
The role of the endocannabinoid system in the brain-gut axis

Keith A. Sharkey1,* and John W. Wiley2

1Hotchkiss Brain Institute and Snyder Institute of Chronic Diseases, Department of Physiology 
and Pharmacology, University of Calgary, Calgary, AB T2N 4N1, Canada

2Department of Internal Medicine, University of Michigan, Ann Arbor, MI 48109, USA

Abstract

The actions of cannabis are mediated by receptors that are part of an endogenous cannabinoid 

system. The endocannabinoid system (ECS) consists of the naturally occurring ligands N-

arachidonoylethanolamine (anandamide) and 2-arachidonoylglycerol (2-AG), their biosynthetic 

and degradative enzymes, and the cannabinoid receptors CB1 and CB2. The ECS is a widely 

distributed transmitter system that controls gut functions peripherally and centrally. It is an 

important physiologic regulator of gastrointestinal motility. Polymorphisms in the gene encoding 

CB1 (CNR1) have been associated with some forms of irritable bowel syndrome. The ECS is 

involved in the control of nausea and vomiting and visceral sensation. The homeostatic role of the 

ECS also extends to the control of intestinal inflammation. We review the mechanisms by which 

the ECS links stress and visceral pain. CB1 in sensory ganglia controls visceral sensation, and 

transcription of CNR1 is modified through epigenetic processes under conditions of chronic stress. 

These processes might link stress with abdominal pain. The ECS is also involved centrally in the 

manifestation of stress, and endocannabinoid signaling reduces the activity of hypothalamic–

pituitary–adrenal pathways via actions in specific brain regions—notably the prefrontal cortex, 

amygdala, and hypothalamus. Agents that modulate the ECS are in early stages of development 

for treatment of gastrointestinal diseases. Increasing our understanding of the ECS will greatly 

advance our knowledge of interactions between the brain and gut and could lead to new treatments 

for gastrointestinal disorders.
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Cannabis has been used for millennia to treat the symptoms of inflammatory and functional 

disorders of the gastrointestinal (GI) tract1, including abdominal pain, cramps, diarrhea, 
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nausea, and vomiting2-6. Currently, cannabis is used legally and illegally by patients seeking 

relief from a vast array of symptoms—many of GI origin. The availability and use of 

medical cannabis is increasing in the USA, Canada, and elsewhere, however, although 

cannabis is widely used for the treatment of nausea and abdominal pain, there is only limited 

evidence to support these uses7.

About 25 years ago researchers discovered the cannabinoid receptor 1 (CB1) and 

cannabinoid receptor 2 (CB2). Activation of these receptors accounts for the majority of the 

actions of the main psychoactive constituent of cannabis Δ9-tetrahydrocannabinol (THC)8, 9. 

The CB1 and CB2, their ligands N-arachidonoylethanolamine (anandamide) and 2-

arachidonoylglycerol (2-AG), and the enzymes that synthesize and degrade them are the 

major components of the endocannabinoid system (ECS)9. Our knowledge of the ECS has 

increased exponentially in recent years and we now appreciate its roles in the brain–gut axis 

and gut pathophysiology. The actions of the ECS appear to be largely homeostatic, 

contributing importantly to the regulation of motility and inflammation in the GI tract. 

However, activation of CB1 in the intestinal epithelium also contributes in what appears to 

be a maladaptive fashion to the development of metabolic disease and obesity10. In the 

central nervous system (CNS), the ECS is involved in the pathophysiology of stress11, 12.

We review the fundamental properties of the ECS and describe its role in peripheral 

mechanisms of visceral pain, focusing on the dorsal root ganglia (DRG), which contain the 

cell bodies of the sensory nerves that innervate the gut. In the ganglia that control visceral 

sensation, the gene encoding CB1 (CNR1) is regulated epigenetically under conditions of 

chronic stress— this finding might provide a mechanism that links stress with visceral pain. 

The ECS also controls nausea and vomiting, and yet paradoxically cannabis has been 

associated with a hyperemesis syndrome. New findings reveal ways in which the ECS can be 

manipulated to alter the regulation of gut motility and inflammation. Despite the challenges 

of targeting the ECS therapeutically, increasing our understanding of how the ECS regulates 

the brain-gut axis could provide new insights into mechanisms and treatments of GI 

diseases.

 Cannabinoids and the Endocannabinoid System

Cannabis contains dozens of different cannabinoids, terpenes, pinenes, flavonoids, and other 

compounds—nearly 500 different chemicals13, 14. The best known for their biological 

activities are THC and cannabidiol, but others, such as cannabichromene, Δ9-

tetrahydrocannabivarin, cannabigerol, and cannabidivarin are being increasingly studied for 

a variety of actions, including those in the GI tract15, 16. The best-known receptors for these 

molecules include CB1 and CB2 (receptors for THC and most other cannabinoids), transient 

receptor potential vanilloid channels (which many cannabinoids interact with), G protein-

coupled receptor 55 (GPR55, which binds some cannabinoids) and the 5-hydroxytryptamine 

receptor 1A (which is a receptor for cannabidiol). It is unlikely that all the receptors that 

mediate the actions of phytocannabinoids are known17, 18. Cannabis is active when inhaled, 

consumed, administered by oro-mucosal spray or rectal suppository, but smoking is the most 

frequent method of delivery. Cannabinoids reach their target organs in different amounts or 

at different times, depending on their route of administration and metabolism.
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Endocannabinoids are synthesized from membrane lipids in response to specific signals—

they are not stored in vesicles like most other neurotransmitters and hormones19 (Figure 1). 

