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Abstract

Background & Aims: The endocannabinoid (eCB) system includes ligands (anandamide and 

2-arachidonoyl glycerol, 2-AG), receptors and catabolizing enzymes (fatty acid amide hydrolase, 

FAAH and monoacylglycerol lipase) expressed in both the brain and gut. We investigated whether 

the FAAH inhibitor, URB597, influenced visceral pain to colorectal distension (CRD) in an acute 

stress-related model of visceral hypersensitivity induced by the selective corticotropin releasing 

factor receptor subtype 1 (CRF1) agonist, cortagine.

Methods: Male Sprague-Dawley rats were injected subcutaneously (SC) with URB597 (3 

mg/kg) or vehicle and 2h later, intraperitoneally with cortagine (10 μg/kg) or vehicle. The 

visceromotor responses (VMR) were assessed to a 1st CRD (baseline) before injections, and to 

a 2nd CRD 15 min after the last treatment. Brain, jejunum and proximal colon were collected 
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from treated and naïve rats for levels quantification of 3 fatty acid amides (FAAs) [anandamide 

(arachidonyl-ethanolamide, AEA), oleoyl-ethanolamide (OEA) and palmitoyl-ethanolamide 

(PEA)], and 2-AG. In separate animals, defecation/diarrhea were monitored after URB597 and 

cortagine.

Key Results: URB597 inhibited cortagine-induced increased VMR at 40 mmHg (89.0 ± 14.8% 

versus 132.5 ± 15.6% for vehicle SC, p<0.05) and 60 mmHg (107.5 ± 16.1% vs. 176.9 ± 24.4% 

for vehicle SC, p<0.001) while not influencing basal VMR. In URB597 plus cortagine group, 

FAAs levels increased in the brain and intestinal tissue while 2-AG did not change. URB597 did 

not modify cortagine-induced defecation/diarrhea vs vehicle.

Conclusions & Inferences: URB597 shows efficacy to elevate brain and intestinal FAAs 

and to counteract the colonic hypersensitivity induced by peripheral activation of CRF1 

signaling supporting a potential strategy of FAAH inhibitors to alleviate stress-related visceral 

hypersensitivity.

Keywords

anandamide; cortagine; defecation; irritable bowel syndrome; URB597; rat; visceral pain

1 | INTRODUCTION

The endocannabinoid (eCB) system includes the endogenous lipid ligands, 

arachidonoylethanolamide (anandamide) and 2-arachidonoylglycerol, their target receptors 

(CB1 and CB2) and the enzymes involved in their biosynthesis and degradation.1,2 The eCB 

system is distributed in both the central and peripheral nervous systems and also expressed 

in the gastrointestinal tract, namely in the enteric nervous system, smooth muscle, epithelial, 

glial and immune cells.3–6 Cannabinoid ligands have been implicated in a broad range of gut 

function (secretion, motility, ion transport, intestinal barrier integrity and gastroprotection) 

as well as in the modulation of pathophysiological processes such as intestinal inflammation 

and pain signaling (see reviews).4,5,7–10

Endocannabinoids are rapidly degraded mainly by two enzymes, the fatty acid 

amide hydrolase (FAAH) and monoacylglycerol lipase.11–13 FAAH is the major 

enzyme responsible for the catabolism of anandamide (AEA) and several other 

acylethanolamides (fatty acid amides, “FAAs”), including palmitoylethanolamide (PEA) 

and oleoylethanolamide (OEA) which do not activate cannabinoid receptors, while 

monoacylglycerol lipase degrades 2-arachidonoylglycerol (2-AG).11,12,14 Pharmacological 

inhibition of FAAH to increase endogenous eCB ligands and other non-eCB FAAs (OEA, 

PEA) has become an attractive therapeutic option in circumstances where endocannabinoid 

or other FAAs modulation may be beneficial.15,16 This is mainly due to the lack of 

psychotropic side effects and motor impairments of endocannabinoids in contrast to 

exogenous cannabinoid agonists administration.17–21 In particular, it is well documented 

that the administration of FAAH inhibitors exert anti-nociceptive actions in a wide range of 

preclinical somatic pain models induced by inflammatory, thermal, or mechanical noxious 

stimuli and in some neuropathic pain models.22–24 Clinical studies showed that the orally 

active and highly selective FAAH inhibitor, PF-0445784525,26 given orally to healthy 
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subjects is safe and well-tolerated in Phase 1 clinical trials, and induces a robust and 

sustained elevation of FAAs (AEA, OEA, PEA) levels in plasma collected from peripheral 

blood.27 PF-04457845 was also reported to exert beneficial effects on fear extinction and 

stress-related behaviors in a controlled clinical trial.28

Irritable bowel syndrome (IBS) is a stress-sensitive prevalent bowel disorder categorized 

into three major clinical subtypes IBS-constipation (IBS-C), IBS-diarrhea (IBS-D) and 

IBS-mixed (IBS-M),29 each with complex underlying mechanisms, including disturbances 

along the brain-gut axis.30–33 Abdominal pain is the most important determinant of IBS 

severity, impairment of life quality and healthcare utilization in patients suffering from 

IBS.34 Although advances in treatments have been made,35 to date there is still an unmet 

clinical therapeutic need in IBS.36 Visceral hypersensitivity to rectosigmoid distension is 

observed in nearly half of IBS patients and is thought to underlie abdominal pain.37,38

Experimental studies with FAAH inhibitors showed beneficial effects in visceral pain 

models induced by the intraperitoneal or intracolonic administration of chemical noxious 

irritants (acetic acid, phenyl-p-benzoquinone, lactic acid) while monoacylglycerol lipase 

inhibitors had no effect.39–44 In the context of IBS, the influence of FAAH inhibitors has not 

yet been examined under the condition of acute stress-related hypersensitivity by monitoring 

the visceromotor response (VMR) to colorectal distension (CRD), a robust model of visceral 

nociception.45 Previous studies indicate that the activation of the corticotropin releasing 

factor receptor subtype 1 (CRF1) signaling pathway in the brain and/or the gut plays a key 

role in acute stress-related gastrointestinal alterations and visceral pain.46,47 Of relevance 

to IBS, we initially reported and others that the CRF1 peptide agonist, cortagine, or CRF 

injected intraperitoneally in rodents reproduces IBS-D-like symptoms including visceral 

hypersensitivity to ascending phasic CRD and defecation/diarrhea in rats.48–50

In the present study, we test the hypothesis that increasing endogenous cannabinoids 

will modulate visceral pain. This was achieved by investigating the influence of the 

well-established selective FAAH inhibitor, URB597,51,52 administered peripherally on 

visceral pain using the cortagine-induced hypersensitivity to CRD model in rats.53,54 The 

associated brain and intestinal changes of anandamide and 2-arachidonoylglycerol and non-

cannabinoid fatty acid amides including palmitoylethanolamide and oleoylethanolamide 

levels were determined. In separate experiments we also monitored whether URB597 

modified defecation and diarrhea under basal and cortagine treated rats.

2 | MATERIALS AND METHODS

2.1 | Animals

Experiments were performed in adult male Sprague-Dawley rats (Harlan Laboratory, San 

Diego, CA, USA) weighing 200–250 g. The use of male rats only was in keeping 

with sex differences in brain activation and visceral responses to CRD and stress,55,56 

thereby avoiding sex-related variability.55–57 Animals were kept under controlled conditions 

of illumination (12:12h light-dark cycle starting at 6 a.m.), temperature (21–23°C) and 

humidity (30–35%) and allowed free access to water and food (Purina rat chow, USA). 

