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The components of the endogenous cannabinoid system are widely expressed in the gastrointestinal tract contributing to local
homeostasis. In general, cannabinoids exert inhibitory actions in the gastrointestinal tract, inducing anti-inflammatory, anti-
emetic, antisecretory, and antiproliferative effects. Therefore, cannabinoids are interesting pharmacological compounds for the
treatment of several acute intestinal disorders, such as dysmotility, emesis, and abdominal pain. Likewise, the role of cannabi-
noids in the treatment of chronic intestinal diseases, such as irritable bowel syndrome and inflammatory bowel disease, is also
under investigation. Patients with chronic intestinal inflammatory diseases present impaired quality of life, and mental health
issues are commonly associated with long-term chronic diseases. The complex pathophysiology of these diseases contributes
to difficulties in diagnosis and, therefore, in the choice of a satisfactory treatment. Thus, this article reviews the involvement of
the cannabinoid system in chronic inflammatory diseases that affect the gastrointestinal tract and highlights possible therapeu-

tic approaches related to the use of cannabinoids. (Intest Res 2022;20:392-417)
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INTRODUCTION

The endocannabinoid system (ECS) is composed of the clas-
sic cannabinoid receptors 1 and 2 (CB1R and CB2R, respec-
tively), their endogenous ligands, namely endocannabinoids,
and enzymes involved in the synthesis and degradation of
these molecules."” Both cannabinoid receptors (CBRs) are, in
fact, part of the heptahelical G protein-coupled receptor
(GPCR) family and can inhibit adenyl cyclase activity or even
stimulate mitogen-activated protein kinases (MAPKs), being,

Received November 19, 2021. Revised March 11, 2022. Accepted March 16, 2022.
Correspondence to Marina Gomes Miranda e Castor, Department of
Pharmacology, Institute of Biological Sciences (ICB), Federal University of
Minas Gerais (UFMG), LAFACI. A3 171, Belo Horizonte 31270-901, Brazil. Tel:
+55-31-3409-2709, Fax: +55-31-3409-2924, E-mail: marinacastor@gmail.
com

*These authors contributed equally to this study as first authors.

392

therefore, classified as Gi/0 receptors.”” CB1R is mainly found
in the central and the peripheric nervous system (CNS and
PNS, respectively).” In the gastrointestinal tract, this receptor is
present in the myenteric plexus and submucous plexus, endo-
crine cells, and enterocytes.” Likewise, CB2R can also be found
in the CNS and PNS; however, it is also found in cardiovascu-
lar, intestinal, and reproductive systems, as well as bones and
adipocytes, being largely expressed in immune cells.”
Endocannabinoids are the endogenous ligands of the CBRs.
They are fatty acid-derived molecules, synthesized by mem-
brane phospholipids.”"’ Calcium influx works as a synthesis
trigger for these compounds in postsynaptic neurons,' and,
as they are released in the synapse, they will act as retrograde
messengers, modulating the release of neurotransmitters.'*"
Besides neurons, several other cells can also synthesize endo-
cannabinoids, such as endothelial and mucosal cells from the
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intestines or even some immune cells.""* Some of the most
well-known and well-described endocannabinoids are N-ara-
chidonoyl-ethanolamine (anandamide or AEA) and 2-ara-
chidonyl-glycerol (2-AG).” AEA is known to be a high-affinity
CB1R agonist, with a low affinity for CB2R, being almost inac-
tive in several models, whereas 2-AG is an agonist for both
CB1R and CB2R, but with a lower affinity for the latter.”” Both
endocannabinoids will be hydrolyzed inside the cell; after
reuptake, AEA is hydrolyzed by fatty acid amide hydrolase
(FAAH), and 2-AG by monoacylglycerol lipase (MAGL). Both
can also be oxidized by cyclooxygenase-2 (COX-2) and lipoxy-
genase, generating prostaglandins, ethanolamines, and several
other intermediate subproducts.”"* Interestingly, the phyto-
cannabinoids, too, such as cannabidiol (CBD), cannabidivar-
in, and cannabigerol (CBG), might activate or inhibit the CBRs
or enzymes involved in the synthesis and degradation of en-
docannabinoids, modulating the actions of this endogenous
system.”

Activation of CBR1 and CBR2 in the CNS and actions di-
rectly in the periphery by the activation of the enteric nervous
system (ENS) and resident cells control several intestinal
functions, such as intestinal motility, secretion, epithelial per-

meability, and immunological reactions.”*

Both receptors
may be involved in the control of gastrointestinal functions
during the inflammatory process.””* Thus, patients with colitis
had increased levels of AEA and 2-AG that were related to
controlling the local inflammation.”!

Therefore, several cannabinoids are being studied for the
treatment of acute intestinal disorders such as dysmotility, em-
esis, and abdominal pain and chronic diseases such as irritable
bowel syndrome and inflammatory bowel disease (IBD), which
by convention is divided into 2 subtypes: Crohn’s disease (CD)
and ulcerative colitis (UC).

UC is characterized by inflammation in the mucosa of the
large intestine from the anal orifice up to, potentially, the proxi-
mal segments. Conversely, CD is characterized by inflamma-
tion that can compromise any gastrointestinal tract region,
causing ulcers, strictures, abscesses, and fistulas, but in most
cases it affects the region close to the ileocecal valve.” The cost
of IBD diagnosing, hospitalization, and treatment is usually high
and treatments are not effective.””'

Given this context, this article aims to review the involvement
of the cannabinoid system in IBD, CD, and UC and to highlight
possible therapeutic approaches for these diseases with the

use of cannabinoids.
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METHODS

The literature review on the involvement of the cannabinoid
system in IBD, with a focus on UC and CD, was carried out us-
ing the PubMed database. The descriptors used in the research

» o«

were ‘cannabinoid chronic intestinal disease,” “‘cannabinoid
Crohn disease,” ‘cannabinoid colitis,” “intestinal inflammation,’
and ‘endocannabinoid system.” As inclusion criteria for our
review, we selected publications that contained at least one of
the descriptors of interest and that were in English. We used
no filters for publication date and article type. Therefore, infor-
mation from full texts, studies in experimental or human mod-

els, case reports, meta-analyses, and reviews were included.
ENDOCANNABINOID SYSTEM

Different subtypes of CB1R have been identified in humans
and murine models. For instance, the canonical full-length
CB1Ra is most commonly found in the brain and skeletal mus-
cles, whereas CB1Rb is mainly expressed in the liver and pan-
creas."” Similarly, several isoforms of CB2R also display differ-
ent expression sites. It was observed by Zhang et al. (2015)°
that mouse CB2Rb is more abundant in the striatum and the
spleen than CB2Ra; their expression can be induced by in-
flammatory events."