Anandamide is normally synthesized from N-arachidonoylphosphatidylethanolamine 

(NAPE), which is formed by the transfer of arachidonic acid from the sn-1 position of a 

donor phospholipid to phosphatidylethanolamine by N–acyltransferase. Hydrolysis of NAPE 

by an N-acylphosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD) 

produces anandamide20. There are, however, alternative pathways of anandamide 

synthesis21. The principal enzyme for the degradation of anandamide is fatty acid amide 

hydrolase (FAAH)22. FAAH and NAPE-PLD are found in the GI tract and CNS20, 23.

Synthesis of 2-AG requires the activation of a phosphoinositol phospholipase C, which 

hydrolyzes inositol phospholipids at the sn-2 position to produce diacylglycerol (DAG)21. 

The hydrolysis of DAG via sn-1-selective diacylglycerol lipases (DAGL)-α (and potentially 

DAGL-β) then leads to the formation of 2-AG21. There are also other pathways for synthesis 

of 2-AG. 2-AG is mostly degraded by monoacylglycerol lipase (MAGL), but in mouse brain, 

about 15% of the degradation is by the enzymes α/β -hydrolase domain-containing protein-6 

(ABHD-6) and ABHD-1224. Studies are needed to determine the relative activities of the 

enzymes that degrade 2-AG in the human brain and the GI tract. 2-AG can also be 

oxygenated by cyclooxygenase-2 (COX2) to form biologically active prostaglandin glyceryl 

esters, which regulate inflammation25, 26.

Endocannabinoids signal via CB1 and CB2, which are present in the GI tract. These 

receptors have been detected in enteric nerves and the epithelium, and CB1 has been 

detected on some enteroendocrine cells. CB1 appears to be the receptor that is most active 

under physiologic conditions3, 27. Anandamide is a natural ligand of the transient receptor 

potential cation channel subfamily V member 1 (TRPV1)28.

CB1 is one of the most abundant G protein-coupled receptors in the brain, highlighting its 

importance in the control of central neurotransmission. It is also highly expressed in the 

enteric nervous system, on all classes of enteric neuron except inhibitory motor neurons27. 

The widespread distribution of CB1 could account for the broad range of activities of 

cannabinoid ligands and varied effects of cannabis. However, this widespread distribution 

also poses a considerable challenge to therapies that target CB1—ligands can have a large 

variety of effects on the central and peripheral nervous systems.

CB1 is predominantly found on neurons, most abundantly in the gut. CB2 is found on 

enteric neurons27, and also expressed by immune and epithelial cells in the GI tract29, 30. 

Only a few studies have examined the role of CB2 in interactions between the brain and gut. 

One of the most interesting examined visceral pain. Oral administration of probiotic strains 

of Lactobacillus that reduced visceral sensitivity were found to upregulate CB2 (and mu 

opioid receptors) in the intestinal epithelium of rats. Blocking CB2 attenuates the reduction 

in visceral sensory thresholds caused by the alteration in the gut microbiome31. Little is 

known about the mechanisms of this fascinating effect.

Similarly, chronic stress and antibiotic-induced dysbiosis upregulated CNR2 mRNA 

(encodes CB2) in the GI tract32. Although these are interesting observations, a clinical trial 
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of the same Lactobacillus strains that reduced visceral sensitivity in rats found that in 

humans, these bacteria reduced expression of CB233. However, the bacteria still appeared to 

reduce visceral sensation and upregulate mu opioid receptors. Studies are needed to 

determine whether this finding is specific only to this probiotic or whether CB2 regulates 

visceral sensation in humans.

 A Peripheral Mechanism Linking Chronic Stress to Pain

Many patients with chronic visceral pain find that it is exacerbated by stress. There is 

increasing evidence that the ECS modulates chronic stress-associated increases in abdominal 

pain (visceral hyperalgesia)3, 34 (Figure 2).

CB1 localizes to the cell bodies of DRG neurons. Under baseline conditions, most of these 

are intermediate and larger-diameter neurons35, 36. There is, however, a population of small-

diameter nociceptive neurons that express CB1 along with TRPV1 and contain peptides such 

as substance P and calcitonin gene-related peptide36, 37. When there is inflammation at their 

peripheral terminals, the proportion of CB1-containing neurons increases and a much higher 

proportion co-localize with TRPV138. Activation of CB1 inhibits pain perception 

(nociception), whereas activation of TRPV1 increases pain perception39. CB1 interacts with 

and inhibits TRPV1 directly and indirectly, via the cyclic AMP–protein kinase A pathway40.