Animals were acclimated to the animal facility for 1 week after their arrival. Experiments 
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were initiated between 7 a.m. and 9 a.m. and ended no later than 2 p.m. to avoid circadian 

influence on parameters under study. Experiments followed NIH guidelines according 

to protocol # 06016–08 approved by the Institutional Animal Care and Use Committee 

(IACUC) of the VA Greater Los Angeles Healthcare System under the auspice of the Office 

of Laboratory Animal Welfare - Assurance of Compliance (A3002–01).

2.2 | Compounds and treatments

Cortagine ([Glu21,Ala40][sauvagine1–12]x[rat CRF14–30]x[sauvagine30–40]) (Peptide Biology 

Laboratories, Salk Institute, La Jolla, CA) stored in powder form at −80°C, was weighed 

and dissolved in sterile water immediately before use as previously described.58 URB597 

[(3’-(aminocarbonyl)([1,1’-biphenyl]-3-yl)-cyclohexylcarbamate)] (Cayman Chemical, Ann 

Arbor Michigan) was dissolved in dimethyl sulfoxide (DMSO)/cremophor El/saline 

(10/10/80 v/v). The volumes of intraperitoneal (IP) and subcutaneous (SC) injections were 

0.2 and 0.3 ml, respectively.

2.3 | Visceral pain studies

Colorectal distension procedure.—The VMR to CRD was monitored as previously 

described using a non-invasive method we developed based on the measurement of 

intraluminal colonic pressure (ICP).53,54,59 Rats were trained to the experimental conditions 

(Bollman cage 4h/day and handling for SC and IP injections) for 3 days before the 

experiment. The day after the end of training, animals were briefly anesthetized with 

isoflurane (3% in O2) and the modified miniaturized pressure transducer catheter (SPR-524 

Mikro-Tip catheter; Millar Instruments, Houston, TX) equipped with a custom-made 

polyethylene plastic balloon (2 cm width × 5 cm length) tied below the pressure sensor 

was inserted into the colorectum up to 1 cm past the anal verge. The catheter was secured 

to the tail with tape, and rats were placed in Bollman cages and left to rest for 30 min 

before the CRD procedure. Then, the balloon was unfolded by two distensions at 60 mmHg, 

immediately followed by the 1st set of CRD consisting of phasic distensions at incremental 

pressure of 10, 20, 40 and 60 mmHg (20-s duration; 4-min inter-stimulus interval, twice 

each) and a 2nd similar set of CRD after treatment. The distensions were always in the 

same ascending order and not randomized. Such a CRD paradigm is standard and has been 

previously used to assess visceral pain-related responses in rats.48,54,60

Experimental protocol.—See experimental design (Fig. 1A). In conscious rats, the VMR 

to the 1st set of CRD was obtained and taken as baseline response. Immediately after the 

end of the distension, rats received SC injection of URB597 (3 mg/kg) or vehicle. After a 

2-h rest, animals were injected IP with cortagine (10 μg/kg) or vehicle and 15 min later, the 

VMR to the 2nd set of CRD was recorded. The visceral pain experiments were repeated in 

3 different cohorts of rats (n=6, n=6, n=5, total n=17) treated with vehicle SC + cortagine 

IP and 2 cohorts (n=11, n=7, total n=18) for URB597 SC + cortagine IP which led to 

similar results, so data were pooled together. We selected the maximal effective dose of 

cortagine based on previous dose response studies to increase VMR to CRD48 and that 

of URB597 based on its maximal antinociceptive effect in somatic tests of allodynia and 

hyperalgesia.61 The time interval between URB597 administration and testing is taking into 

account the report of slow and reliable accumulation of AEA in the nervous system with a 
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maximal effect at 2 hours post-injection51 therefore we selected 2 h post injection to test the 

antinociceptive effect on cortagine-induced visceral hyperalgesia.

Signal acquisition.—The modified miniaturized pressure transducer was connected to a 

preamplifier (model 600; Millar Instruments, Houston, TX) and the balloon to an electronic 

barostat (Distender Series II, G&J Electronics Inc, Toronto, Canada). The barostat controlled 

for balloon pressure variation and minimized any interference of colonic motor activity 

changes during balloon inflation. The signal was acquired using CED Micro1401/SPIKE2 

program (Cambridge Electronic Design, Cambridge, UK). The phasic component of the ICP 

signal was extracted from the original signal recorded by applying the DC Remove Process 

in Spike 2 (CED, Ltd., Cambridge) component with a time constant of 1 s to exclude 

the slower, tonic changes in ICP resulting from colonic smooth muscle activity, and by 

applying the root mean square (RMS) amplitude process with a time constant of 1 s to the 

resulting trace. ICP activity was recorded for 20 s before, during and after termination of 

CRD. The VMR was defined as the increase area under the curve (AUC) of ICP during 

CRD over the mean of pre- and post-distension periods (20 s each) and quantified using the 

“modulus” process in Spike 2. To examine the pressure-response relationship and adjust for 

inter-individual variations of the signal, ICP amplitudes were normalized for each rat to the 

highest pressure (60 mmHg) in the 1st set of CRD and taken as 100%. The VMR to the 2nd 

CRD with or without treatment in each animal is shown as % from their normalized control 

values (% control) at different pressures of distension as validated in our previous studies.60

2.4 | Assessment of colonic motor function

See experimental design (Fig. 1B). In four separate groups of naïve conscious rats (n=10, 

n=10, n=11, n=11), fecal pellet output (FPO) and incidence of diarrhea (defined as the 

percentage of rats displaying at least one watery stool during the observation period) were 

recorded. Defecation was monitored for the first 2 h post SC injection of URB597 (3 mg/kg) 

or vehicle then every 15 min for 1h after the IP injection of cortagine (10 μg/kg) or vehicle. 

In all experiments, animals were handled daily for 5 days before the first administration of 

cortagine or vehicle. The IP dose of cortagine was based on previous dose-response studies 

showing defecation and shortening of colonic transit time in rats48 and that of URB957 was 

similar to the dose used for VMR experiment.

2.5 | Assessment of FAAs (AEA, OEA, PEA) levels and 2-AG levels

Brain and intestinal tissues: collection and sample preparation.—Naïve rats 

and experimental groups were deeply anesthetized with isoflurane 30 min after the last 

set of CRDs and decapitated. The brain was flash-frozen on dry ice. The proximal colon 

and jejunum (5 cm each) were collected, each opened by a longitudinal incision, and 

rinsed in ice-cold saline before being flash-frozen on dry ice. Tissues were stored at 

−80°C until eCBs assays using a modified published method.62,63 Tissue samples were 

weighed and extracted in 7 ml ethyl acetate: hexanes (9:1 vol/vol) containing N-palmitoyl 

propanolamide, as internal standard. Samples were homogenized by an electric-powered 

mechanical tissue disrupter (Omni International, Kennesaw, GA) in 3 ml water. Tubes 

were vortexed and centrifuged [10°C, 1875xg, 20 min (intestine), 30 min (brain)]. The 

organic layer was transferred to glass tubes and was evaporated under azote gas until 
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dry. Extracts were reconstituted in chloroform:methanol (1:3 vol/vol), transferred to 1.5 ml 

capacity polypropylene tubes, and centrifuged (room temp, 16,000xg, 3 min). Supernatants 

were transferred to 96 well plates, diluted 1:1 (vol/vol) in ice-cold methanol containing 

anandamide labeled with 4 deuterium atoms, d4-AEA (Cayman Chemical, Inc., Ann Arbor, 

MI) and were mixed. Diluted samples were placed in a chilled (6°C) autosampler and 

analyzed by liquid chromatography-tandem mass spectrometry (LC-MS).

