with thermo-regulatory side effects. To

date, the mechanisms by which these side effects arise are unknown.

New selective agents may provide a solution to this issue. However,

other challenges are to be expected.16 This is mainly provoked by

two factors. First, TRP channels are expressed in a wide range of tis-

sues (see Section 10). Targeting TRP channels consequently affects

systems other than nociceptors. For example, a systemically adminis-

tered TRPV4 agonist resulted in endothelial dysfunction and cardio-

vascular collapse in one study.106 TRPV1 expressed in the central

nervous system is thought to have a role in mood disorders. Although

conflicting data exists, TRPV1 antagonism may exacerbate depressive

symptoms.38 Regulatory relations between organ systems further

complicate the matter. TRPV1-expressing neurons are thought regu-

late immunological functions, and interference with this function

could prove detrimental in systemic inflammatory conditions.107 The

other major issue of TRP targeted treatment development is related

to the large diversity of possible stimuli of each channel. Even
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selective agents will not immediately overcome this hurdle. For exam-

ple, a new TRPV1 antagonist that does not cause hyperthermia, was

shown to potentiate proton-induced calcium influx in one study.108

This unforeseen effect could prove problematic in the upper gastroin-

testinal tract, as it may result in excessive TRPV1 activation by gastric

acid (eg physiological gastro-oesophageal reflux).

In addition, several limitations currently exist in the study of TRP

channels and their role in nociception. Basic research is complicated

by the lack of quality reagents. Antibodies used to investigate

expression patterns possess poor specificity. A similar issue is

encountered with agonists/antagonists used to investigate TRP

channel functioning, which presents a major problem in understand-

ing TRP biology.109 Furthermore, studies regarding TRP channel

involvement in visceral pain generation mostly focus on inflamma-

tion. Although animal colitis models have provided a wealth of infor-

mation, alternative mechanisms of TRP channel sensitization should

be explored. As discussed above, IBS is highly heterogeneous. Fur-

ther insights in the mechanisms underlying IBS are needed in order

to expand our knowledge of peripheral nociception and ultimately

guide IBS treatment development.

14 | CONCLUSIONS

In summary, TRPV1, TRPV4, TRPA1 and TRPM8 have been shown to

play important roles in visceral pain generation and inhibition, making

them potential targets in the treatment of IBS. TRPV1 antagonists

have proven to be potent analgesics, but it remains difficult to pro-

duce compounds with an acceptable safety profile. Different strate-

gies targeting TRPV1 (ie modality-selective antagonism) or

downstream molecules (NK1 or NK2 antagonists or somatostatin

agonists) may solve this issue. TRPV1 desensitization strategies may

provide suitable alternatives, yet short-term adverse effects may limit

treatment adherence. In contrast, TRPV1 cross-desensitization with

peppermint oil is attractive because of the low prevalence of adverse

effects. The mechanism of action of peppermint oil however appears

to reach beyond TRP channel signalling. In addition, TRPV4 and

TRPA1 provide promising new targets. In our opinion, TRPA1 repre-

sents an important candidate for the development of new treatments

of visceral pain. Its putative implication in mechanosensation in

hyperalgesia but apparent lack of such function under basal condi-

tions suggests a major role in IBS. Moreover, early TRPA1 antagonists

have proven to be safe in clinical trials, rendering TRPA1 targeted

therapy less of a pharmaceutical challenge than TRPV1 inhibition.

ACKNOWLEGDEMENT

We thank ms Kunen for her kind assistance with graphical content.

Declaration of personal interests: None.

AUTHORSHIP

Guarantor of the article: Daniel Keszthelyi.

Author contributions: AB and ZW performed the literature search.

AB wrote manuscript. ZW, ZH, AM and DK revised the manuscript.

All authors approved the final version of the manuscript.

LINKED CONTENT

This article is linked to Bortolotti and Beckers et al papers. To view

these articles visit https://doi.org/10.1111/apt.14417 and https://

doi.org/10.1111/apt.14442.

ORCID

A. B. Beckers http://orcid.org/0000-0002-9532-2576

REFERENCES

1. Keszthelyi D, Troost FJ, Simren M, et al. Revisiting concepts of vis-

ceral nociception in irritable bowel syndrome. Eur J Pain.

2012;16:1444-1454.