In rats, chronic, intermittent water-avoidance stress was associated with reciprocal changes 

in levels of 2-AG and anandamide (increased) and endocannabinoid degradation enzymes 

COX2 and FAAH (decreased). In these rats, stress was also associated with a decrease in 

levels of CB1 and an increase in TRPV1 expression and phosphorylation in nociceptive 

lumbosacral primary afferent neurons innervating the colon and pelvis, but not in those 

innervating the lower extremities41. The reciprocal changes in CB1 and TRPV1 were 

reproduced by exposure of control sensory neurons with anandamide. In contrast, exposure 

of control DRGs in vitro with the CB1 and CB2 agonist WIN 55,212-2 decreased the levels 

of TRPV1 and its phosphorylation. Treatment of stressed rats with WIN 55,212-2 or the 

TRPV1 antagonist capsazepine prevented visceral hyperalgesia41.

Linkage of the CB1–TRPV1 pathway to hypothalamic-pituitary-adrenal (HPA) stress was 

confirmed in experiments demonstrating that administration of the glucocorticoid receptor 

antagonist RU-486 to stressed rats prevented the reciprocal changes in CB1 and TRPV1 

expression and visceral hyperalgesia. Control rats given serial injections of corticosterone, 

which mimicked chronic stress, developed visceral hyperalgesia, had increases in 

anandamide content and expression of TRPV1, and decreased levels of CB1. These changes 

were prevented by RU-48642. Taken together these findings indicate that chronic stress 

induces visceral hyperalgesia that involves differential, region-specific changes in 

endovanilloid (an endogenous ligand for TRPV1) and endocannabinoid pathways in sensory 

neurons innervating the pelvic viscera. These observations could provide a link between 

chronic stress and visceral hyperalgesia and lead to new therapeutic approaches. They also 

raise the question, what sustains these chronic changes? There is evidence that these could 

be mediated by epigenetic changes in sensory neurons.
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 Epigenetic regulation of chronic stress-induced visceral hyperalgesia

Epigenetic modifications produce long-term effects on gene expression without altering the 

DNA sequence (Figure 3). Interest in epigenetic regulatory pathways has emerged rapidly 

because of their apparent significance in key physiological processes. Important epigenetic 

alterations include DNA methylation, catalyzed by DNA methyltransferases (DNMTs) such 

as DNMT1, which is responsible for the maintenance of methylation patterns, and DNMT3a 

and DNMT3b, which are responsible for de novo methylation patterns. Methylation 

typically silences genes, whereas histone acetylation, catalyzed by acetyltransferases, 

typically activates genes43-45. DNA methylation and histone acetylation are considered to be 

stable yet reversible; the enzymes that control these processes can be induced or inhibited by 

biochemical and environmental factors.

Chronic stress was associated with increased methylation of the Cnr1 gene promoter by 

DNMT1, resulting in reduced levels of CB1 in the sensory neurons that innervate the pelvic 

organs, including the colon, but not neurons that innervate the lower extremities46 (Figure 

3). The glucocorticoid receptor (encoded by Nr3c1) is a transcription factor that also 

regulates the Cnr1 gene. Chronic stress was associated with increased DMNT1-mediated 

methylation of the Nr3c1 promoter and reduced expression of this gene in nociceptive 

primary afferent neurons. Also, chronic stress increases expression of the histone 

acetyltransferase EP300 and promotes acetylation of histones in the Trpv1 promoter, leading 

to increased levels of TRPV1 in these neurons.

Region-specific knockdown of DNMT1 and EP300 gene expression in visceral primary 

afferent neurons innervating the pelvis reduced DNA methylation and histone acetylation, 

respectively, and prevented chronic stress-induced increases in visceral pain. These 

observations indicate that chronic stress promotes DNA methylation and down-regulation of 

anti-nociceptive Cnr1 and concurrent increase in histone acetylation of pro-nociceptive 

Trpv1 in a region- and cell-specific manner, resulting in visceral hyperalgesia.

 Endocannabinoids, Chronic Stress, and Pain

The ECS is involved in the CNS response to stress and pain (Figure 4). Stress evokes 

changes in the levels of anandamide and 2-AG, reducing AEA and increasing 2-AG47. 

Chronic stress causes downregulation or loss of CB1. These changes are widespread and 

occur throughout the brain47. The functional consequences of this are the manifestation of 

the stress response, including activation of the HPA stress response and anxiety47. Increased 

2-AG signaling correlates with the termination and adaptation of the activity of the HPA axis 

and contributes to changes in pain perception. These effects presumably occur via remaining 

CB1 receptors, whose sensitivity may be increased.