Although both CBIR (a and b) and CB2R (a and b) are mem-
bers of the GPCR family, it is not unusual to find different sig-
naling events that might be confusing at first sight. This is due
to the biased agonism presented by the receptors, meaning
that they can adopt multiple conformations leading to differ-
ent signaling events depending on the stabilization generated
by their ligands. In other words, the ligand-biased signal trans-
duction implies that the resulting properties of the agonist or
antagonist will depend on the particular signal transduction
pathway that is activated (Fig. 1). Therefore, the same mole-
cule might act as an agonist in one pathway and as an antago-
nist in another.”” These phenomena might explain why the ef-
fects of cannabinoid molecules vary among different experi-
mental models and different cell types.

In signaling involving the Gi/0 protein, inhibition of adenyl-
ate cyclase (AC) occurs, leading to the consequent inhibition
of 3)5"-cyclic adenosine monophosphate (cAMP) formation
and inhibition of protein kinase A (PKA). The effect of PKA in-
hibition differs depending on cell type.* In neurons, calcium
channels are blocked and potassium channels are opened,
leading to hyperpolarization and inhibition of these cells.’ In
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Fig. 1. The canonical signaling pathway of cannabinoid receptors (CBRs). Here we display a largely simplified example of the main signal-
ing pathways initiated by the binding of a cannabinoid agonist to a CBR, either CB1R or CB2R. The canonical binding pathway involves
the coupling of Gi/0 proteins. The a subunits will display different actions, as a0 will lead to inactivation of Ca** voltage related channels
and K' channels. Activation; o; will lead to inhibition of adenylate cyclase (AC) and 3',5'-cyclic adenosine monophosphate (cAMP) forma-
tion, this will inhibit the MEK/ERK/MAPK cascade, resulting in the cellular survival/death decision. In some instances, CBRs might couple
to Gs proteins and, therefore, o, will stimulate cAMP.****** PKA, protein kinase A; MEK, mitogen-activated protein kinase kinase: ERK, ex-
tracellular signal-requlated kinase; MAPK, mitogen-activated protein kinase.

intestinal epithelial cells, it is suggested that inhibition of PKA
promotes reduced phosphorylation of the cAMP response el-
ement-binding (CREB) protein, a transcription factor that reg-
ulates cell survival, and consequently a reduction in the rate of
cellular apoptosis."’ In intestinal smooth muscle cells, there is
a reduction in the contractility response due to the blockage
of calcium channels, which promotes a reduction in actin and
myosin interaction.”"'

Interestingly, in Zebrafish embryos, the activation of CB2R
by 2-AG has been shown to inhibit leukocyte migration in re-
sponse to acute injury."” Likewise, another study pointed out
that AEA, through the activation of CB2R, promotes the sup-
pression of the release of the inflammatory cytokines interleu-
kin-2 (IL-2), tumor necrosis factor a (TNF-a), and interferon-y
(IFN-y) from activated human peripheral T lymphocytes.""*

The phosphatidylinositol 3-kinase (PI3K) pathway is also
stimulated during CB1R and CB2R activation; however, the
response depends on stimulus type and microenvironment.”
When activated, PI3K interacts with insulin receptor sub-
strates, producing phosphatidylinositol (3,4,5)-trisphosphate
(P1P3), which will regulate the location and activity of several
kinases, including protein kinase B (PKB or Akt). Akt is a down-
stream target of PI3K and, upon phosphorylation and release
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into the cytoplasm, will respond to growth factors such as in-
sulin, IL, and epidermal growth factor receptor (EGFR), modu-
lating several cellular processes, such as migration, metabo-
lism, and apoptosis.*”"’

Upon activation of the PI3K/Akt pathway, Huang et al.
(2011)" reported an increase in p-Akt cells in the mucosal and
submucosal layers of patients with UC, when compared to nor-
mal biopsy tissues. In the same study, the effects of a blocker
of the PI3K/Akt pathway were analyzed, and it was found to
relieve symptoms, reducing inflammation and TNF-a secre-
tion. Similar results were found by Chen et al. (2017)," who
described that apoptosis is dysregulated during UC progres-
sion, with proapoptotic processes in intestinal epithelial cells
and antiapoptotic effect of inflammatory and immune cells.

Another interesting mechanism comprises the p38 MAPK
pathway, a critical signaling pathway in bowel inflammation,
modulating cellular death, growth, and differentiation.” In ep-
ithelial cells, MAPK is responsible for proliferative signals by
EGFR," and p38 MAPK is also found to be increased in CD
patients.” Furthermore, this pathway could also be involved
in cytokine release.”” However, among the MAPK family mem-
bers, the extracellular signal-regulated kinase 1 and 2 (ERK1/2),
p38 kinase, and Jun N-terminal kinase (JNK) are of the utmost
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importance in the promotion of apoptotic events, playing an
important role in UC pathogenesis; therefore, the inhibition of
this pathway led to a reduction in proinflammatory cytokines
and cellular infiltrate.”

In immune cells, the MAPK pathways are involved in the
cells' development, apoptosis, migration, and response against
pathogenic stimuli. In microglial cells, CB2R activation through
anandamide, an endocannabinoid, has been shown to induce
the activation of ERK1/2 and JNK MAPK; this activation result-
ed in a slight increase in IL-10 levels but also in the inhibition of
proinflammatory ILs.*'

The endocannabinoids are synthesized from membrane lip-
ids in response to specific stimuli, such as neuronal activation
or cellular stress, which will promote the influx of calcium into
the cell, generating its depolarization.” There are at least 15 en-
dogenous compounds that can target CBRs either orthosteri-
cally or allosterically. Several of them have been found to bind
to cannabinoid CB1Rs in vitro at concentrations in the low or
mid nanomolar range.” These compounds are anandamide,
2-arachidonoylglycerol, dihomo-y-linolenylethanolamide, 2-ar-
achidonyl glyceryl ether (noladin ether), docosatetraenoyleth-
anolamide, N-arachidonoyl dopamine, docosahexaenoyletha-
nolamide, and eicosapentaenoyl ethanolamide; the first 3
compounds have also been reported to display a significant
affinity for CB2R.*

N-arachidonoyl-ethanolamine (anandamide or AEA) and
2-AG were the first ones to be discovered and are the most stud-
ied until now. The biosynthetic precursors of AEA, the N-arachi-
donoyl-phosphatidylethanolamines, are produced via N-acyl-
transferases (NATs) by N-acyl-phosphatidylethanolamine-se-
lective phospholipase D (NAPE-PLD) or by the sequential ac-
tion of several enzymes that can also be involved in the synthe-
sis of 2-AG, as reported in Fig. 2> Both these endocannabinoids
will be hydrolyzed inside the cell; after reuptake, AEA is hydro-
lyzed by FAAH, and 2-AG by MAGL. Both can also be oxidized
by COX-2 and lipoxygenase, generating prostaglandins, etha-
nolamines, and several other intermediate subproducts.”>*
These lipidic molecules are derived from the acylation of glycer-
ol-3-phosphate (G3P); this molecule will lead to phosphatidic
acid (PA) and phosphatidylethanolamine (PE) (Fig, 2).**"