2. Keszthelyi D, Troost FJ, Masclee AA. Irritable bowel syndrome:

methods, mechanisms, and pathophysiology. Methods to assess vis-

ceral hypersensitivity in irritable bowel syndrome. Am J Physiol Gas-

trointest Liver Physiol. 2012;303:G141-G154.

3. Holzer P. TRP channels in the digestive system. Curr Pharm Biotech-

nol. 2011;12:24-34.

4. Holzer P, Izzo AA. The pharmacology of TRP channels. Br J Pharma-

col. 2014;171:2469-2473.

5. Holtmann GJ, Ford AC, Talley NJ. Pathophysiology of irritable

bowel syndrome. Lancet Gastroenterol Hepatol. 2016;1:133-146.

6. Sarna SK. Lessons learnt from post-infectious IBS. Front Physiol.

2011;2:49.

7. Barbara G, Cremon C, Annese V, et al. Randomised controlled trial

of mesalazine in IBS. Gut. 2016;65:82-90.

8. Lam C, Tan W, Leighton M, et al. A mechanistic multicentre, parallel

group, randomised placebo-controlled trial of mesalazine for the

treatment of IBS with diarrhoea (IBS-D). Gut. 2016;65:91-99.

9. Brierley SM, Carter R, Jones W 3rd, et al. Differential chemosen-

sory function and receptor expression of splanchnic and pelvic colo-

nic afferents in mice. J Physiol. 2005;567:267-281.

10. Frias B, Merighi A. Capsaicin, nociception and pain. Molecules.

2016;21:1-33.

11. Brierley SM, Jones RC III, Gebhart GF, Blackshaw LA. Splanchnic

and pelvic mechanosensory afferents signal different qualities of

colonic stimuli in mice. Gastroenterology. 2004;127:166-178.

12. Song X, Chen BN, Zagorodnyuk VP, et al. Identification of medium/

high-threshold extrinsic mechanosensitive afferent nerves to the

gastrointestinal tract. Gastroenterology. 2009;137:274-284e1.

13. Blackshaw LA, Brierley SM, Hughes PA. TRP channels: new targets

for visceral pain. Gut. 2010;59:126-135.

14. Planells-Cases R, Valente P, Ferrer-Montiel A, Qin F, Szallasi A.

Complex regulation of TRPV1 and related thermo-TRPs: implica-

tions for therapeutic intervention. Adv Exp Med Biol. 2011;704:491-

515.

15. Huang J, Zhang X, McNaughton PA. Modulation of temperature-

sensitive TRP channels. Semin Cell Dev Biol. 2006;17:638-645.

16. Kaneko Y, Szallasi A. Transient receptor potential (TRP) channels: a

clinical perspective. Br J Pharmacol. 2014;171:2474-2507.

17. Yu X, Yu M, Liu Y, Yu S. TRP channel functions in the gastrointesti-

nal tract. Semin Immunopathol. 2016;38:385-396.

18. van Avesaat M, Troost FJ, Westerterp-Plantenga MS, et al. Cap-

saicin-induced satiety is associated with gastrointestinal distress but

BECKERS ET AL. | 949

https://doi.org/10.1111/apt.14417
https://doi.org/10.1111/apt.14442
https://doi.org/10.1111/apt.14442
http://orcid.org/0000-0002-9532-2576
http://orcid.org/0000-0002-9532-2576
http://orcid.org/0000-0002-9532-2576


not with the release of satiety hormones. Am J Clin Nutr.

2016;103:305-313.

19. Akbar A, Yiangou Y, Facer P, Walters JR, Anand P, Ghosh S.

Increased capsaicin receptor TRPV1-expressing sensory fibres in

irritable bowel syndrome and their correlation with abdominal pain.

Gut. 2008;57:923-929.

20. van Wanrooij SJ, Wouters MM, van Oudenhove L, et al. Sensitivity

testing in irritable bowel syndrome with rectal capsaicin stimula-

tions: role of TRPV1 upregulation and sensitization in visceral

hypersensitivity? Am J Gastroenterol. 2014;109:99-109.

21. Blackshaw LA, Brierley SM, Hughes PA, Harrington AM. The hot

mustard receptor’s role in gut motor function. Gastroenterology.

2011;141:423-427.