In support of the observation that endocannabinoids that act via the CB1 have an analgesic 

effect on pain signaling, inhibitors of endocannabinoid degradation reduce stress-related 

hyperalgesia48. Increasing anandamide signaling with URB597, a FAAH inhibitor, reduced 

chronic stress-induced anxiety and thermal hyperalgesia in mice. Endocannabinoid 

modulation by FAAH and MAGL also act on the analgesic circuitry in the periaqueductal 

grey (PAG) region of the brainstem to promote analgesia49. The PAG is activated in response 
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to noxious visceral stimulation50 and contributes to the descending inhibitory neural 

pathways that gate peripheral sensory input to the CNS. The individual or combined 

inhibition of FAAH and/or MAGL increased tonic disinhibition within the PAG—an effect 

that is consistent with the promotion of analgesia. Supporting the concept that the combined 

inhibitor increases efficacy, the dual inhibitor of FAAH and MAGL (JZL195) was more 

effective in reducing allodynia (central pain sensitization following painful, often repetitive, 

stimulation) than selective FAAH or MAGL inhibitors. The dual inhibitor also had a larger 

therapeutic window than cannabinoid receptor agonists in a mouse model of neuropathic 

pain 51 or in animal models of visceral pain52.

The endocannabinoid system appears to be sensitive to early-life stress, in a sex- and region-

specific manner53. Early-life stress is an important factor in the development of irritable 

bowel syndrome (IBS) and is associated with epigenetic changes that lead to visceral 

hypersensitivity54. Male and female Wistar rats raised under standard conditions or exposed 

to maternal deprivation demonstrated changes in the ECS. Specifically, expression of genes 

in the cannabinoid system (Cnr1, Cnr2a, Cnr2b and GPR55, which encode enzymes 

involved in synthesis and degradation of endocannabinoids) were measured in adolescent 

rats in different regions of brain (frontal cortex, ventral and dorsal striatum, dorsal 

hippocampus, and amygdala). Maternal deprivation increased the expression of all the 

endocannabinoid genes surveyed in the frontal cortex in male rats, whereas in female rats, 

increased expression was noted only in the hippocampus. These observations have 

potentially important implications on the differential sex-specific effects stress on pain 

perception and the mechanisms by which early-life affects these responses.

Diurnal changes are a feature of visceral sensation and correlate with changes in the HPA 

axis55, which is dysregulated in patients with IBS56. The ECS regulates basal and circadian 

HPA axis activation. For example, the hypothalamic content of anandamide is highest at the 

times of 07:00 and 11:00 and low between 15:00 and 03:0057. In vivo studies demonstrate 

that low doses of CB1 agonists other than THC reduced basal and stress-induced HPA 

pathway responses in rodents58, 59. In persons who were either naıve to cannabis or 

infrequent users, acute consumption of cannabis60 or THC61, 62 increased secretion of 

cortisol. The stimulatory effect of THC administration on cortisol levels was lower in 

chronic cannabis users, supporting the development of tolerance 63, 64. Some studies65, 66 

found that chronic cannabis users had higher basal levels of cortisol than infrequent users. 

Stress-induced activation of the HPA stress response was reported to be reduced in adult and 

adolescent chronic users of cannabis66, 67. Taken together, these observations indicate that 

chronic cannabis use might dysregulate basal, circadian, and stress-regulated HPA stress 

responses in a complex manner.

The ECS suppresses the activity of the HPA pathway via distinct actions within the 

prefrontal cortex, amygdala, hypothalamus, and hippocampus12. The region-specific action 

of the ECS in the CNS could account for the observed effects of cannabinoids on anxiety, 

appetite, nausea, and pain.
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 Endocannabinoids in the Control of Nausea and Vomiting

Cannabis is an effective anti-emetic and is used in the clinic, although it is not a first-line 

therapeutic agent4. However, unlike most commonly used anti-emetics, cannabis also 

prevents or limits the sensation of nausea. The brainstem circuitry of vomiting is well 

established4. The ECS is involved in the control of the emetic reflex, as shown by the fact 

that antagonists of CB1 cause vomiting in humans and exacerbate it animals. Interestingly, 

not only do CB1 agonists block emesis, but so do exogenous and endogenous agonists of 

CB268. Since CB2 activation is not psychotropic, this observation potentially opens up new 

avenues for therapeutic interventions.

Unlike vomiting, the brain circuitry responsible for evoking nausea is incompletely 

understood, but is being elucidated through the use of functional magnetic resonance 

imaging in humans and through the use of animal models4, 69, 70. These studies have 

associated nausea with activation of many complex neural circuits, involving brainstem, 

limbic, interoceptive, somatosensory, and cognitive neural networks69, 70. In a rat model of 

nausea, when levels of endocannabinoid were increased systemically by administration of a 

FAAH inhibitor, nausea was reduced. However, this effect is not mediated by CB171, 72, 

since it was not blocked by an antagonist. In contrast, inhibition of MAGL, which increases 

levels of 2-AG, is mediated by CB1. Studies of humans and animals have found the insular 

cortex to be involved in the perception of nausea (human studies) and physiologic responses 

to nausea (animal studies)69, 70, 73. Activation of the ECS in the insular cortex can regulate 

the expression of nausea in animals; interestingly, it appears that 2-AG, rather than 

anandamide, mediates this regulatory control system71, 74 (Figure 5). Thus MAGL 

inhibitors, but not FAAH inhibitors, when administered into the visceral insular cortex, 

block nausea in animals71, 74. Further studies are needed to elucidate how the selectivity 

occurs in this system, when both endocannabinoid ligands are agonists of CB1, but the 

process could involve locations of the receptors and/or metabolism of endocannabinoids in 

this brain region. It will also be important to determine whether agents that alter the ECS 

system, beyond cannabis, can be developed for treatment of patients with nausea.