ECS IN THE GASTROINTESTINAL TRACT
The actions of the ECS in the gastrointestinal tract are mainly

controlled by the activation of CBRs in the CNS or the periph-
ery, through the ENS or other tissues of the gastrointestinal
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Fig. 2. Synthesis of 2-arachidonyl glycerol (2-AG) and anandamide
(AEA). Glycerol-3-phosphate (G3P) by acyl-CoA:glycerol-3-phos-
phate acyltransferase (GPAT) action produces lysophosphatidic
acid (LPA), and its acylation by acyl-CoA:lysophosphatidic acid ac-
yltransferase (LPAAT) creates phosphatidic acid (PA). This molecule
can be converted into 2-AG by PA phosphohydrolase or into diac-
ylglycerol (DAG) by phosphatidic acid phosphatase (PAP). DAG will
then interact with cytidine 5'-diphosphate (CDP)-ethanolamine,
producing phosphatidylethanolamine (PE) that will be converted
into N-arachidonoyl-phosphatidylethanolamine (NAPE) by NAT. Fi-
nally, NAPE-PLD will convert NAPE into AEA.

tract, as shown below.”

Both CB1R and CB2R, their endogenous agonists, and relat-
ed enzymes have been detected in the gastrointestinal tract.”
CBIR and CB2R are widely expressed in intestinal tissue and
its innervations.*”” CB1R expression is seen in the ENS, in-
cluding the submucosal plexus and myenteric plexus, and in
epithelial and enteroendocrine cells. CB2Rs are expressed in
the ENS, also covering the submucosal plexus and myenteric
plexus, in epithelial cells in the presence of inflammation, and
in immune cells.”

In the CNS, the regulation of appetite, energy balance, and
food intake can be performed by CB1Rs expressed in the lat-
eral hypothalamus, arcuate nucleus, and paraventricular nu-
cleus of the hypothalamus.**'* Thus, the activation of the ECS
in these sites promotes increased appetite, stimulation of lipo-
genesis, and an increase in energy resources.” The control of
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food intake by the ECS occurs in conjunction with the action
of hypothalamic hormones, such as corticotropin-releasing
hormone (CRH) in the paraventricular nucleus, the cocaine-
amphetamine-regulated transcribed hormone (CART) in the
arcuate nucleus, and the melanin-concentrating hormone
(MCH) and orexin-A in the lateral hypothalamus, which are
well-known modulators of food intake.” Hormones produced
in the periphery, such as ghrelin, leptin, insulin, and adiponec-
tin, participate in appetite regulation along with the ECS and
hypothalamic hormones.”**" Studies carried out in animal
models have shown that the orexigenic effects are obtained
from the stimulation of the ECS in the CNS and the neurons
that release MCH, in addition to the increase in neuropeptide
Y (NPY) and the hormones orexin-A and ghrelin."***

Thus, appetite control also takes place in the small intestine,
where during the fasting period or in the presence of taste of
dietary fats, endocannabinoid signaling is triggered by the ac-
tivation of CB1Rs, aiming to inhibit satiety."* Inhibition of
muscarinic receptor type 3 (M3) blocks the induced produc-
tion of 2-AG in the jejunum. This can be replicated by pe-
ripheric administration of CB1R antagonists, confirming that
cholinergic signaling, possibly through the vagus nerve, acti-
vates the muscarinic receptor of acetylcholine (mAChR) in
the jejunum, stimulating the conversion of 1-stearoyl-2-ara-

Intercellular junction/intestine permeability
Inhibition of Satiety

chidonoyl-sn-glycerol (SAG) into 2-AG by the enzyme diacyl-
glycerol lipase (DAGL), stimulating food intake (Fig. 3, part
a)."" Besides these mechanisms for controlling appetite and
food intake, there are also CB1Rs expressed in the enteroen-
docrine cells of the small intestine, which, when activated,
promote hunger during the fasting period and boost the in-
take of high-fat foods, inhibiting the release of cholecystokinin
(CCK) that would normally bind to CCK receptors inducing
satiety after a meal.""** The control of intestinal motility, secre-
tion, epithelial permeability, and immunology are also accom-
plished by the modulation of CBIR and CB2R expressed in
the ENS and resident cells.""

The activation of CB1R in the ENS is mainly related to the
negative control of cholinergic neurotransmission, with con-
sequent inhibition of the action of this neurotransmitter on
muscarinic receptors and a reduction in intestinal smooth
muscle contractions (Fig. 3, part b)."*" Activation of CB2R by
the agonist JWH-133 in rats promotes a reduction in the speed
of food passage through the gastrointestinal tract, as a conse-
quence of the decrease in muscle contractions.” Thus, the ac-
tivation of this receptor in the ENS, as well as the activation of
CBI1R, promotes the inhibition of the contractility of the intes-
tinal muscles, inhibiting the release of ACh.”

Activation of CB1R and CB2R promotes the inhibition of
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Fig. 3. Role of cannabinoid receptor in the gut. (a) Control of endocannabinoid signaling in the intestines by cholinergic innervation of
efferent vagal fibers, releasing and acetylcholine (ACh), and activating muscarinic receptors that, in time, will stimulate the conversion of
1-stearoyl-2-arachidonoyl-sn-glycerol (SAG) in 2-arachidonyl glycerol (2-AG), by the enzyme diacylglycerol lipase (DAGL). 2-AG will bind
to cannabinoid receptor 1 (CBR1), promoting the inhibition of satiety.54 (b) CB1R receptors in the nervous fibers located in the myenteric
plexus will requlate intestinal motility.**** (c) Cannabinoid receptor 2 (CBR2) is expressed in the submucous-plexus and immune cells. Its
expression is further induced in epithelial cells during inflammatory events.”” ECS, endocannabinoid system.
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proinflammatory cytokine secretion (Fig. 3, part c), suppres-
sion of macrophage and mast cell activation, modulation of
TH1 and TH2 lymphocytes through induction of apoptosis,
and inhibition of proliferation and consequently reduced in-
flammation.”* Di Marzo and Izzo (2006)* discussed that the
ECS is overstimulated in the intestines and colon during in-
flammatory disorders. Enhanced production of endocannabi-
noids is part of the gastroprotective mechanism and several
other regulatory functions-including motility and secretion-
that might function through CB1R.**' CB2R is either absent or
only weakly expressed in the human intestinal epithelium;
however, in IBD it becomes evident in the luminal membranes
at ulcerative margins, and immune cells in the lamina propria
(LP) might also express CB2R.*** Therefore, differently from
CBIR, CB2R appears to be less expressed during homeostasis,
but it is inducible during inflammatory disorders.”'