Liquid chromatography-tandem mass spectrometry assay.—The concentrations 

of endogenous anandamide and 2-arachidonoylglycerol and non-cannabinoid fatty acid 

amides including palmitoylethanolamide and oleoylethanolamide, levels in samples were 

determined by LC-MS compared to standard curves generated with respective synthetic 

standards (Cayman Chemical Inc.) diluted in methanol. Analytes were detected and 

quantified by tandem mass spectrometry in positive ion mode on a Waters Acquity/TQD 

system in positive ion (ES+) mode. The samples were injected (20 μl) on a Clipeus C8 

reverse phase HPLC column (2.1 mm × 30 mm dimensions; 5 μm particle size; Higgins 

Analytical, Mountain View, CA) and were chromatographed using a gradient system with 

0.1% formic acid in water and 0.1% formic acid in acetonitrile/ isopropanol/ water (85:10:5, 

vol:vol:vol). Chromatograms were integrated and quantified by peak area against a standard 

curve using Quanlynx software V4.0 SP4 (Micromass Ltd).

2.6 | Data analysis and statistics

Data were analyzed using the GraphPad Prism 7.00 software. The results are expressed as 

means ± SEM and p values <0.05 were considered statistically significant. Comparisons of 

the VMR to CRD in the URB597 + cortagine vs vehicle + cortagine groups and within 

each group of animals vs baseline were analyzed using two-way ANOVA and Bonferroni 

post-test. The defecation time-course was analyzed using a two-way ANOVA and Sidak 

post-hoc test comparisons and the mean cumulative FPO using a Mann-Whitney unpaired 

t test. For eCBs levels, statistical comparisons between treatment groups were made using 

an unpaired, two-tailed t–test. Fold change was determined against mean of biomarker 

concentration from tissues in naïve rats and in some cases, also in vehicle-treated rat tissues. 

Values were analyzed by Grubb’s test to determine whether any value is a significant (p < 

0.05) outlier from the group. For visceral pain, one outlier was removed from the cortagine 

+ URB597 group due to abnormal response to distension characterized by a total absence of 

response to the CRD in baseline. Investigators were not blinded to the treatment groups.

3 | RESULTS

3.1 | URB597 SC inhibited IP cortagine-induced visceral hypersensitivity to colorectal 
distension in conscious rats.

Compared with the baseline 1st set of CRD, cortagine (10 μg/kg, IP, n=17) significantly 

increased the VMR to the 2nd set of CRD at 40 mmHg (132.5 ± 15.6 vs. 80.8 ± 7.2, p<0.01) 

and 60 mmHg (176.9 ± 24.4 vs 100.0 ± 0.0 p<0.001) while there was a non-significant 

trend to be decreased after the injection of IP vehicle group (VMR at 60 mmHg CRD in % 

control: 68.1 ± 12.4 vs. 100.0 ± 0.0, p>0.05, n=5) (Fig. 2A).
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Pretreatment with URB597 SC, compared with vehicle SC, abolished the exacerbation of 

VMR induced by cortagine at 60 mmHg (107.5 ± 16.1 vs 176.9 ± 24.4, p<0.01) and 

showed a positive but not statistically significant trend at 40 mmHg (89.0 ± 14.8 vs 132.5 

± 15.6, n=18)(Fig. 2B). In addition, URB597 decreased the percentage of rats developing 

hypersensitivity in response to IP cortagine compared with vehicle pretreated (36% instead 

of 92% at 60 mmHg). By itself, URB597 had no significant effect on the VMR to CRD 

compared to baseline (79.8 ± 18.1 vs 82.1 ± 19.0 at 40 mmHg and 82.7 ± 8.6 vs 100 ±0.0 at 

60 mmHg, n=7).

3.2 | URB597 SC increases the levels of fatty acid amides but not 2-AG in the brain, 
jejunum and proximal colon in rats treated with IP vehicle or IP cortagine.

In the groups undergoing the assessment of VMR detailed in 3.1, the endocannabinoid levels 

were increased by URB597 SC as monitored at the end of the experiment in several tissues.

Brain: Brain levels of anandamide increased significantly by 5.6-fold in the SC URB597 

plus IP cortagine treated rats at 3h25 min after the pretreatment while they were not 

modified in SC vehicle plus cortagine group compared to naive rats (Fig. 3A). A 9.1 and 8.7-

fold increases were observed in oleoylethanolamide and palmitoylethanolamide respectively 

compared to the naïve group (Fig. 3B and 3C, respectively). In contrast, the brain levels of 

2-arachidonoylglycerol did not differ between groups (Fig. 3D).

Proximal colon: SC URB597 significantly increased the levels of anandamide by 2.2-

fold in the proximal colon of IP cortagine-injected animals compared to SC vehicle + IP 

cortagine group and cortagine has no influence on anandamide levels compared to naive 

(Fig. 3E). SC URB597 increased levels of oleoylethanolamide and palmitoylethanolamide 

levels by 2.5 and 1.9-fold compared to the naïve group (Fig. 3F and 3G, respectively), while 

the levels of 2-arachidonoylglycerol did not differ between groups (Fig. 3H).

Jejunum: SC URB597 pretreatment in cortagine-injected rats increased by 1.6 levels of 

anandamide in the jejunum when compared with SC vehicle plus cortagine (Fig. 3I) and 

enhanced the levels of oleoylethanolamide (Fig. 3J) and palmitoylethanolamide (Fig. 3L) 

by 1.9-fold compared to naive. Interestingly, SC vehicle-treated rats but not SC URB597-

treated rats injected with IP cortagine exhibited a small increase in jejunum levels of 

2-arachidonoylglycerol compared to naïve rats (Fig. 3L).

3.3 | URB597 does not influence peripheral cortagine-induced increased defecation and 
diarrhea in conscious rats.

In naïve rats, cortagine injected IP at 10 μg/kg increased pellet output/h compared to vehicle 

(4.8 ± 1.5 vs 1.0 ± 0.7 pellets/h, p<0.05, n=10 for each group)(Fig. 4A) and induced diarrhea 

in 50% of vehicle-treated rats. The FAAH inhibitor, URB597 (3 mg/kg, SC) did not modify 

the pellet output (7.2 ± 1.4, Fig. 4A) or the diarrhea response (54.5%) induced by IP 

cortagine and did not influence basal output (0.6 ± 0.4 vs 1.0 ± 0.7 pellets/h, p>0.05, n=11 

for each group)(Fig. 4A). The time course of the defecation response to cortagine IP showed 

a maximal response at 30 min that was similar in both URB597- and vehicle-treated rats 

(Fig. 4B).
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4. Discussion

We provide evidence that the SC injection of the FAAH inhibitor, URB597, abrogates 

the visceral hypersensitivity to phasic CRD induced by peripheral injection of the CRF1 

agonist, cortagine while not influencing the basal VMR to CRD and defecation/diarrhea in 

rats. Under these experimental conditions, URB597 increased levels of fatty acid amides, 

anandamide, oleoylethanolamide and palmitoylethanolamide in the brain, proximal colon 

and jejunum of rats, while not modifying 2-arachidonoylglycerol levels. To the best of our 

knowledge, these data are the first to show an anti-hyperalgesic effect of a FAAH inhibitor 

in an experimental model of CRF receptor activation-induced visceral hypersensitivity to 

CRD.