The cannabinoid hyperemesis syndrome (CHS) was first described in 200475. CHS is a 

syndrome of cyclic episodes of nausea, vomiting, and abdominal pain associated with 

chronic cannabis usage. CHS is frequently confused with cyclic vomiting syndrome, which 

has similar features76. An interesting and poorly understood feature of the syndrome is that 

patients report reduced symptoms following hot baths or showers75, 77, 78. Typically, 

standard anti-emetics are ineffective in treating CHS79.

Little is known about the mechanism(s) of this syndrome—they might involve toxic 

metabolite(s) from the cannabis plant or progressive high exposure to the ligand may lead to 

down-regulation of cannabinoid receptors and loss of the endocannabinoid anti-emetic 

pathway4. CHS has not been reported in patients taking only a pure THC product such as 

Marinol on a scheduled regimen. Genetic factors might also affect susceptibility to CHS. 

Patients who experience hyperemesis from chronic cannabis use may have a genetic 

variation in their hepatic drug-transforming enzymes that results in excessive levels of 

cannabis metabolites that promote emesis80. The cutaneous (cutaneous steal) and splanchnic 
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(vasodilation) circulations have been proposed as contributing factors to abdominal pain and 

nausea81. Currently, the only effective treatment of CHS is a drug holiday—cessation of 

cannabis use to allow clearance of putative toxic metabolites and/or normalization of CB 

receptor levels and function.

 Cannabinoids and Control of GI Motility

Cannabis reduces cramping and slows GI motility. These actions prompted detailed studies 

of the role of the ECS in the control of motility and specifically in IBS (Figure 6). Variants 

of the CNR1 and FAAH genes have been observed in patients with diarrhea-predominant 

and alternating forms of IBS82-84. Levels of FAAH mRNA are reduced in intestinal tissues 

of patients with constipation-predominant IBS85. These genetic polymorphisms and 

alterations in gene expression are associated with alterations in GI motility and sensation, 

supporting the pathophysiologic significance of alterations in the ECS in the gut.

In mice, disruption of Cnr1 increases motility. Consistent with this, patients given CB1 

antagonists report diarrhea3. Remarkably, disruption of Cnr1 specifically in the vagal system 

(afferent and efferent neurons) also increased GI motility86, but it is not clear whether this 

was due only to changes in gastric emptying. Nonetheless, the ECS in the gut appears to be a 

potential therapeutic target for IBS and other functional bowel disorders.

Researchers have studied whether peripherally restricted cannabinoids or locally produced 

endocannabinoids alters gut motility. Potent agonists of CB1 without central actions have 

been examined in rats and mice with increased GI motility caused by stress, as well as in 

control animals87-89. Interestingly, agonists were more potent in stressed than control mice, 

and extremely low doses (which had no effects in control mice) were found to normalize 

accelerated small- and large-intestinal motility87. There is no clear explanation for these 

observations, but possibilities include either an increase numbers or affinity of CB1, or the 

coupling of the second messenger systems to the effector responses.

Naturally released endocannabinoids might potentially be used to control GI motility. Drugs 

that increase or reduce the local levels of endocannabinoids, which would have activities in 

only the specific areas where they are produced, could theoretically have limited off-target 

actions. Proof of concept for this idea come from studies using DAGL and FAAH inhibitors. 

Inhibitors of DAGL have been examined in models of constipation; they effectively 

normalized slowed transit in opioid-induced constipation and in congenital slow-transit 

constipation90. Conversely, inhibiting the degradation of endocannabinoids, by blocking 

FAAH, has antidiarrheal and anti-nociceptive effects in models of accelerated motility and in 

mice with oil of mustard-induced colitis, respectively91, 92. In these studies, increasing levels 

of endocannabinoids in the gut was not associated with cannabinoid-like side effects such as 

reduced ambulatory locomotion. However, it should be noted that these examples are both 

acute studies—chronic administration can have negative effects because of the physiological 

role of the ECS. For example, inhibiting FAAH may promote cardiovascular injury because 

of the actions of the ECS in the heart including atherosclerotic plaque formation and 

myocardial tissue injury93-95. Nonetheless, peripherally restricted cannabinoids and 
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modulators of endocannabinoid synthesis and/or degradation might be used for short-term 

treatment of symptoms of IBS and other functional bowel disorders.