22. Szallasi A, Cortright DN, Blum CA, Eid SR. The vanilloid receptor

TRPV1: 10 years from channel cloning to antagonist proof-of-con-

cept. Nat Rev Drug Discov. 2007;6:357-372.

23. Helyes Z, Szabo A, Nemeth J, et al. Antiinflammatory and analgesic

effects of somatostatin released from capsaicin-sensitive sensory

nerve terminals in a Freund’s adjuvant-induced chronic arthritis

model in the rat. Arthritis Rheum. 2004;50:1677-1685.

24. Gonlachanvit S, Mahayosnond A, Kullavanijaya P. Effects of chili on

postprandial gastrointestinal symptoms in diarrhoea predominant

irritable bowel syndrome: evidence for capsaicin-sensitive visceral

nociception hypersensitivity. Neurogastroenterol Motil. 2009;21:23-

32.

25. Schmulson MJ, Valdovinos MA, Milke P. Chili pepper and rectal

hyperalgesia in irritable bowel syndrome. Am J Gastroenterol.

2003;98:1214-1215.

26. Keszthelyi D, Troost FJ, Jonkers DM, et al. Alterations in mucosal

neuropeptides in patients with irritable bowel syndrome and ulcera-

tive colitis in remission: a role in pain symptom generation? Eur J

Pain. 2013;17:1299-1306.

27. Zhou Q, Yang L, Larson S, et al. Decreased miR-199 augments vis-

ceral pain in patients with IBS through translational upregulation of

TRPV1. Gut. 2016;65:797-805.

28. Xu XJ, Zhang YL, Liu L, Pan L, Yao SK. Increased expression of

nerve growth factor correlates with visceral hypersensitivity and

impaired gut barrier function in diarrhoea-predominant irritable

bowel syndrome: a preliminary explorative study. Aliment Pharmacol

Ther. 2017;45:100-114.

29. Hughes PA, Brierley SM, Martin CM, et al. TRPV1-expressing sen-

sory fibres and IBS: links with immune function. Gut. 2009;58:465-

466.

30. Holzer P. TRPV1: a new target for treatment of visceral pain in

IBS? Gut. 2008;57:882-884.

31. Cenac N, Bautzova T, Le Faouder P, et al. Quantification and

potential functions of endogenous agonists of transient receptor

potential channels in patients with irritable bowel syndrome. Gas-

troenterology 2015;149:433-444 e7.

32. Lapointe TK, Basso L, Iftinca MC, et al. TRPV1 sensitization medi-

ates postinflammatory visceral pain following acute colitis. Am J

Physiol Gastrointest Liver Physiol. 2015;309:G87-G99.

33. Barbara G, Stanghellini V, De Giorgio R, et al. Activated mast

cells in proximity to colonic nerves correlate with abdominal

pain in irritable bowel syndrome. Gastroenterology. 2004;126:693-

702.

34. Wouters MM, Balemans D, Van Wanrooy S, et al. Histamine recep-

tor H1-mediated sensitization of TRPV1 mediates visceral hyper-

sensitivity and symptoms in patients with irritable bowel syndrome.

Gastroenterology. 2016;150:875-887 e9.

35. Zhu L, Zhao L, Qu R, et al. Adrenergic stimulation sensitizes TRPV1

through upregulation of cystathionine beta-synthetase in a rat

model of visceral hypersensitivity. Sci Rep. 2015;5:16109.

36. Hong S, Zheng G, Wu X, Snider NT, Owyang C, Wiley JW. Corti-

costerone mediates reciprocal changes in CB 1 and TRPV1

receptors in primary sensory neurons in the chronically stressed rat.

Gastroenterology. 2011;140:627-637 e4.

37. Hong S, Zheng G, Wiley JW. Epigenetic regulation of genes that

modulate chronic stress-induced visceral pain in the peripheral ner-

vous system. Gastroenterology. 2015;148:148-157 e7.

38. Khairatkar-Joshi N, Szallasi A. TRPV1 antagonists: the challenges

for therapeutic targeting. Trends Mol Med. 2009;15:14-22.

39. Fichna J, Poole DP, Veldhuis N, et al. Transient receptor potential

vanilloid 4 inhibits mouse colonic motility by activating NO-depen-

dent enteric neurotransmission. J Mol Med (Berl). 2015;93:1297-

1309.