There is evidence that CB1R and CB2R are also related to
the control of sensations such as visceral pain, emesis, and
nausea, which are sensory experiences that may be linked to
the functioning of the gastrointestinal tract.” Sanson et al.*’
demonstrated that CB1R and CB2R agonists attenuated the
basal sensitivity and that this was increased by colon inflam-
mation in rats. Moreover, the intestinal microbiota is known to
contribute to several improvements in digestive health. It was
demonstrated that the probiotic agent Lactobacillus acidophi-
lus promoted an increase in the expression of CB2R in the epi-
thelium of rats and mice and a consequent reduction in vis-
ceral sensitivity in cases of irritation and inflammation.”" A
possible mechanism for pain regulation from CB2R would be
the inhibition of the release of inflammatory mediators from
the epithelium that would activate the primary afferent nerves
and cause visceral pain.”’ Furthermore, cannabinoids are ef-
fective antiemetics and have been used in the clinic for years;
however, they are not the first-line therapeutic agents.”” Some
evidence also demonstrates the involvement of CBIR in the

brainstem®**

and that of CB2R in the dorsal vagal complex for
the regulation of emesis.’ Additionally, in animal models, acti-
vation of the ECS in the insular cortex has been found to regu-
late nausea, and when endocannabinoid levels were increased
by administering an FAAH or MAGL inhibitor, nausea was re-
duced. However, it is suggested that only MAGL inhibition is
enough to generate the effect against nausea by the activation
of CBIR by 2-AG, and AEA seems not to be involved in this
event.”"™

Therefore, the activation of CB1R and CB2R promotes a re-

duction in colonic motility; control of the secretion of neu-
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rotransmitters such as acetylcholine and hormones such as
ghrelin, leptin, adiponectin, and insulin; control of the perme-
ability of the intestinal epithelium; and regulation of visceral
pain, emesis, and nausea, besides anti-inflammatory and anti-
proliferative effects.”™ Considering the various functions per-
formed by the ECS in the gastrointestinal tract, changes in its
tone can lead to several effects, which can be explored for the
development of drugs for the treatment of various diseases in-
volving disorders of the gastrointestinal tract.

ECS IMPACT IN CHRONIC IBDs

IBD is a destructive inflammatory disorder and comprises
both UC and CD. Therefore, UC is an intestinal inflammatory
disorder of the colon, characterized by the infiltration of im-
mune cells and the release of inflammatory mediators that
may lead to ulcers and disruptions in the mucosa.”" Like-
wise, CD is a chronic inflammatory condition of the gastroin-
testinal tract, resulting from a complex interplay of factors,
such as genetic susceptibility, gut microbiota, and environ-
mental pressures, leading to dysregulations in the patient’s im-
mune response.”” However, UC is a confluent mucosal inflam-
mation, being initiated at the anal verge and spreading proxi-
mally for a variable length. CD can affect any region of the gas-
trointestinal tract, resulting in ulcers with transmural inflam-
mation leading to fibrosis, fistula, and strictures, usually close
to the ileocecal valve. Additionally, the dispersed inflamma-
tion in CD can leave areas of normal mucosa in the midst of
inflammation, called “skip areas.”

IBD is a chronic disease that can reduce the life quality of
patients and is correlated with extraintestinal comorbidities,
such as cardiovascular diseases, osteoporosis, arthritis, and
lymphomas.”™* The symptoms of IBD can be further exacer-
bated by stress and psychiatric diseases, such as depression
and anxiety.”'

Corticosteroids and immunomodulatory drugs, which are
the basis for the treatment of IBD, do not always provide satis-

faCt()ry outcomes. "%

As demonstrated, the ECS is largely
expressed in the gastrointestinal tract; therefore, the manipu-
lation of this system becomes an interesting approach to be

investigated.

CHANGES IN THE ECSIN UC

The expression and activation of CBR in experimental models
of intestinal inflammation have been investigated by several
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researchers. Engel et al. (2010)" found that CBIR (-/-), CB2R
(-/-), and CB1R/CB2R (-/-) knockout C57BL/6 mice were
more susceptible to the development of UC induced by
2,4,6-trinitrobenzenesulfonic acid (TNBS). Storr et al. (2009)®
also evaluated the participation of the ECS in an experimental
model of TNBS-induced colitis in wild C57BL/6 mice and
CB2R (-/-) knockout mice, and these mice were treated with
the agonists JWH-133 and AM-1241 and the antagonist AM-
630, selective for CB2R. CB2R (-/-) knockout mice had in-
creased inflammation and did not respond to agonist or an-
tagonist treatments. In wild-type (WT) mice, treatment with
the agonists JWH-133 and AM-1241 was found to reduce in-
testinal inflammation. In contrast, the use of the AM-630 an-
tagonist in WT mice exacerbated these parameters, demon-
strating an increase in inflammation. Furthermore, an in-
crease in CB2R mRNA expression was found during inflam-
mation in WT mice. Another study with CB2R (-/-) knockout
C57BL/6 mice demonstrated that these animals have wors-
ened colitis induced by dextran sulfate sodium (DSS) com-
pared to WT mice.”

Furthermore, changes in endocannabinoid metabolizing
enzymes have been reported in female C57BL/6N mice, ge-
netically modified to express less FAAH. It was shown that this
enzyme deficiency generates protection against dinitroben-
zene sulfonic acid (DNBS)-induced UC, as revealed by a re-
duction in macroscopic and microscopic damage and in my-
eloperoxidase (MPO) enzyme activity.” Storr et al. (2008)"
demonstrated that FAAH mRNA is increased on the 3rd day
after colitis induction with TNBS in mice. Recall that FAAH is
the main enzyme responsible for AEA hydrolysis, so an in-
crease in this enzyme might reduce the endocannabinoid
concentration during the inflammatory process. Likewise,
Shamran et al. (2017)* showed that FAAH inhibition amelio-
rates the clinical score and reduces the frequencies of activat-
ed CD4+ T cells in the colon and proximal lymphoid tissues.
Furthermore, Izzo and Sharkey (2010)"
that mice without or with reduced FAAH have elevated basal
levels of AEA and are more resistant to TNBS-induced colitis

have demonstrated

than wild mice. Borrelli et al. (2009)” used male Institute of
Cancer Research (ICR) mice strain and found that during DN-
BS-induced inflammation, the concentrations of AEA and
2-AG increased, and the mRNA expression of the FAAH en-
zyme in the colon decreased, revealing the physiological func-
tion of the ECS. Likewise, Tourteau et al. (2014)”" used sub-
stances derived from 3-carboxamide-5-arylisoxazole CB2R
agonists and FAAH inhibitors in the treatment of DSS-in-
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duced colitis in mice and showed significant improvement in
inflammation. In another study, the use of an FAAH inhibitor,
PF 3845, reduced TNBS-induced experimental UC due to in-
creased endocannabinoid expression and activity.” Further-
more, a study using ARN2508, an inhibitor of FAAH, demon-
strated an improvement in inflammation, a reduction in the
mortality rate, and a decline in weight loss in mice with TNBS-
and DSS-induced colitis. In this case, as mentioned above, the
anti-inflammatory effect obtained by inhibiting FAAH is prob-
ably related to an increase in endocannabinoids such as
AEA”