 Regulation of Intestinal Inflammation by Cannabinoids and Fatty Acid 

Ethanolamides

The homeostatic role of the also ECS extends to the control of intestinal inflammation 

(Figure 6). Although exogenous cannabinoids can reduce colitis, one therapeutic strategy 

has been to increase levels of endocannabinoids by inhibiting their degradation. Inhibiting 

FAAH, which increases the levels of anandamide and other fatty acid ethanolamides, blocks 

the development of colitis in mouse models of inflammatory bowel disease96-98. Evidence in 

support of the homeostatic role of this system comes from studies of FAAH-knockout mice, 

which develop a significantly milder colitis than control mice96. The anti-inflammatory 

effects of FAAH inhibition are mediated by CB1 and CB2. Inhibitors of MAGL also block 

the development of colitis in mice99, but more extensive investigations of the homeostatic 

role of MAGL are required.

These studies raised the question of whether colitis develops, in part, through the loss of this 

endogenous anti-inflammatory system. Although polymorphisms in FAAH have not been 

directly associated with risk for inflammatory bowel disese100, patients with Crohn's disease 

homozygous for the mutation in FAAH encoding the amino acid change Pro129Thr were 

more likely to develop severe disease associated with fistulae and extra-intestinal 

manifestations. Patients with ulcerative colitis who are homozygous for this FAAH variant 

had earlier onset of disease than patients without this variant100. Patients with acute 

ulcerative colitis have an increase in FAAH-reactive immune cells in the lamina propria23, 

but FAAH expression has been reported to be increased or reduced in different studies98, 101. 

Similarly, in patients with colitis, levels of anandamide have also been reported to be either 

increased or reduced102, 103. Hence further studies are needed to reconcile these disparate 

findings.

Recently, a dual FAAH and COX inhibitor was evaluated in mice with colitis104. This 

interesting compound reduced the severity of colitis by increasing levels of anandamide, 

which acted on CB1, and also increased levels of the fatty acid ethanolamides 

palmitoylethanolamide (PEA) and oleoylethanolamide, which act via peroxisome 

proliferator-activated receptor-α. Levels of PEA are increased in intestinal tissues of patients 

with ulcerative colitis105. PEA is a powerful anti-inflammatory agent that reduces features of 

colitis in mice and secretion of inflammatory cytokines106. PEA binds to peroxisome 

proliferator-activated receptor-α and inhibits the expression of S100B and toll-like receptor 

4 on enteric glia, to reduce inflammation induced by nuclear factor-κB107. This is a complex 

system, because PEA, like anandamide, affects enteric glia and neurons in the gut, via 

different receptors on each cell type. PEA is not only degraded by FAAH but also N-

acylethanolamine–hydrolyzing acid amidase108. An N-acylethanolamine–hydrolyzing acid 

amidase inhibitor was shown to markedly reduce colitis, providing yet another therapeutic 

target for study108.
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Although our discussion has focused on the GI tract, administration of the cannabinoid 

agonist CB13 to the CNS was reported to block the development of colitis109. The 

mechanism of this process has not been elucidated, but this remarkable finding indicates the 

importance of central and peripheral CB receptors in modulating gut functions and 

inflammation.

 Clinical Application of ECS Manipulation

The significant role of the ECS in the GI tract makes it an appealing therapeutic target. 

However, the widespread distribution of the ECS and its extensive activities throughout the 

body8 make it a challenge to selectively alter in the gut, without affecting other organ 

systems. Agonists of CB1 and CB2 (such as dronabinol and nabilone) are effective in 

treatment of nausea and vomiting and stimulating appetite, but are limited by their central 

side effects. Clinical studies using other CB receptor ligands have also proved disappointing. 

CB1 antagonists were thought to be promising for the treatment of obesity and metabolic 

syndrome110, 111, but were withdrawn from the market after some patients developed serious 

psychiatric side effects. Peripherally restricted agonist of CB1 and CB2 were not found to be 

effective in patients with pain, and produced CNS and cardiovascular side effects112. A 

selective agonist of CB2 was also examined for its analgesic potential and found to be rather 

ineffective, though well tolerated113.

FAAH inhibitors appeared to be promising in preclinical studies, but human studies did not 

demonstrate efficacy, although these agents increased levels of anandamide in the target 

tissues114. Findings from preclinical studies have indicated that inhibitors of FAAH can 

promote cardiovascular injury, because of the role of the ECS in the heart93-95, raising 

significant concerns about their chronic use, even if they are found to be effective. Most of 

these adverse effects are due to activation of CB1, as CB2 seems to protect the heart 15.

These studies paint a somewhat bleak picture for translation of promising preclinical 

findings to the clinic. Because the ECS is of such widespread importance, any systemic 

alterations involving the ECS will almost certainly produce challenges related to the drug 

target. Findings from clinical studies remind us that that is important to increase our 

understanding of the role of the ECS in maintenance of health and development of disease, 

and to better appreciate how this system interacts with other key regulatory systems.