40. Liedtke W, Choe Y, Marti-Renom MA, et al. Vanilloid receptor-

related osmotically activated channel (VR-OAC), a candidate verte-

brate osmoreceptor. Cell. 2000;103:525-535.

41. McGuire C, Boundouki G, Hockley JR, et al. Ex vivo study of

human visceral nociceptors. Gut. 2016; https://doi.org/10.1136/

gutjnl-2016-311629

42. Cenac N, Altier C, Chapman K, Liedtke W, Zamponi G, Vergnolle N.

Transient receptor potential vanilloid-4 has a major role in visceral

hypersensitivity symptoms. Gastroenterology. 2008;135:937-946,

e1-2.

43. Sipe WE, Brierley SM, Martin CM, et al. Transient receptor poten-

tial vanilloid 4 mediates protease activated receptor 2-induced sen-

sitization of colonic afferent nerves and visceral hyperalgesia. Am J

Physiol Gastrointest Liver Physiol. 2008;294:G1288-G1298.

44. Cenac N, Altier C, Motta JP, et al. Potentiation of TRPV4 signalling

by histamine and serotonin: an important mechanism for visceral

hypersensitivity. Gut. 2010;59:481-488.

45. Cenac N, Andrews CN, Holzhausen M, et al. Role for protease

activity in visceral pain in irritable bowel syndrome. J Clin Invest.

2007;117:636-647.

46. Moparthi L, Kichko TI, Eberhardt M, et al. Human TRPA1 is a heat

sensor displaying intrinsic U-shaped thermosensitivity. Sci Rep.

2016;6:28763.

47. Cattaruzza F, Spreadbury I, Miranda-Morales M, Grady EF, Vanner

S, Bunnett NW. Transient receptor potential ankyrin-1 has a major

role in mediating visceral pain in mice. Am J Physiol Gastrointest

Liver Physiol. 2010;298:G81-G91.

48. Brierley SM, Hughes PA, Page AJ, et al. The ion channel TRPA1 is

required for normal mechanosensation and is modulated by algesic

stimuli. Gastroenterology. 2009;137:2084-2095 e3.

49. Brierley SM, Castro J, Harrington AM, et al. TRPA1 contributes to

specific mechanically activated currents and sensory neuron

mechanical hypersensitivity. J Physiol. 2011;589:3575-3593.

50. Yu Y, Daly DM, Adam IJ, et al. Interplay between mast cells, ente-

rochromaffin cells, and sensory signaling in the aging human bowel.

Neurogastroenterol Motil. 2016;28:1465-1479.

51. Kun J, Szitter I, Kemeny A, et al. Upregulation of the transient

receptor potential ankyrin 1 ion channel in the inflamed human and

mouse colon and its protective roles. PLoS ONE. 2014;9:e108164.

52. Akopian AN, Ruparel NB, Jeske NA, Hargreaves KM. Transient

receptor potential TRPA1 channel desensitization in sensory neu-

rons is agonist dependent and regulated by TRPV1-directed inter-

nalization. J Physiol. 2007;583:175-193.

53. Kogure Y, Wang S, Tanaka K, et al. Elevated H2 O2 levels in trini-

trobenzene sulfate-induced colitis rats contributes to visceral

hyperalgesia through interaction with the transient receptor poten-

tial ankyrin 1 cation channel. J Gastroenterol Hepatol.

2016;31:1147-1153.

54. Vermeulen W, de Man JG, de Schepper HU, et al. Role of TRPV1

and TRPA1 in visceral hypersensitivity to colorectal distension dur-

ing experimental colitis in rats. Eur J Pharmacol. 2013;698:404-412.

55. Hughes PA, Harrington AM, Castro J, et al. Sensory neuro-immune

interactions differ between irritable bowel syndrome subtypes. Gut.

2013;62:1456-1465.

950 | BECKERS ET AL.

https://doi.org/10.1136/gutjnl-2016-311629
https://doi.org/10.1136/gutjnl-2016-311629


56. Campaniello MA, Mavrangelos C, Eade S, et al. Acute colitis chroni-

cally alters immune infiltration mechanisms and sensory neuro-

immune interactions. Brain Behav Immun. 2017;60:319-332.

57. Banik GD, De A, Som S, et al. Hydrogen sulphide in exhaled breath:

a potential biomarker for small intestinal bacterial overgrowth in

IBS. J Breath Res. 2016;10:026010.