In agreement with our previous studies,48 the IP injection of cortagine results in a rapid 

hyperalgesia as shown by the 162% and 160% increase in the VMR to phasic CRD at 

40 and 60 mmHg respectively compared to the IP saline group. This increased visceral 

sensitivity was inhibited by the peripheral administration of URB597. Previous reports 

showed that FAAH inhibitors including URB597 suppress visceral nociception in models 

of visceral pain elicited mainly by the IP injection of noxious chemical irritants such as 

acetic acid, lactic acid or phenyl-p-benzoquinone in mice.22,40–42,44,64 The present findings 

extend the beneficial effect of FAAH inhibition to colonic hypersensitivity to CRD triggered 

by the activation of peripheral CRF1 signaling known to be involved in colonic response 

to acute stressors including water avoidance or restraint.46,65–69 This was shown by use 

of peripherally restricted peptide CRF antagonists65–67 and the demonstration that partial 

restraint increased CRF expression and levels in the rat colon and that the inhibition of CRF 

expression selectively in the colon prevented partial restraint stress-induced increase in fecal 

output, ion secretion, and transepithelial tissue conductance.46

Under our experimental conditions, URB597 increased the levels of eCB ligand, 

anandamide, as well as those of oleoylethanolamide and palmitoylethanolamide in the 

brain, jejunum and colon while 2-arachidonoylglycerol levels were not modified in these 

tissues, confirming the selectivity of URB597 for inhibiting FAAH.52 Changes in eCB 

levels in the rat gut by peripheral administration of FAAH inhibitors have been little 

investigated, however it has been reported previously to occur in the ileum and colon of 

mice after IP injection of the FAAH inhibitor, PF-3845.22 The increases of anandamide 

in both the brain and intestine induced by URB597 could entail central and/or peripheral 

components contributing to the suppression of visceral hypersensitivity. In support of 

peripheral mechanism, first, the IP injection of cortagine- or CRF- induced visceral 

hyperalgesia to CRD has been established to be mediated peripherally by targeting CRF1 

receptors on colonic myenteric cholinergic neurons,70 enterochromaffin cells71 and mucosal 

mast cells72 and increasing colonic permeability.48,49 Second, there is evidence that the 

eCBs is distributed in the gut across key peripheral loci modulating pain transmission 

including primary enteric sensory neurons and sensory terminals of primary afferents.4,73–76 

Third, the peripherally restricted FAAH inhibitor, URB937, inhibited visceral pain induced 

by IP acetic acid.64 Lastly, in preclinical models of inflammatory and neuropathic pain, 

the tissue specific CB1 deletion of peripheral nociceptors accounts for the large proportion 

of cannabinoid analgesia.77 Although this accumulated evidence points to a peripheral 
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mechanism, it cannot be ruled out that the elevated anandamide level in the brain induced 

by URB597 plays a role by modulating the neuronal circuitries activated by CRD.57,78 

The CB receptors involved are yet to be identified, however, previous studies point to a 

primary role of CB1 receptor in the antinoceptive effect of the FAAH inhibitors URB597 

and URB937 in the visceral pain models of IP injection of phenyl-p-benzoquinone or 

acetic acid.40,64 CB2 receptors have been involved mainly in modulating post-inflammatory 

visceral hypersensitivity to CRD in colitis models.79–82 in keeping with their expression 

primarily on various immune cell populations.83 By contrast, the model of cortagine-induced 

visceral hypersensitivity did not show signs of colonic inflammation histologically48 and we 

found that cortagine alone did not modify brain and intestinal levels of anandamide levels 

contrary to what is observed in intestinal inflamed tissues.4,84

We further found that URB597 suppressed cortagine-induced visceral hypersensitivity to 

CRD without modifying the basal VMR. This suggest that the elevation of FAAs in the 

brain and intestine targets preferentially the hypersensitivity induced by IP cortagine unlike 

basal visceral pain response to mechanical distension of the colon. This is consistent with 

other report showing that the exogenous administration of peripherally acting CB1-selective 

agonist, SAB-378 blocked the hypersensitivity induced by 12 repeated CRD at 80 mmHg 

while not influencing the response to the first basal CRDs.85 The other FAAH inhibitor, 

PF3845 injected IP at the dose of 10–20 mg/kg similarly had no effect on the colonic 

mechanical distension.44

The finding that URB597 at a dose inhibiting cortagine-induced hyperalgesia did not 

influence the defecation and diarrhea is somewhat surprising considering the established 

inhibitory effect of endocannabinoids on gastrointestinal motility.86 Other studies in 

mice showed that the FAAH inhibitor, AM3506 inhibited lipopolysaccharides induced 

fecal output.87 These contrasting results may reflect differences in modalities of colonic 

propulsive activation or could be related to insufficient elevation of fatty acid amides at the 

synaptic level in the colon induced by URB597 to counteract the direct and robust activation 

of cholinergic myenteric and submucosal VIP neurons involved in the increased pellet 

output in response to cortagine.70,88 The differential sensitivity to alleviate visceral pain and 

colonic motor response by the FAAH inhibitor, PF-3845was previously reported. The dose 

required to normalize the increase defecation triggered by exposure to a novel environment 

needed to be 30-fold higher than the one efficient to produce the antinociceptive effect in the 

writhing test of IP acetic acid.22

In summary, the peripheral administration of FAAH inhibitor, URB597 at 3 mg/kg increased 

the endogenous intestinal and brain levels of anandamide and acylethanolamides. This 

was associated with the suppression of the hypersensitivity to CRD induced by the 

activation of peripheral CRF1 signaling pathway which contributes to the colonic motor and 

visceral alterations induced by water avoidance or restraint stressors.46,67–69 By contrast the 

increased defecation was not modified. In view of mounting evidence of endocannabinoids 

as an emerging therapy in IBS,86,89,90 our data support the potential benefit of FAAH 

inhibitors recently tested for their safety profile91,92 to alleviate visceral pain in stress-

sensitive IBS patients.

Larauche et al. Page 9

Neurogastroenterol Motil. Author manuscript; available in PMC 2025 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

This work is dedicated to the memories of our collaborators Dr. Lionel Buéno (Toulouse, France) and Dr. Bernard 
Joseph Lavins (Boston, Massachusetts, USA). The study was supported by the research and development grant 
(# SRA-3041) from Ironwood Pharmaceuticals, Inc. to Brentwood Biomedical Research Institute, Veterans Affairs-
Greater Los Angeles (to YT, ML), VA Career Scientist Award (YT), P50 DK-64539 (YT, MM), DK AM 41301 
(Animal Model Core, YT, MM) and The Kosciuszko Foundation (AM).

References

1. Pertwee RG, Howlett AC, Abood ME, et al. International Union of Basic and Clinical 
Pharmacology. LXXIX. Cannabinoid receptors and their ligands: beyond CB₁ and CB₂. Pharmacol 
Rev. 2010;62(4):588–631. [PubMed: 21079038] 

2. Lu HC, Mackie K. Review of the Endocannabinoid System. Biol Psychiatry Cogn Neurosci 
Neuroimaging. 2021;6(6):607–615. [PubMed: 32980261] 

3. Hu SS, Mackie K. Distribution of the Endocannabinoid System in the Central Nervous System. 
Handbook of experimental pharmacology. 2015;231:59–93. [PubMed: 26408158] 

4. Izzo AA, Sharkey KA. Cannabinoids and the gut: new developments and emerging concepts. 
Pharmacol Ther. 2010;126(1):21–38. [PubMed: 20117132] 

5. Lee Y, Jo J, Chung HY, Pothoulakis C, Im E. Endocannabinoids in the gastrointestinal tract. Am J 
Physiol. 2016;311(4):G655–G666.