However, based on what is known about the role of the ECS in the control of the GI tract in 

health and disease there are a number of important directions to consider in the development 

of therapeutic strategies to modulate the ECS. First, peripherally restricted CB1 antagonists 

are likely to increase gut motility and possibly reduce intestinal permeability—features that 

could make them useful therapeutics, especially given their beneficial effects in patients with 

diabetes116. Agonists of CB2 could reduce inflammation in the GI tract and limit abnormally 

accelerated motility. Another approach could be to use cannabinoid ligands that are not 

absorbed and act only on the epithelium31.
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 Future Directions

The ECS is an important regulator of intestinal function and the brain-gut axis. It is a widely 

distributed homeostatic system that generally inhibits neural activity in pathways involved in 

the physiological regulation of the GI tract. Important gut functions including visceral 

sensation, pain, motility, and inflammation are regulated by the ECS. However, there are 

many areas where we lack a detailed understanding of the distribution and function of the 

various components of the ECS, notably the biosynthetic enzymes for anandamide and 2-

AG.

Genetic and/or epigenetic alterations that affect activities of the ECS could be involved in 

the pathogenesis of IBS. As we have outlined, alterations of the ECS may provide a link 

between stress and visceral pain, a well-recognized feature of many GI conditions. 

Inflammation of the gut alters the expression of degradative enzymes of the ECS, leading to 

marked changes in the local levels of these pleiotropic lipid mediators. Far more work is 

required to better understand the involvement of the ECS in GI diseases.

The glucocorticoid receptor regulates expression of CNR1, and chronic stress is associated 

with increased DMNT1-mediated methylation at the promoters of genes that encode the 

glucocorticoid receptor (NR3C1) and CB1 (CNR1), resulting in decreased expression of the 

glucocorticoid receptor and CB1. Chronic stress-induced changes in this pathway are region- 

and cell-specific and might be targeted by therapeutic agents. Chronic stress and chronic 

cannabis use affect ECS regulation of the circadian HPA pathway, so chronic stress may 

affect potential circadian and ultradian transcriptional regulation of CNR1 in a region- and 

cell-specific manner. Cortisol (human) and corticosterone (rodent) have been shown to 

promote circadian and ultradian bursts of transcriptional activity in many genes, including 

the CLOCK gene family; this rhythm is disrupted in patients with stress-related mental 

health, GI, or immune disorders117. Epigenetic factors determine how the glucocorticoid 

receptor interacts with target genes, including CNR1. Dysregulation of the central and 

peripheral the glucocorticoid receptor regulome has potentially significant consequences for 

stress-related disorders that affect the brain-gut axis and ECS.

Cannabinoids are prescribed for GI conditions, particularly nausea and vomiting, as an 

appetite stimulant and for the treatment of visceral pain. There is evidence that direct or 

indirect activation of CB1, and possibly CB2, inhibits visceral sensitivity and pain in 

rodents. Central side effects such as drowsiness and heightened awareness have been 

reported. Recently developed ligands of CB2 and peripherally acting ligands of CB1 and 

CB2 have the potential to alleviate GI symptoms without CNS side effects. Future research 

will focus on the development of compounds that either act directly at the CB receptors or 

alter ligand availability in a region-specific manner to minimize side effects on brain 

function. FAAH, MAGL, and N-acylethanolamine–hydrolyzing acid amidase appear to be 

promising therapeutic targets based on findings from animal studies, but their widespread 

physiologic functions could limit our ability to alter their activity for treatment of chronic GI 

conditions.
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With the increasing use of cannabis in Western society, there is a need to better understand 

the effects of the many components of this complex plant on gut functions in health and 

disease. A full understanding of the ECS will advance our knowledge of the brain–gut axis 

and could lead to new avenues for the treatment of many GI disorders.
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 Abbreviations

2-AG 2-arachidonoylglycerol

ABHD α/β -hydrolase domain-containing protein

AEA anandamide

CB cannabinoid

CHS cannabis hyperemesis syndrome

CNS central nervous system

COX cyclooxygenase

DAG diacylglycerol

DAGL diacylglycerol lipase

DNMT DNA methyltransferase

DRG dorsal root ganglia

ECS endocannabinoid system

FAAH fatty acid amide hydrolase

GI gastrointestinal

HPA hypothalamic-pituitary-adrenal

MAGL monoacylglycerol lipase

NAPE N-arachidonoylphosphatidylethanolamine

NAPE-PLD N-acylphosphatidylethanolamine-hydrolyzing phospholipase D

PAG periaqueductal grey

PEA palmitoylethanolamide
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THC Δ9-tetrahydrocannabinol

TRPV transient receptor potential vanilloid
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Figure 1. Distribution of enzymes involved in the biosynthesis and degradation of 
endocannabinoids in the nervous system
The role of 2-AG as a dominant retrograde synaptic transmitter and putative roles of 

anandamide (AEA) as an anterograde and intracellular transmitter. Anandamide is 

synthesized from NAPE by a specific phospholipase D (NAPE-PLD) and is degraded by 