Regarding MAGL activity, in C57BL/6N mice with DSS-in-
duced colitis, real-time polymerase chain reaction (RT-PCR)
analysis demonstrated that the expression of genes encoding
this enzyme was reduced during colon inflammation.” In ad-
dition, in mice with TNBS-induced colitis, inhibition of the
MAGL enzyme by the selective inhibitor JZL184 promoted an
increase in 2-AG, which was associated with a reduction in
macroscopic and histological damage of the colon, as well as a
decrease in the expression of inflammatory cytokines.”

In humans, Western blot analysis and immunocytochemis-
try in colon tissue demonstrated an increased expression of
CB2R, the enzyme DAGL, and MAGL in the colonic epitheli-
um, mainly in patients with mild and moderate colitis. In con-
trast, in patients with inactive colitis, the expression of CB1R
and CB2R and the DAGL enzyme was reduced, but the ex-
pression of the NAPE-PLD enzyme was increased, especially
in patients treated with corticosteroids.” Wright et al. (2005)*
also found an increased expression of CB2R in the human co-
lonic epithelium during UC, demonstrating an immunomod-
ulatory function of the ECS.

Besides the role of enzymes in the physiopathology of IBD,
the endocannabinoid AEA appears to be the main modulator
of colon-induced inflammation. AEA was found to be in-
creased in colon biopsy from patients with untreated UC, as
analyzed by liquid chromatography with detection by mass
spectrometry.” Harvey et al. (2013)™ showed that the incuba-
tion of human colon tissues with the inflammatory cytokines
TNF-a and IL-1B causes damage like UC. Administration of
AEA and a selective CB2R agonist, JWH-015, showed a signifi-
cant improvement in inflammation, as evidenced by a reduc-
tion in mucosal crypt loss, luminal epithelial damage, and
lymphocyte infiltration in the LP. These effects were partially
reversed by the administration of a CB2R inverse agonist, JTE-
907, which demonstrates that the anti-inflammatory effects of
JWH-015 and AEA are dependent on the activation of this re-
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ceptor.”

Grill etal. (2019)' evaluated the regulation of the ECS in 17
patients diagnosed with UC and found an increase in AEA ex-
pression and a decrease in mRNA expression of the NAPE-
PLD enzyme, which seems contradictory, considering that
NAPE-PLD participates in the synthesis of this endocannabi-
noid. However, to explain this fact, the authors suggested that
there is an allosteric feedback inhibition of NAPE-PLD by AEA
or a reduced degradation of the endocannabinoid lipids. Fur-
thermore, other enzymes besides NAPE-PLD may be respon-
sible for the synthesis of AEA. In another study by Sudrez et al.
(2012),"" human biopsy from healthy patients with untreated
active colitis and from patients treated with 5-aminosalicylic
acid (5-ASA), glucocorticoids, and/or immunomodulators un-
til disease remission were analyzed using RT-PCR and immu-
nohistochemistry to assess the expression and distribution of
FAAH and NAPE-PLD in the intestine. RT-PCR analysis of the
mucosa from untreated UC individuals revealed an increase

https://doi.org/10.5217/ir.2021.00160 « Intest Res 2022;20(4):392-417

in the gene expression of FAAH and no alterations in the gene
expression of NAPE-PLD. Also, with immunohistochemical
analysis of the colon epithelium from untreated UC patients,
the authors observed a decrease in NAPE-PLD and the con-
servation of FAAH levels, as compared to healthy individuals.
However, after treatment with 5-ASA and glucocorticoids, an
increase was found in the expression of NAPE-PLD in the epi-
thelium, indicating a role of this enzyme in UC remission."""

Besides the above-described studies, there are several stud-
ies showing the relevancy of the ECS in the modulation of in-
flammation during UC by increasing the expression of recep-
tors, by increasing the synthesis of endocannabinoids, or by
inhibiting or activating the enzymes involved in the degrada-
tion or synthesis of endocannabinoids. In summary, changes
in the expression of the ECS components during UC can gen-
erate anti-inflammatory effects in animal and human models,
as described in Table 1.

Table 1. Physiological or Induced Changes of the ECS in Ulcerative Colitis

Components of the ECS  Expression Tissue analyzed First author (year)
Receptor
CB1R Increased  CHO-GLP-1R cells transduced with lentiviral of the  Kimball (2006)'”, Engel (2010)**
CB1R isoforms
CB2R Increased  C57BL/6j mice brain Storr (2009)%, Marquéz (2009)*, Engel (2010)%,
Human brain tissues Harvey (2013)%, Ke (2016)*°
C57BL/10J and the BTBR T+tF/J peripheral tissues
and brain
Endocannabinoids binders
AEA Increased ~ Colon sample from DNBS-treated mice D'Argenio (2006)”, Harvey (2013)*, Sasso (2015)”,
CD1 mice colon mucosa Grill (2019)"
ICR mice colon
2-AG Increased  ICR mice colon Borrelli (2009)*
Synthesizing enzymes
NAPE-PLD Increased ~ Human colonic endoscopic biopsies Marquéz (2009), Suarez (2012)""'
Decreased ~ Human colonic endoscopic biopsies Grill (2019)'®, Suarez (2012)"”
DAGL Increased  Human colonic tissue Marquéz (2009)*
Metabolizing enzymes
FAAH Decreased  ICR mice colon Storr (2008)”, Borrelli (2009)*, Sataga (2014)*,
C57B1/6 colon samples Tourteau (2014)”', Sasso (2015)*
Rat brain homogenates
Increased ~ Human colonic tissue Suarez (2012)™
MAGL Decreased  C57BL/6 mice colon or ileum Alhouayek (2011)**, Grill (2019)**
Increased ~ Human colonic tissue Marquéz (2009)*