6. Duncan M, Davison JS, Sharkey KA. Review article: endocannabinoids and their receptors in the 
enteric nervous system. Aliment Pharmacol Ther. 2005;22(8):667–683. [PubMed: 16197488] 

7. Sharkey KA, Wiley JW. The Role of the Endocannabinoid System in the Brain-Gut Axis. 
Gastroenterology. 2016;151(2):252–266. [PubMed: 27133395] 

8. Malik Z, Baik D, Schey R. The role of cannabinoids in regulation of nausea and vomiting, and 
visceral pain. Curr Gastroenterol Rep. 2015;17(2):429. [PubMed: 25715910] 

9. DiPatrizio NV. Endocannabinoids in the Gut. Cannabis Cannabinoid Res. 2016;1(1):67–77. 
[PubMed: 27413788] 

10. Cuddihey H, MacNaughton WK, Sharkey KA. Role of the Endocannabinoid System in the 
Regulation of Intestinal Homeostasis. Cell Mol Gastroenterol Hepatol. 2022;14(4):947–963. 
[PubMed: 35750314] 

11. Puffenbarger RA. Molecular biology of the enzymes that degrade endocannabinoids. Curr Drug 
Targets CNS Neurol Disord. 2005;4(6):625–631. [PubMed: 16375680] 

12. Ahn K, McKinney MK, Cravatt BF. Enzymatic pathways that regulate endocannabinoid signaling 
in the nervous system. Chem Rev. 2008;108(5):1687–1707. [PubMed: 18429637] 

13. Blankman JL, Simon GM, Cravatt BF. A comprehensive profile of brain enzymes that hydrolyze 
the endocannabinoid 2-arachidonoylglycerol. Chem Biol. 2007;14(12):1347–1356. [PubMed: 
18096503] 

14. Muccioli GG. Endocannabinoid biosynthesis and inactivation, from simple to complex. Drug 
Discov Today. 2010;15(11–12):474–483. [PubMed: 20304091] 

15. Tripathi RKP. A perspective review on fatty acid amide hydrolase (FAAH) inhibitors as potential 
therapeutic agents. Eur J Med Chem. 2020;188:111953. [PubMed: 31945644] 

16. Kaur R, Ambwani SR, Singh S. Endocannabinoid System: A Multi-Facet Therapeutic Target. Curr 
Clin Pharmacol. 2016;11(2):110–117. [PubMed: 27086601] 

17. Schlosburg JE, Kinsey SG, Lichtman AH. Targeting fatty acid amide hydrolase (FAAH) to treat 
pain and inflammation. AAPS J. 2009;11(1):39–44. [PubMed: 19184452] 

18. Cravatt BF, Lichtman AH. Fatty acid amide hydrolase: an emerging therapeutic target in the 
endocannabinoid system. Curr Opin Chem Biol. 2003;7(4):469–475. [PubMed: 12941421] 

19. Khanna IK, Alexander CW. Fatty acid amide hydrolase inhibitors--progress and potential. CNS 
Neurol Disord Drug Targets. 2011;10(5):545–558. [PubMed: 21631410] 

20. Pertwee RG. Elevating endocannabinoid levels: pharmacological strategies and potential 
therapeutic applications. Proc Nutr Soc. 2014;73(1):96–105. [PubMed: 24135210] 

Larauche et al. Page 10

Neurogastroenterol Motil. Author manuscript; available in PMC 2025 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. van Egmond N, Straub VM, van der Stelt M. Targeting Endocannabinoid Signaling: FAAH and 
MAG Lipase Inhibitors. Annu Rev Pharmacol Toxicol. 2021;61:441–463. [PubMed: 32867595] 

22. Fichna J, Sałaga M, Stuart J, et al. Selective inhibition of FAAH produces antidiarrheal and 
antinociceptive effect mediated by endocannabinoids and cannabinoid-like fatty acid amides. 
Neurogastroenterol Motil. 2014;26(4):470–481. [PubMed: 24460851] 

23. Jayamanne A, Greenwood R, Mitchell VA, Aslan S, Piomelli D, Vaughan CW. Actions of the 
FAAH inhibitor URB597 in neuropathic and inflammatory chronic pain models. Br J Pharmacol. 
2006;147(3):281–288. [PubMed: 16331291] 

24. Kiso T, Watabiki T, Sekizawa T. ASP8477, a fatty acid amide hydrolase inhibitor, exerts analgesic 
effects in rat models of neuropathic and dysfunctional pain. Eur J Pharmacol. 2020;881:173194. 
[PubMed: 32445705] 

25. Ahn K, Smith SE, Liimatta MB, et al. Mechanistic and pharmacological characterization of 
PF-04457845: a highly potent and selective fatty acid amide hydrolase inhibitor that reduces 
inflammatory and noninflammatory pain. J Pharmacol Exp Ther. 2011;338(1):114–124. [PubMed: 
21505060] 

26. Johnson DS, Stiff C, Lazerwith SE, et al. Discovery of PF-04457845: A Highly Potent, Orally 
Bioavailable, and Selective Urea FAAH Inhibitor. ACS Med Chem Lett. 2011;2(2):91–96. 
[PubMed: 21666860] 

27. Li GL, Winter H, Arends R, et al. Assessment of the pharmacology and tolerability of 
PF-04457845, an irreversible inhibitor of fatty acid amide hydrolase-1, in healthy subjects. Br 
J Clin Pharmacol. 2012;73(5):706–716. [PubMed: 22044402] 

28. Mayo LM, Asratian A, Lindé J, et al. Protective effects of elevated anandamide on stress and fear-
related behaviors: translational evidence from humans and mice. Mol Psychiatry. 2020;25(5):993–
1005. [PubMed: 30120421] 

29. Nee J, Lembo A. Review Article: Current and future treatment approaches for IBS with diarrhoea 
(IBS-D) and IBS mixed pattern (IBS-M). Aliment Pharmacol Ther. 2021;54 Suppl 1:S63–s74. 
[PubMed: 34927757] 

30. Chang L The role of stress on physiologic responses and clinical symptoms in irritable bowel 
syndrome. Gastroenterology. 2011;140:761–765. [PubMed: 21256129] 

31. Pellissier S, Bonaz B. The Place of Stress and Emotions in the Irritable Bowel Syndrome. Vitam 
Horm. 2017;103:327–354. [PubMed: 28061975] 

32. Schaper SJ, Stengel A. Emotional stress responsivity of patients with IBS - a systematic review. J 
Psychosom Res. 2022;153:110694. [PubMed: 34942583] 

33. Fukudo S Stress and visceral pain: focusing on irritable bowel syndrome. Pain. 2013;154 Suppl 
1:S63–70. [PubMed: 24021863] 

34. Spiegel BM, Gralnek IM, Bolus R, et al. Clinical determinants of health-related quality of life 
in patients with irritable bowel syndrome. Arch Intern Med. 2004;164(16):1773–1780. [PubMed: 
15364671] 

35. Camilleri M Diagnosis and Treatment of Irritable Bowel Syndrome: A Review. JAMA. 
2021;325(9):865–877. [PubMed: 33651094] 

36. BouSaba J, Sannaa W, Camilleri M. Pain in irritable bowel syndrome: Does anything really help? 
Neurogastroenterol Motil. 2022;34(1):e14305. [PubMed: 34859929] 

37. Posserud I, Syrous A, Lindström L, Tack J, Abrahamsson H, Simrén M. Altered rectal 
perception in irritable bowel syndrome is associated with symptom severity. Gastroenterology. 
2007;133(4):1113–1123. [PubMed: 17919487] 

38. Josefsson A, Törnblom H, Simrén M. Type of Rectal Barostat Protocol Affects Classification 
of Hypersensitivity and Prediction of Symptom Severity in Irritable Bowel Syndrome. J 
Neurogastroenterol Motility. 2022;28(4):630–641.