58. Henstrom M, Hadizadeh F, Beyder A, et al. TRPM8 polymorphisms

associated with increased risk of IBS-C and IBS-M. Gut.

2016;66:1725-1727.

59. McKemy DD, Neuhausser WM, Julius D. Identification of a cold

receptor reveals a general role for TRP channels in thermosensa-

tion. Nature. 2002;416:52-58.

60. Karashima Y, Damann N, Prenen J, et al. Bimodal action of menthol

on the transient receptor potential channel TRPA1. J Neurosci.

2007;27:9874-9884.

61. Harrington AM, Hughes PA, Martin CM, et al. A novel role for

TRPM8 in visceral afferent function. Pain. 2011;152:1459-1468.

62. Ramachandran R, Hyun E, Zhao L, et al. TRPM8 activation attenu-

ates inflammatory responses in mouse models of colitis. Proc Natl

Acad Sci USA. 2013;110:7476-7481.

63. Hosoya T, Matsumoto K, Tashima K, et al. TRPM8 has a key role in

experimental colitis-induced visceral hyperalgesia in mice. Neurogas-

troenterol Motil. 2014;26:1112-1121.

64. de Jong PR, Takahashi N, Peiris M, et al. TRPM8 on mucosal sen-

sory nerves regulates colitogenic responses by innate immune cells

via CGRP. Mucosal Immunol. 2015;8:491-504.

65. Tajti J, Szok D, Majlath Z, Tuka B, Csati A, Vecsei L. Migraine and

neuropeptides. Neuropeptides. 2015;52:19-30.

66. Gonzalez-Rey E, Chorny A, Delgado M. Regulation of immune toler-

ance by anti-inflammatory neuropeptides. Nat Rev Immunol.

2007;7:52-63.

67. Fernandes ES, Fernandes MA, Keeble JE. The functions of TRPA1

and TRPV1: moving away from sensory nerves. Br J Pharmacol.

2012;166:510-521.

68. Mujagic Z, Ludidi S, Keszthelyi D, et al. Small intestinal permeability

is increased in diarrhoea predominant IBS, while alterations in gas-

troduodenal permeability in all IBS subtypes are largely attributable

to confounders. Aliment Pharmacol Ther. 2014;40:288-297.

69. Zhou Q, Zhang B, Verne GN. Intestinal membrane permeability and

hypersensitivity in the irritable bowel syndrome. Pain. 2009;146:41-

46.

70. Yamawaki H, Mihara H, Suzuki N, et al. Role of transient receptor

potential vanilloid 4 activation in indomethacin-induced intestinal

damage. Am J Physiol Gastrointest Liver Physiol. 2014;307:G33-

G40.

71. D’Aldebert E, Cenac N, Rousset P, et al. Transient receptor poten-

tial vanilloid 4 activated inflammatory signals by intestinal epithelial

cells and colitis in mice. Gastroenterology. 2011;140:275-285.

72. Karwad MA, Macpherson T, Wang B, et al. Oleoylethanolamine and

palmitoylethanolamine modulate intestinal permeability in vitro via

TRPV1 and PPARalpha. FASEB J. 2017;31:469-481.

73. Fothergill LJ, Callaghan B, Rivera LR, et al. Effects of food compo-

nents that activate trpa1 receptors on mucosal ion transport in the

mouse intestine. Nutrients. 2016;8:1-11.

74. Keszthelyi D, van Avesaat M, Troost FJ, Masclee AA. Translational

difficulties in studying the TRPA1 receptor. Nutrients. 2016;8:1-2.

75. Blackshaw LA, Dent J. Lower oesophageal sphincter responses to

noxious oesophageal chemical stimuli in the ferret: involvement of

tachykinin receptors. J Auton Nerv Syst. 1997;66:189-200.

76. Matsumoto K, Kurosawa E, Terui H, et al. Localization of TRPV1

and contractile effect of capsaicin in mouse large intestine: high

abundance and sensitivity in rectum and distal colon. Am J Physiol

Gastrointest Liver Physiol. 2009;297:G348-G360.

77. Corsetti M, Akyuz F, Tack J. Targeting tachykinin receptors for the

treatment of functional gastrointestinal disorders with a focus on

irritable bowel syndrome. Neurogastroenterol Motil. 2015;27:1354-

1370.