ECS, endocannabinoid system; CB1R, cannabinoid receptor 1; CB2R, cannabinoid receptor 2; AEA, anandamide; DNBS, dinitrobenzene sulphonic acid; ICR,
Institute of Cancer Research; 2-AG, 2-arachidonyl glycerol; NAPE-PLD, N-acyl phosphatidylethanolamine-specific phospholipase D; DAGL, diacylglycerol

lipase; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase.

www.irjournal.org

399



Priscila A. Lima, et al. * Cannabinoid system as a promisor therapeutical target to intestinal diseases I N T E s TI N A L RE s E ARC H

CHANGES IN THE ECS IN CD

As in UC as discussed above, it has been suggested that in CD
the ECS may act to reduce the local inflammatory response.
Therefore, it has been the topic of several studies to test and
evaluate changes in the expression of CBR and the synthesis
and degradation of endocannabinoids during this intestinal
inflammation. The single nucleotide polymorphism 1359 G/A
of the CBIR gene has been shown to influence the CD pheno-
type. Individuals who were homozygous for the G allele
showed a higher probability of developing CD before the age
of 40 years, demonstrating that CBIR influences the manifes-
tation of CD.'” The expression of CB2R and AEA was evaluat-
ed in ileum tissue of mice and in CD4+ T cells of an experi-
mental model of chronic ileitis. The results demonstrated an
increased expression of CB2R and AEA in mice with inflam-
mation compared to control mice. Moreover, an 11-fold in-
crease in CB2R mRNA expression was found in regulatory T
cells, demonstrating the important role of the ECS in the regu-
lation of inflammatory response.'”!

The expression of CB2R was also analyzed in histological
sections of biopsy samples of the intestine of patients with CD.
There was no difference in the expression of this receptor be-
tween CD patients and healthy individuals. However, the ex-

Table 2. Physiological or Induced Changes of the ECS in CD

pression of CB1R was shown to be significantly increased in
patients with CD.'"” Moreover, Grill et al. (2019)"" found that
the concentrations of AEA and 2-AG were markedly increased
in the plasma of CD patients. Furthermore, in the intestinal
mucosa, an increased gene expression of synthesizing (NAPE-
PLD and DAGL) and metabolizing (FAAH and MAGL) enzy-
mes and a decreased transcription of CB1R were identified.""

On the other hand, Di Sabatino et al. (2011)* found decreased
levels of AEA in the inflamed mucosa of patients with IBD
compared to non-inflamed tissue, which was concomitant
with lower activity of the NAPE-PLD enzyme that synthesizes
this endocannabinoid and higher activity of the FAAH en-
zyme that degrades this ligand. Some divergences were found
between these studies, and those may be related to the differ-
ent tissues evaluated and to the change in the expression of
the ECS according to the stage of the disease."”

Therefore, the physiological or induced changes in the ECS
during CD that can generate an anti-inflammatory effect in
animal models and humans are summarized in Table 2.

CANNABINOIDS AS POSSIBLE DRUGS FOR THE
TREATMENT OF CHRONIC IBDs

Given the various disadvantages and limitations of the treat-

Components of the

e s Expression Tissue analyzed First author (year)
Receptor
CB1R Increased Human colonic tissue Stintzing (2011)"*
CB2R Increased TNFAARE/+ mice ileum Leinwand (2017)
Binders
AEA Increased TNFAARE/+ mice ileum Leinwand (2017)', Grill (2019)'®
Human intestinal mucosal biopsy from patients with UC
Decreased Intestinal mucosa biopsy from patients with CD Di Sabatino (2011)*
2-AG Increased Human intestinal mucosa biopsy from patients with UC Grill (2019)'®
Synthesizing enzymes
NAPE-PLD Increased ~ Human intestinal mucosa biopsy from patients with UC Grill (2019)™
Decreased Intestinal mucosa biopsy from patients with CD Di Sabatino (2011)*
DAGL Increased Human intestinal mucosa biopsy from patients with UC Grill (2019)™
Metabolizing enzymes
FAAH Increased Human intestinal mucosal biopsy from patients with UCor CD  Di Sabatino (2011)%, Grill (2019)"
MAGL Increased Human intestinal mucosal biopsy from patients with UC Grill (2019)'®

ECS, endocannabinoid system; CD, Crohn's disease; CB1R, cannabinoid receptor 1; CB2R, cannabinoid receptor 2; TNFAARE, tumor necrosis factor modified
AUUUA-pentanucleotide rich elements; AEA, anandamide; UC, ulcerative colitis; 2-AG, 2-arachidonyl glycerol; NAPE-PLD, N-acyl phosphatidylethanolamine-
specific phospholipase D; DAGL, diacylglycerol lipase; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase.
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ments available for IBD, it is relevant to develop new pharma-
cological alternatives for the treatment of UC and CD. In this
context, cannabinoids can be a good pharmacological strategy
for the treatment of IBD because of the various functions of
the ECS in maintaining intestinal homeostasis and the anti-in-

Romano (2013)"*

First author (year)
lzzo0 (2012)*

flammatory effects observed by the positive regulation of this
system in animal and human models.

Phytocannabinoids such as CBD, A9-tetrahydrocannabinol
(THC), CBG, cannabinol (CBN), and cannabichromene (CBC),
all isolated from Cannabis sativa, popularly known as marijua-
na, were evaluated as possible drugs for the treatment of UC
and CD. However, when using some of these substances, with
the clear exception of CBD, it is necessary to pay attention to
the possibility of dose-dependent psychoactive effects.'

CBD administration was evaluated in rats and mice with in-
testinal inflammation induced by irritating substances, such
as croton oil (CO), lipopolysaccharide (LPS), and DNBS. It
was observed that CBD reduced edema, hyperemia, adhe-
sions in the small intestine, inflammatory cell infiltration, co-
lon weight/length ratio, and intestinal hypermotility.”*'" "’
Additionally, there was a decrease in inflammatory cytokines,
such as IL-1f, and an increase in anti-inflammatory cytokines,
such as IL-10 and IL-6."'" Other studies have found de-

Results after phytocannabinoid administration

- Ki-67 immunoreactivity revealed the mitotic activity is restricted to one-half of the mucosa.
synthase; NO, nitric oxide; AEA, anandamide; 2-AG, 2-arachidonyl glycerol; CACO-2 cells, human colon adenocarcinoma cells; IFN-y, interferon y; MAC3, macrophage differentiation antigen; TNBS,
2,4,6-trinitrobenzene sulfonic acid; MPO, myeloperoxidase; CD, Crohn's disease; UC, ulcerative colitis; THC, tetrahydrocannabinol; EFS, electrical field stimulation; SOD, superoxide dismutase; ROS,