39. Haller VL, Cichewicz DL, Welch SP. Non-cannabinoid CB1, non-cannabinoid CB2 antinociceptive 
effects of several novel compounds in the PPQ stretch test in mice. Eur J Pharmacol. 2006;546(1–
3):60–68. [PubMed: 16919265] 

40. Naidu PS, Booker L, Cravatt BF, Lichtman AH. Synergy between enzyme inhibitors of fatty 
acid amide hydrolase and cyclooxygenase in visceral nociception. J Pharmacol Exp Ther. 
2009;329(1):48–56. [PubMed: 19118134] 

Larauche et al. Page 11

Neurogastroenterol Motil. Author manuscript; available in PMC 2025 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Kwilasz AJ, Abdullah RA, Poklis JL, Lichtman AH, Negus SS. Effects of the fatty acid amide 
hydrolase inhibitor URB597 on pain-stimulated and pain-depressed behavior in rats. Behav 
Pharmacol. 2014;25(2):119–129. [PubMed: 24583930] 

42. Miller LL, Picker MJ, Umberger MD, Schmidt KT, Dykstra LA. Effects of alterations in 
cannabinoid signaling, alone and in combination with morphine, on pain-elicited and pain-
suppressed behavior in mice. J Pharmacol Exp Ther. 2012;342(1):177–187. [PubMed: 22514333] 

43. Salaga M, Binienda A, Tichkule RB, et al. The novel peripherally active cannabinoid type 1 and 
serotonin type 3 receptor agonist AM9405 inhibits gastrointestinal motility and reduces abdominal 
pain in mouse models mimicking irritable bowel syndrome. Eur J Pharmacol. 2018;836:34–43. 
[PubMed: 30121173] 

44. Sakin YS, Dogrul A, Ilkaya F, et al. The effect of FAAH, MAGL, and Dual FAAH/MAGL 
inhibition on inflammatory and colorectal distension-induced visceral pain models in Rodents. 
Neurogastroenterol Motil. 2015;27(7):936–944. [PubMed: 25869205] 

45. Ness TJ, Gebhart GF. Colorectal distension as a noxious visceral stimulus: physiologic and 
pharmacologic characterization of pseudoaffective reflexes in the rat. Brain Res. 1988;450:153–
169. [PubMed: 3401708] 

46. Liu S, Chang J, Long N, et al. Endogenous CRF in rat large intestine mediates motor and secretory 
responses to stress. Neurogastroenterol Motil. 2015.

47. Tache Y, Larauche M, Yuan PQ, Million M. Brain and Gut CRF Signaling: Biological Actions and 
Role in the Gastrointestinal Tract. Curr Mol Pharmacol 2018;11(1):51–71. [PubMed: 28240194] 

48. Larauche M, Gourcerol G, Wang L, et al. Cortagine, a CRF1 agonist, induces stresslike alterations 
of colonic function and visceral hypersensitivity in rodents primarily through peripheral pathways. 
Am J Physiol Gastrointest Liver Physiol. 2009;297:G215–G227. [PubMed: 19407218] 

49. Larauche M, Erchegyi J, Miller C, et al. Peripheral CRF-R1/CRF-R2 antagonist, astressin C, 
induces a long-lasting blockade of acute stress-related visceral pain in male and female rats. 
Peptides. 2022;157:170881. [PubMed: 36185037] 

50. Nozu T, Miyagishi S, Nozu R, Takakusaki K, Okumura T. Lipopolysaccharide induces visceral 
hypersensitivity: role of interleukin-1, interleukin-6, and peripheral corticotropin-releasing factor 
in rats. J Gastroenterol. 2017;52(1):72–80. [PubMed: 27075754] 

51. Fegley D, Gaetani S, Duranti A, et al. Characterization of the fatty acid amide hydrolase inhibitor 
cyclohexyl carbamic acid 3’-carbamoyl-biphenyl-3-yl ester (URB597): effects on anandamide 
and oleoylethanolamide deactivation. J Pharmacol Exp Ther. 2005;313(1):352–358. [PubMed: 
15579492] 

52. Piomelli D, Tarzia G, Duranti A, et al. Pharmacological profile of the selective FAAH inhibitor 
KDS-4103 (URB597). CNS Drug Rev. 2006;12(1):21–38. [PubMed: 16834756] 

53. Larauche M, Gourcerol G, Million M, Adelson DW, Tache Y. Repeated psychological stress-
induced alterations of visceral sensitivity and colonic motor functions in mice: influence of surgery 
and postoperative single housing on visceromotor responses. Stress. 2010;13:343–354. [PubMed: 
20536336] 

54. Larauche M, Mulak A, Yuan PQ, Kanauchi O, Tache Y. Stress-induced visceral analgesia assessed 
non-invasively in rats is enhanced by prebiotic diet. World J Gastroenterol. 2012;18:225–236. 
[PubMed: 22294825] 

55. López-Gómez L, López-Tofiño Y, Abalo R. Dependency on sex and stimulus quality of nociceptive 
behavior in a conscious visceral pain rat model. Neurosci Lett. 2021;746:135667. [PubMed: 
33493648] 

56. Larauche M, Mulak A, YS K, Labus JS, M M, Tache Y. Visceral analgesia induced by acute and 
repeated water avoidance stress in rats: sex difference in opioid involvement. Neurogastroenterol 
Mot. 2012.

57. Wang Z, Guo Y, Bradesi S, et al. Sex differences in functional brain activation during noxious 
visceral stimulation in rats. Pain. 2009;145(1–2):120–128. [PubMed: 19560270] 

58. Rivier J, Gulyas J, Kunitake K, et al. Stressin1-A, a potent corticotropin releasing factor receptor 1 
(CRF1)-selective peptide agonist. J Med Chem. 2007;50:1668–1674. [PubMed: 17335188] 

Larauche et al. Page 12

Neurogastroenterol Motil. Author manuscript; available in PMC 2025 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



59. Creekmore AL, Hong S, Zhu S, Xue J, Wiley JW. Chronic stress-associated visceral hyperalgesia 
correlates with severity of intestinal barrier dysfunction. Pain. 2018;159(9):1777–1789. [PubMed: 
29912860] 

60. Larauche M, Bradesi S, Million M, et al. Corticotropin-releasing factor type 1 receptors 
mediate the visceral hyperalgesia induced by repeated psychological stress in rats. Am J Physiol 
Gastrointest Liver Physiol. 2008;294:G1033–G1040. [PubMed: 18308857] 