FAAH. 2-AG is synthesized by DAGL-α and degraded by MAGL and ABHD-6 and 

ABHD-12. Anandamide and 2-AG can also be metabolized by COX2, which is shown in 

post-synaptic neurons but can also occur presynaptically. AA, arachidonic acid; AGs, 2-

acylglycerols; DAGs, diacylglycerols; ER, endoplasmic reticulum; MAPK, mitogen-

activated protein kinases; PIP2, phosphoinositide bisphosphate; PKA, protein kinase A; 

PPARs, peroxisome proliferator-activated receptors; TRPs, transient receptor potential 

channels; VGCCs, voltage-gated calcium channels. Dashed lines denote inactivation. 

Adapted from Di Marzo et al.118
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Figure 2. Effects of chronic stress on peripheral endocannabinoid pathways in visceral primary 
afferent neurons
Under conditions of chronic stress, levels of 2-AG and AEA increase and endocannabinoid 

degradation enzymes COX-2 and FAAH are decreased in nociceptive DRG neurons that 

innervate the colon and pelvis. Along with this, levels of CB1 are reduced and there is an 

increase in TRPV1 expression and phosphorylation in nociceptive primary afferent neurons. 

These effects are mediated by corticosteroids from the HPA pathway.
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Figure 3. Effects of chronic stress on epigenetic regulation of the gene encoding CB1 (CNR1)
Chromosomes are located in chromatin-bound territories in the nucleus. Euchromatin is 

characterized by DNase 1 hypersensitivity and specific combinations of histone marks that 

define active genomic regulatory elements, such as promoters H3K27ac + H3K4me3, and 

enhancers H3K27ac + H3K4me1. An enhancer can either increase or decrease transcription. 

Recent research demonstrates that, in brain, the DNA sequence CAC is a common site of 

methylation, in contrast to other tissues where CpG is most often methylated. Additionally, 

in brain, 5-hydroxymethylcytosine (5hmC), a reactive species, is methylated. In contrast, in 

the periphery, methylcytosine (hmC) is a common site for methylation. DNA methylation is 

catalyzed by DNMTs. Chronic stress is associated with increased levels of DNMT1-

mediated methylation of CRN1, resulting in reduced expression. H3K4me3, histone H3 

trimethyl Lys4; H3K27ac, histone H3 Lys27 acetylation; H3Kme1, histone H3 monomethyl 

Lys4. Adapted from Wiley et al.117
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Figure 4. Effects of chronic stress on the endocannabinoid system in the brain
Chronic stress is characterized by a sustained reduction in levels of AEA, associated with 

increases in the degradative enzyme FAAH. These effects are mediated by CRH via the 

CRH 1 receptor (CRHR1). Corticosterone (in rodents; corticosterol in humans; CORT) 

appear to mediate the upregulation of CRH. The increased level of CORT are associated 

with increases in 2-AG. Chronic stress is associated with reduced levels of CB1 and the 

glucocorticoid receptor (GR) in the brain. Adapted from Morena et al.47 and Krugers et 

al.119
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Figure 5. Role of endocannabinoids in control of nausea and vomiting
In the brainstem regions involved in the control of vomiting (area postrema and nucleus of 

the solitary tract), activation of CB1 and possibly CB2 attenuates the emetic reflex by 

reducing the release of excitatory transmitters. In the forebrain, release of 2-AG in the 

visceral insular cortex inhibits, in a retrograde manner, release of neurotransmitters 

including serotonin (5-HT), which acts at 5-HT3 receptors to produce nausea. Note that to 

date this model has been studied in the rat and that in humans the CB1 agonist Δ9-

tetrahydrocannabinol reduces nausea. 5-HT3 receptor antagonists are excellent antiemetics 

but are less effective at reducing nausea. Adapted from Sticht et al.120
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Figure 6. Effects of endocannabinoids in the GI tract are mediated by CB1 and CB2
Cannabinoid receptors are widely distributed in the GI tract. CB1 is expressed by all classes 

of cholinergic enteric neurons in the myenteric and submucosal plexuses (primary afferent 

neurons (blue), interneurons (purple), secretomotor (yellow), and excitatory motor neurons 

(green), but not on inhibitory motor neurons (red). CB1 is also found on some 

enteroendocrine cells and in the epithelium. Extrinsic vagal and spinal primary afferent 

neurons express CB1, which is regulated by feeding (vagal) and stress (spinal), respectively. 

CB2 is expressed by enteric neurons and immune cells in the GI tract. Under conditions of 

inflammation and injury, CB2 is upregulated in the epithelium and its function on enteric 

neurons increases. The classes of enteric neurons that express CB2 have not been 

determined. The effects of activating cannabinoid receptors in the GI tract include a 

reduction in motility, reduced inflammation, and reduced immune activation. Adapted from 

Lomax et al.121
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