CBD, cannabidiol; CBR, cannabinoid receptor; FAAH, fatty acid amide hydrolase; ICR, Institute of Cancer Research; CO, croton oil; CB1R, cannabinoid receptor 1; CB2R, cannabinoid receptor 2; AA-
5-HT, N-arachidonoyl-serotonin; ACh, acetylcholine; LPS, lipopolysaccharide; TNF-o, tumor necrosis factor a; IL, interleukin; DNBS, dinitrobenzene sulphonic acid; iNOS, inducible nitric oxide

8
V2]
o
o
=]
o
@O
=
-
o
(&)
el
(W)
o
>
o
-
T
w
E 5 s creased MPO activity, reduced induced nitric oxide synthase
a =
§ o 2 (iNOS) expression, and reduced nitric oxide (NO) synthesis
c < > . . . .
s B 22 and its stable metabolites.””''"""" Therefore, there is evidence
© o N v o <A . . . . . .
CS x8Y < g g o that the use of CBD improves intestinal inflammation in ex-
S 5 323 5 = . - . . .
° 8 = i g 3 5 perimental models. Similarly, the administration of CBD-rich
9T S o -3¢ . . . . L .
g g TQ aET &g R é C. sativa extract in mice promoted a reduction in intestinal
>c v =2, ¥RvwF = 9 . . R
£ 4,20y 288¢ S motility, colon weight/length ratio, and MPO activity, indicat-
B L =B T, U o < 8 = . . . P . 113
£Q =2 £28 3 =58 & ing an improvement in inflammation.
£8 ¢ 555 888 ¢% D) However, Naftali et al. (2017)""* evaluated the administra-
v > > S = S =
£8 8=z= 3822 3 tion of CBD in humans with CD and found no significant im-
S £akta £8£ E U X
P g provement in intestinal inflammation. Therefore, there is a
< = . . . ~ . .
8e S need for more studies involving CBD in humans with CD. In
© .2 ) o .. . N . ~ . .
£ B S ¢ @ § contrast, the administration of CBD-rich C. sativa extract in
=5 = = =
< 2 = humans with UC demonstrated greater remission of the dis-
KL = > )
= .= O
= @ . ’ . . . .
= S ease, better patients’ quality of life, and a reduction in the total
o
= S Mayo score, which is used to assess the UC stage by scoring
4 o -
s 2 the pattern and the presence of bleeding in the stools, endo-
w1
= . . .
§ =) o scopic results, and medical evaluation.'*
- = < £ . L . . .
o s 5 g THC is a cannabinoid present at high concentrations in C.
= = & g & < sativa; it has psychoactive activity and is therefore of limited
o £ € — S > 119 . . .
o 5~ S o =z use. ~ Conversely, in some studies, the use of this phytocan-
sl =182 g @] s
| E |5 ¢ 2 © g nabinoid presented beneficial effects on intestinal inflamma-
L | E | S =
S| < = & = o ; admini . ; aneti ;
S| < |8 g tion when administered alone or in conjunction with other

www.irjournal.org 403



therapeutical target to intestinal diseases I N T E s TI N A L RE s E ARC H

1Sor

d system as a prom

1nol

tal. * Cannab

iscila A. Lima, e

Pr

@ch 1X3U 3y} 0} panunuo))

“U0ISSIAX3 | -UIpPNed Pasealdu| -

‘ged-d pue ge-d Jo uoIssaldxa payqIyu| -

“U0J0D 3y} Ul AJIAIRIE OdIAl PIINPY -

"PJNP3J 9-7| PUB D-JN 4O S|2AJ| BWISE|d -

.(9102) bua4 ‘pAdNPaJ 1ybIam uojo) -

"SJUSWH3S UOJOI PUE WIN3|I Y3 Ul PAINP3J UM S43 AQ Paiesauab Sasuodsai 3|13esuo) -
‘AJI1I0W [BUNSIUI PISEII -
w(€07)n BulArdwa d13seb paAejaq -

"IW | M Y3 Ul PXgIYUI Sem U0 y3 ul gedd pue eged 4o uoileinbal aAINSOd -
W M Ut Aianae OdIAl PIdNpay -
"30IW [\ Ul PASEIIIP 249M (0-4NL 'gL-T71'9-T1 '£L-T) SSUPOIA AJOJBUIWE[SUI JO S]9AIT -
"PAINPI UM S|IAJ| S47 BWSE|d puB Pa3IgIyul Sem UO[1ed0[SURJ) [BlLId)deg -
*|-SU3PN|II0 BINUOZ Ul UOISSAIAX3 Paseasdu| -
"I ~[- $-J| Ul PIPUNOJ SBM S|[3 | +80D[+¥(D 40 Ol1e] JIMO|
¥ "01W [\ U3 U1 S123 | +8(0D/+7(0D JO 0leJ U Ul uoiaNpal e pajowoid OLz-NH Y] -
"SUIBJIS Y30q Ul Sayd1ed S J9A3d dy3 Ul S||93 | +£QD PIseald( -
"301W JO SUIBJIS Y10 Ul ISP BI0IQOIDIW [BUIISAIU| -
“[[9M SB 3SBI SIY3 Ul SSO| Y3 PISIAA 0L
-NH 3y "U0J0I Y3 Ul AJUO PILINIIO PUE SSI| SEM S[[3D 13]q0D JO SSO| Y3 'IW -[- H-J|| U] -
"2IW [\ O WINJ|I PUB UOJOI Y3 Ul S||3 313|906 JO S50 Pase.daq -
*2102s |ea1bojoyiedoisty
wleroz)un U3 pUB Xapul AJIAIIIE 3SEISIP Y3 Ul UOAINPaJ B pajowold OLZ-NH Y} 'dIW Y10q u| -

‘AUANDE OdIN PdNPY -
"3bewep 21dodsoudIw pue 21dodsodew JO 3Sed(] -
1o(¥007) esse "UOIIBWWE[SUI P3dUNOU0Jd 3SOW 3y} PeY JUSIDLRP-Y1 gD YlIMm DI -

J4YBI9M APOQ JO 3103S 43N Ul UIIS 2JIM SIBUBYD ON -
AAIOE OJIN P3ONPaY -
"3bewep 21d03soIW pue d1doISoIdeW JO 3581I3(] -

"321W INOXI0UY Ul 18-\l 4O 19943 AJOJBWWIBUI-IIUE U JO dUISQY

AAIOE OJIN PRINPaY

"31BJ3|IJUI []92 UNWIWI PISEIII(Q

o (710T) BUYDLY "3bewep 21U0j0d 21d03s0.DIW pue dId0ISOIIBW JO 358IIII(]