78. Someya S, Nagao M, Shibata C, et al. Intracolonic administration of

the TRPA1 agonist allyl isothiocyanate stimulates colonic motility

and defecation in conscious dogs. J Gastrointest Surg.

2015;19:1342-1349.

79. Poole DP, Pelayo JC, Cattaruzza F, et al. Transient receptor poten-

tial ankyrin 1 is expressed by inhibitory motoneurons of the mouse

intestine. Gastroenterology. 2011;141:565-575e1-4.

80. Swanson DM, Dubin AE, Shah C, et al. Identification and biological

evaluation of 4-(3-trifluoromethylpyridin-2-yl)piperazine-1-carboxylic

acid (5-trifluoromethylpyridin-2-yl)amide, a high affinity TRPV1 (VR1)

vanilloid receptor antagonist. J Med Chem. 2005;48:1857-1872.

81. Steiner AA, Turek VF, Almeida MC, et al. Nonthermal activation of

transient receptor potential vanilloid-1 channels in abdominal vis-

cera tonically inhibits autonomic cold-defense effectors. J Neurosci.

2007;27:7459-7468.

82. Gavva NR, Treanor JJ, Garami A, et al. Pharmacological blockade of

the vanilloid receptor TRPV1 elicits marked hyperthermia in

humans. Pain. 2008;136:202-210.

83. Blumberg PM. To not be hot when TRPV1 is not. Temperature (Aus-

tin). 2015;2:166-167.

84. Chiche D, Brown W, Walker P. NEO6860, a novel modality selec-

tive TRPV1 antagonist: results from a phase I, double-blind, pla-

cebo-controlled study in healthy subjects. J. Pain. 2016;17:S79.

85. Arendt-Nielsen L, Harris S, Whiteside GT, et al. A randomized, dou-

ble-blind, positive-controlled, 3-way cross-over human experimental

pain study of a TRPV1 antagonist (V116517) in healthy volunteers

and comparison with preclinical profile. Pain. 2016;157:2057-2067.

86. Derry S, Sven-Rice A, Cole P, Tan T, Moore RA. Topical capsaicin

(high concentration) for chronic neuropathic pain in adults.

Cochrane Database Syst Rev. 2013;2:CD007393.

87. Aniwan S, Gonlachanvit S. Effects of chili treatment on gastroin-

testinal and rectal sensation in diarrhea-predominant irritable bowel

syndrome: a randomized, double-blinded. Crossover Study. J Neuro-

gastroenterol Motil. 2014;20:400-406.

88. Bortolotti M, Coccia G, Grossi G, Miglioli M. The treatment of func-

tional dyspepsia with red pepper. Aliment Pharmacol Ther.

2002;16:1075-1082.

89. Brown DC. Resiniferatoxin: the evolution of the “molecular scalpel”
for chronic pain relief. Pharmaceuticals (Basel). 2016;9.1-11.

90. Kun J, Helyes Z, Perkecz A, et al. Effect of surgical and chemical

sensory denervation on non-neural expression of the transient

receptor potential vanilloid 1 (TRPV1) receptors in the rat. J Mol

Neurosci. 2012;48:795-803.

91. Khanna R, MacDonald JK, Levesque BG. Peppermint oil for the

treatment of irritable bowel syndrome: a systematic review and

meta-analysis. J Clin Gastroenterol. 2014;48:505-512.

92. Amato A, Liotta R, Mule F. Effects of menthol on circular smooth

muscle of human colon: analysis of the mechanism of action. Eur J

Pharmacol. 2014;740:295-301.

93. Cash BD, Epstein MS, Shah SM. A novel delivery system of pepper-

mint oil is an effective therapy for irritable bowel syndrome symp-

toms. Dig Dis Sci. 2016;61:560-571.

94. Tack J, Schumacher K, Tonini G, et al. The neurokinin-2 receptor

antagonist ibodutant improves overall symptoms, abdominal pain

and stool pattern in female patients in a phase II study of diar-

rhoea-predominant IBS. Gut. 2016; https://10.1136/gutjnl-2015-

310683

95. Curran MP, Robinson DM. Aprepitant: a review of its use in the

prevention of nausea and vomiting. Drugs. 2009;69:1853-1878.