61. Nasirinezhad F, Jergova S, Pearson JP, Sagen J. Attenuation of persistent pain-related behavior 
by fatty acid amide hydrolase (FAAH) inhibitors in a rat model of HIV sensory neuropathy. 
Neuropharmacology. 2015;95:100–109. [PubMed: 25486617] 

62. Richardson D, Ortori CA, Chapman V, Kendall DA, Barrett DA. Quantitative profiling of 
endocannabinoids and related compounds in rat brain using liquid chromatography-tandem 
electrospray ionization mass spectrometry. Anal Biochem. 2007;360(2):216–226. [PubMed: 
17141174] 

63. Hama AT, Germano P, Varghese MS, et al. Fatty acid amide hydrolase (FAAH) inhibitors exert 
pharmacological effects, but lack antinociceptive efficacy in rats with neuropathic spinal cord 
injury pain. PLoS One. 2014;9(5):e96396. [PubMed: 24788435] 

64. Clapper JR, Moreno-Sanz G, Russo R, et al. Anandamide suppresses pain initiation through 
a peripheral endocannabinoid mechanism. Nat Neurosci. 2010;13(10):1265–1270. [PubMed: 
20852626] 

65. Larauche M, Mulak A, Tache Y. Stress-related alterations of visceral sensation: animal models 
for irritable bowel syndrome study. J Neurogastroenterol Motil. 2011;17:213–234. [PubMed: 
21860814] 

66. Larauche M, Moussaoui N, Biraud M, et al. Brain corticotropin-releasing factor signaling: 
Involvement in acute stress-induced visceral analgesia in male rats. Neurogastroenterol Motil. 
2019;31(2):e13489. [PubMed: 30298965] 

67. Maillot C, Million M, Wei JY, Gauthier A, Tache Y. Peripheral corticotropin-releasing factor 
and stress-stimulated colonic motor activity involve type 1 receptor in rats. Gastroenterology. 
2000;119:1569–1579. [PubMed: 11113078] 

68. Ji Y, Hu B, Klontz C, et al. Peripheral mechanisms contribute to comorbid visceral hypersensitivity 
induced by preexisting orofacial pain and stress in female rats. Neurogastroenterol Motil. 
2020;32(7):e13833. [PubMed: 32155308] 

69. Nozu T, Miyagishi S, Nozu R, Takakusaki K, Okumura T. Water avoidance stress induces visceral 
hyposensitivity through peripheral corticotropin releasing factor receptor type 2 and central 
dopamine D2 receptor in rats. Neurogastroenterol Motil. 2015.

70. Yuan PQ, Million M, Wu SV, Rivier J, Tache Y. Peripheral corticotropin releasing factor (CRF) 
and a novel CRF1 receptor agonist, stressin1-A activate CRF1 receptor expressing cholinergic and 
nitrergic myenteric neurons selectively in the colon of conscious rats. Neurogastroenterol Motil. 
2007;19:923–936. [PubMed: 17973638] 

71. Wu SV, Yuan PQ, Lai J, et al. Activation of Type 1 CRH receptor isoforms induces serotonin 
release from human carcinoid BON-1N cells: an enterochromaffin cell model. Endocrinology. 
2011;152(1):126–137. [PubMed: 21123435] 

72. Wallon C, Yang PC, Keita AV, et al. Corticotropin-releasing hormone (CRH) regulates 
macromolecular permeability via mast cells in normal human colonic biopsies in vitro. Gut. 
2008;57:50–58. [PubMed: 17525093] 

73. Ahluwalia J, Urban L, Capogna M, Bevan S, Nagy I. Cannabinoid 1 receptors are expressed in 
nociceptive primary sensory neurons. Neuroscience. 2000;100(4):685–688. [PubMed: 11036202] 

74. Bridges D, Rice AS, Egertová M, Elphick MR, Winter J, Michael GJ. Localisation of cannabinoid 
receptor 1 in rat dorsal root ganglion using in situ hybridisation and immunohistochemistry. 
Neuroscience. 2003;119(3):803–812. [PubMed: 12809701] 

75. Coutts AA, Irving AJ, Mackie K, Pertwee RG, Anavi-Goffer S. Localisation of cannabinoid 
CB(1) receptor immunoreactivity in the guinea pig and rat myenteric plexus. J Comp Neurol. 
2002;448(4):410–422. [PubMed: 12115703] 

Larauche et al. Page 13

Neurogastroenterol Motil. Author manuscript; available in PMC 2025 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



76. Hohmann AG, Herkenham M. Localization of central cannabinoid CB1 receptor messenger RNA 
in neuronal subpopulations of rat dorsal root ganglia: a double-label in situ hybridization study. 
Neuroscience. 1999;90(3):923–931. [PubMed: 10218792] 

77. Agarwal N, Pacher P, Tegeder I, et al. Cannabinoids mediate analgesia largely via peripheral type 1 
cannabinoid receptors in nociceptors. Nat Neurosci. 2007;10(7):870–879. [PubMed: 17558404] 

78. Lazovic J, Wrzos HF, Yang QX, et al. Regional activation in the rat brain during visceral 
stimulation detected by c-fos expression and fMRI. Neurogastroenterol Motil. 2005;17:548–556. 
[PubMed: 16078944] 

79. Sanson M, Bueno L, Fioramonti J. Involvement of cannabinoid receptors in inflammatory 
hypersensitivity to colonic distension in rats. Neurogastroenterol Motil. 2006;18(10):949–956. 
[PubMed: 16961698] 

80. Kikuchi A, Ohashi K, Sugie Y, Sugimoto H, Omura H. Pharmacological evaluation of a novel 
cannabinoid 2 (CB2) ligand, PF-03550096, in vitro and in vivo by using a rat model of visceral 
hypersensitivity. J Pharmacol Sci. 2008;106(2):219–224. [PubMed: 18270474] 

81. Wright KL, Duncan M, Sharkey KA. Cannabinoid CB2 receptors in the gastrointestinal tract: 
a regulatory system in states of inflammation. Br J Pharmacol. 2008;153(2):263–270. [PubMed: 
17906675] 

82. Castro J, Garcia-Caraballo S, Maddern J, et al. Olorinab (APD371), a peripherally acting, highly 
selective, full agonist of the cannabinoid receptor 2, reduces colitis-induced acute and chronic 
visceral hypersensitivity in rodents. Pain. 2022;163(1):e72–e86. [PubMed: 33863856] 

83. Acharya N, Penukonda S, Shcheglova T, Hagymasi AT, Basu S, Srivastava PK. Endocannabinoid 
system acts as a regulator of immune homeostasis in the gut. Proc Natl Acad Sci U S A. 
2017;114(19):5005–5010. [PubMed: 28439004] 

84. Marquéz L, Suárez J, Iglesias M, Bermudez-Silva FJ, Rodríguez de Fonseca F, Andreu M. 
Ulcerative colitis induces changes on the expression of the endocannabinoid system in the human 
colonic tissue. PLoS One. 2009;4(9):e6893. [PubMed: 19730730] 

85. Brusberg M, Arvidsson S, Kang D, Larsson H, Lindstrom E, Martinez V. CB1 receptors mediate 
the analgesic effects of cannabinoids on colorectal distension-induced visceral pain in rodents. J 
Neurosci. 2009;29:1554–1564. [PubMed: 19193902] 

86. Brierley SM, Greenwood-Van Meerveld B, Sarnelli G, Sharkey KA, Storr M, Tack J. Targeting the 
endocannabinoid system for the treatment of abdominal pain in irritable bowel syndrome. Nat Rev 
Gastroenterol Hepatol. 2023;20(1):5–25. [PubMed: 36168049] 

87. Bashashati M, Storr MA, Nikas SP, et al. Inhibiting fatty acid amide hydrolase normalizes 
endotoxin-induced enhanced gastrointestinal motility in mice. Br J Pharmacol. 2012;165(5):1556–
1571. [PubMed: 21883147] 

88. Yakabi S, Wang L, Karasawa H, et al. VIP is involved in peripheral CRF-induced stimulation 
of propulsive colonic motor function and diarrhea in male rats. Am J Physiol. 2018;314(5):G610–
G622.

89. Pandey S, Kashif S, Youssef M, et al. Endocannabinoid system in irritable bowel syndrome and 
cannabis as a therapy. Complement Ther Med. 2020;48:102242. [PubMed: 31987224] 

90. Camilleri M, Kolar GJ, Vazquez-Roque MI, Carlson P, Burton DD, Zinsmeister AR. Cannabinoid 
receptor 1 gene and irritable bowel syndrome: phenotype and quantitative traits. Am J Physiol. 
2013;304(5):G553–560.

91. Takizawa M, Cerneus D, Michon I, et al. The Safety, Tolerability, Pharmacokinetics, and 
Pharmacodynamics of ASP3652 in First-in-Human and Ascending Multiple Oral Dose Studies 
in Healthy Subjects. Adv Ther. 2020;37(9):3878–3900. [PubMed: 32681461] 

92. Takizawa M, Hatta T, Iitsuka H, et al. Safety, Tolerability, Pharmacokinetics, and 
Pharmacodynamics of ASP3652, a Reversible Fatty Acid Amide Hydrolase Inhibitor, in Healthy, 
Nonelderly, Japanese Men and Elderly, Japanese Men and Women: A Randomized, Double-blind, 
Placebo-controlled, Single and Multiple Oral Dose, Phase I Study. Clin Ther. 2020;42(5):906–923. 
[PubMed: 32456804] 

Larauche et al. Page 14

Neurogastroenterol Motil. Author manuscript; available in PMC 2025 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key points

• Two decades ago, it was hypothesized that endocannabinoid (eCB) deficiency 

contributes to multiple overlapping pain disorders in clinical setting, 

including irritable bowel syndrome (IBS). Since then, both alterations of the 

endocannabinoid system in IBS patients and the potential beneficial use of 

cannabinoid-related products to improve IBS symptoms have been reported.

• Despite this evidence, the role of eCB system in visceral pain is not well 

known. In this study, we demonstrate that URB597, which inhibits the eCB 

degrading enzyme fatty acid amide hydrolase (FAAH), increases the levels 

of 3 highly-characterized endogenous fatty acid amide substrates of FAAH in 

rat colon and brain (anandamide, OEA and PEA) and suppresses the visceral 

hypersensitivity to colorectal distension induced by peripheral CRF1 receptor 

activation.

• Our results support the potential benefit of FAAH inhibitors to alleviate 

stress-related visceral hypersensitivity in IBS patients.
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Figure 1: 
Experimental design schema for visceral pain testing (A) and defecation response (B). A) In 

conscious rats, the VMR to the 1st set of CRD was obtained and taken as baseline response. 

Immediately after the end of the distension, rats received SC URB597 (3 mg/kg) or vehicle. 

After 2 h, animals were injected IP with cortagine (10 μg/kg) or vehicle and 15 min after 

the injection, the VMR to the 2nd set of CRD was recorded. Rats were returned to their 

cages and 30 min after the end of the 2nd CRD, were euthanized and their brains and colons 

collected for FAA assays. B) In two separate groups of naïve conscious rats, fecal pellet 

output (FPO) and the incidence of diarrhea (defined as the percentage of rats displaying at 

least one watery stool during the observation period) were recorded. Rats were handled for 5 

days prior to the experiment to allow for habituation and reduce the stress levels. On the day 

of the experiment, defecation was monitored for the first 2h post SC injection of URB597 (3 
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mg/kg) or vehicle then every 15 min for 1 h after the IP injection of cortagine (10 μg/kg) or 

vehicle.
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Figure 2: 
Influence of URB597 pretreatment on cortagine-induced visceral hypersensitivity in male 

rats. (A) Visceromotor response (VMR) to colorectal distension (CRD) expressed in % 

control following the IP (0.2 ml) injection of cortagine (10 μg/kg) or vehicle (sterile water). 

Compared to IP vehicle-injected rats, IP cortagine significantly increases the VMR to CRD 

at 40 and 60 mmHg, while IP saline has no significant effect. Data are mean ± SEM, n 

as indicated in parentheses. *p<0.05, ***p<0.001 vs baseline, two-way ANOVA followed 

by Bonferroni post-test. (B) VMR to CRD expressed in % control following injections of 

vehicle SC + cortagine IP (10 μg/kg) (n=17), URB597 SC (3 mg/kg) + vehicle IP (n=7) or 
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URB597 SC (3 mg/kg) + cortagine IP (10 μg/kg) (n=18), or respective baselines. Following 

injection of cortagine IP, compared to vehicle SC, rats pretreated with URB597 SC exhibit a 

significant decrease of their VMR to CRD at 40 and 60 mmHg which is no longer different 

from baseline. URB597 SC per se has no significant effect on the VMR to CRD. Data are 

mean ± SEM, n as indicated in parentheses. ++p<0.01 vs vehicle SC + cortagine IP, two-way 

ANOVA followed by Bonferroni post-test.
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Figure 3: 
Levels of anandamide (AEA) (A, E, I), oleoylethanolamide (OEA) (B, F, J) and 

palmitoylethanolamide (PEA) (C, G, K) and 2-arachidonoylglycerol (2-AG) (D, H, L) (left 

to right) in the brain, proximal colon and jejunum (top to bottom) of rats naïve or injected 

with cortagine and pretreated or not with URB597. Groups from Fig.1 were euthanized 30 

min after the end of the 2nd CRD, after pretreatment with vehicle or URB597. AEA, PEA, 

OEA levels are expressed in ng/g and 2-AG levels in μg/g. Data are mean ± SEM, n as 

indicated in parentheses. *p<0.05, **p<0.01, ***p<0.001 vs naive, +p<0.05, +++ p<0.01 vs 

vehicle SC + cortagine IP, unpaired two-tailed t test.
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Figure 4: 
Influence of URB597 pretreatment on cortagine-induced defecation in male rats. Mean fecal 

pellet output (FPO) over 1h following the IP injection of cortagine (10 μg/kg) or vehicle 

(sterile water) and SC (0.3 ml) pretreatment 2h before with URB597 (3 mg/kg) or vehicle 

(DMSO/cremophor El/saline). (A) Cortagine increases the defecation compared to vehicle 

treated rats, an effect that is not modified by pretreatment with URB597. Data are mean ± 

SEM, n as indicated at the bottom of the columns. *p<0.05, **p<0.01 vs respective control, 

Mann-Whitney unpaired t test. (B) The time-course response of defecation every 15 min 

for 1 h induced by cortagine is similar in rats pretreated with URB597 or vehicle. Data are 
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mean ± SEM, n as indicated in parentheses. *p<0.05, **p<0.01, ****p<0.0001 vs respective 

control, i.e. vehicle + vehicle or URB597 + vehicle, two-way ANOVA and Sidak post-hoc 

test comparisons.
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