96. Laird J. Gut feelings about tachykinin NK1 receptor antagonists.

Trends Pharmacol Sci. 2001;22:169.

97. Hill R. NK1 (substance P) receptor antagonists—why are they not

analgesic in humans? Trends Pharmacol Sci. 2000;21:244-246.

BECKERS ET AL. | 951

https://10.1136/gutjnl-2015-310683
https://10.1136/gutjnl-2015-310683


98. Plourde V, Lembo T, Shui Z, et al. Effects of the somatostatin ana-

logue octreotide on rectal afferent nerves in humans. Am J Physiol.

1993;265:G742-G751.

99. Hasler WL, Soudah HC, Owyang C. Somatostatin analog inhibits

afferent response to rectal distention in diarrhea-predominant irrita-

ble bowel patients. J Pharmacol Exp Ther. 1994;268:1206-1211.

100. Bradette M, Delvaux M, Staumont G, Fioramonti J, Bueno L, Frexi-

nos J. Octreotide increases thresholds of colonic visceral percep-

tion in IBS patients without modifying muscle tone. Dig Dis Sci.

1994;39:1171-1178.

101. Mulak A, Larauche M, Biraud M, Million M, Rivier J, Tache Y. Selec-

tive agonists of somatostatin receptor subtype 1 or 2 injected

peripherally induce antihyperalgesic effect in two models of visceral

hypersensitivity in mice. Peptides. 2015;63:71-80.

102. Sullenger BA, Nair S. From the RNA world to the clinic. Science.

2016;352:1417-1420.

103. Pereira LM, Lima-Junior RC, Bem AX, et al. Blockade of TRPA1

with HC-030031 attenuates visceral nociception by a mechanism

independent of inflammatory resident cells, nitric oxide and the

opioid system. Eur J Pain. 2013;17:223-233.

104. Kojima R, Nozawa K, Doihara H, et al. Effects of novel TRPA1

receptor agonist ASP7663 in models of drug-induced constipation

and visceral pain. Eur J Pharmacol. 2014;723:288-293.

105. Preti D, Saponaro G, Szallasi A. Transient receptor potential ankyrin

1 (TRPA1) antagonists. Pharm Pat Anal. 2015;4:75-94.

106. Willette RN, Bao W, Nerurkar S, et al. Systemic activation of the

transient receptor potential vanilloid subtype 4 channel causes

endothelial failure and circulatory collapse: part 2. J Pharmacol Exp

Ther. 2008;326:443-452.

107. Szallasi A, Sheta M. Targeting TRPV1 for pain relief: limits, losers

and laurels. Expert Opin Investig Drugs. 2012;21:1351-1369.

108. Lehto SG, Tamir R, Deng H, et al. Antihyperalgesic effects of (R,

E)-N-(2-hydroxy-2,3-dihydro-1H-inden-4-yl)-3-(2-(piperidin-1-yl)-4-

(trifluorom ethyl)phenyl)-acrylamide (AMG8562), a novel transient

receptor potential vanilloid type 1 modulator that does not cause

hyperthermia in rats. J Pharmacol Exp Ther. 2008;326:218-229.

109. Meissner M, Obmann VC, Hoschke M, et al. Lessons of Studying

TRP Channels with Antibodies. In: Zhu MX, eds. Chapter 6. Boca

Raton (FL): TRP Channels; 2011:135-147.

110. Alexander SP, Catterall WA, Kelly E, et al. The concise guide to

pharmacology 2015/16: voltage-gated ion channels. Br J Pharmacol.

2015;172:5904-5941.

111. Blackshaw LA. Transient receptor potential cation channels in vis-

ceral sensory pathways. Br J Pharmacol. 2014;171:2528-2536.

112. Vriens J, Appendino G, Nilius B. Pharmacology of vanilloid transient

receptor potential cation channels.Mol Pharmacol. 2009;75:1262-1279.

How to cite this article: Beckers AB, Weerts ZZRM, Helyes Z,

Masclee AAM, Keszthelyi D. Review article: transient receptor

potential channels as possible therapeutic targets in irritable

bowel syndrome. Aliment Pharmacol Ther. 2017;46:938-952.

https://doi.org/10.1111/apt.14294

952 | BECKERS ET AL.

https://doi.org/10.1111/apt.14294