Ssa

Ssa

SaNd

SANL

Ssd

(so]eway Jey
pue s3|euw §ey) 201w 9/19/5)

91U 10D SN

a1 (-f-
F-411) INoX0u pue [\ f01/19£5D

JURIYIP-HYY PUB JUPYIP

-414D 301w | M N9/19£SD Slews4

W 1D SAB

-[- ¥2/190 "-/- 424D /- 414D
1N03%20UY pue RIW |\ LD SN

C-TLT'SSNIM

oLc-NH

L¥8-INV
sysiuobe Yzgd pue ¥1gd

(1eaA)

R TR SPIOUIQBUUED J[}DYIUAS JO UOIJEIISIUILIPE JIJJE S} NSDY

uoidNpul
uoljewiweluj

ewiuy

pIouIQeuuED J133Y3UAS

UOIBWIWE[JU| [BUIISIIU| JO JUSWIBII| SY Ul PISM) SPIOUIQRUUED) JNDYIUAS *p d1qe]

l.org

www.lrjourna

404



20(4):392-417

2021.00160 « Intest Res 2022;

ir.

//doi.org/10.5217/

https

INTESTINAL RESEARCH

(960d 1xau ay1 03 panuiuo))

o (710T) 1IBYEg 13

«.(1107) 03Ug

"PdNP3 UOoISSAIAX YNYW gL-T] -
'SE3JE UO[3BJI|N PUB DBUIUIIYY [9MOQ PIsead( -
‘p2NnpaJ 1ybiam Apoq pue 3es AlljelIo| -

"u3||AydoAied-¢g
40 SIO3443 |BI21JAUIQ Y3 PQIYul ISIuobeIue Yzg) Y3 4O UOIIelISIulWpe Y] -
‘AjaA33dsal '£9-1y pue £-3sedsed 4O S|9A3] Ay} buldnpal
AQ Passasse Sem Yd1ym 'anssiy J1U0|0d ul uoiesjoid ||33 pue sisoydode Jo uoIqIyu| -
'51039e} uondidsuesy pue NdvIA Aq
PI2NPUl | PUB ‘Z/LNYT ‘934D 'gM-4N Buirjoaul sAemyied buljeubis J0 UOBANDE S$37 -
“¥=71 4O S|3A3| P3Seadu| -
"PINP3J UM SAIAd0UNEIDY PuB DN/LTIXD ‘A-N4
'L -] '0-4NL SI0}eIPaW AJOIBWWESUI JO UOISSIAX3 SUI30Jd DIUO|0I S|AAI| puB YNYW -
"pdNPaJ sem AJIAIIE YN PUE OdIN -
“(ButuaRaIYY [|EMm [am0Q) s3bewep 21dods0.dIW
3y} pue (bu1ualioys uojod 'elwladAy ‘s193|n) sabewiep J1dodS0IIBW Y3 JO UOIRINPY -
"2103S AJIAI}OB ISEISIP AU} JO UOIINPIY -

"JUSWIE3J] 03 19834 10U Op $103d3d3J 2gD) 4O UO0ISSIAXS Y3 Ul Uoissiddns yaim DI -
"pdNP3I 2Jam AYIAIdE

SANL

2U0]0Zex0 'SSQ

RN

NIW 1AJ 9EN

NIW (/-

9g punodwo)

Ju3|jAydoAied-g

45(6007) 41015 OdIN PUE 'BUIU33I0YS UO|0I '(SUOISIYPE J1UOJ0d PUB $IJ|N) 403S bewiep J1d0IS0IB - SANL 42gD) InoXd0uy pue N9/19/5D LyCL-INY
sysiuobe yzgd
"UOIIBWIWEIJUI PRINPY -
(1002 022| A|OW [BURS3IUI PANPIY - 0 DIW Y| 3N 0v6'35dD
"$399449 JIX0103AJ JO AUISQY - sabeydoidew
40.(€107) ouewoy ‘PAJNPaJ Sem U0INPoId N - Sd1 |e3U011ad IW Y| 3B
"UOIIBWIWEIJUI PRINPY -
,.(0L07) [lequity ‘AYnowRdAy [euUISIIUI PISEIdIQ - INO NIW L qD 3N
oleajyul
AJOIBUWIWE[JUI PJNP3J PUB ‘WNISY3Id3 pazIjewlou '‘DUIUINIIYL SNW Y100WS PIseadd(] -
"PJNpPaJ 2Jam bewep Alojewiwieljul pue buiusnoys uojo) -
‘INO AQ paanpul uoireWWEUI
U3 01 paJedwW0d UIYM UOITBWIWIE[SUI QY3 31BNUIIIE O} PIPISU AJ3M SIsop J3bleT - SS¢ IW d/g1vg 3/ews4
RUARDE OdIN pINPRY -
“UOI1BZI[BWIOU 3]dSNW Y100WS PUB 'BWIIPI |BSOINWIQNS 4O UOIIBUIWIS
'31eJ1|14Ul AJO1BWWE[SUI OU 1SOW e 'SbeWED [e1]ay1lda 4O UOIIN|0SAJ 13|d W0 1SoW |y -
‘P3INP3J M BIYLIEIP
2.(9007) llequiry pue '3bewiep 21do3soIdew '310S UOIIBWIWE[LUI 'DUIULI0YS UOJ0d 'Uled 1ybiam uojo]) - NO RIW 1D 3. YDV
sysiuobe Y19
(1eahy SPIOUIQBUUED J133YJUAS JO UOIIBIISIUIWPE JILJE S} NS uonanpul ewiu Ioulqeuued d133YuA
JoyIne 3siiy plouiq I}3Y3JUAS § 1je3siulwpe Jajje s3nsay uorewwElU| lewiuy plouiq I_YJUAS

panunuo) v 31qeL

405

l.org

www.irjourna



therapeutical target to intestinal diseases I N T E s TI N A L RE s E ARC H

1Sor

d system as a prom

1nol

tal. * Cannab

iscila A. Lima, e

Pr

(260d 3x3u 3y1 07 PanuU0))

"U33|ds pue ‘g7 'NTIAl Y3 Ul U0ISSIdXa+9IAT PIdNP3Y -

"YZgD Ul €EL-MHT 40 Uonde 3yl ybnoayl S|j3d | pa1eAilde Jo sisoydode pdnpuj -
‘7 PUB U33[dS 3y} Ul S||32 1SBW PISEII( -

73U} UI'S|[93 1L YN Padnpay -

‘1 PUE N ‘U23]ds U3 U1 SJ13 1 +690++0D PaUI( -

"NTIA Y3 Ul 1d3dx3 's)j3d | +8@D Ul 3bueyd oN -

“U93]ds Y3 U1 S||92 | +HQD Pasealdu] -

‘d1 PUB NI U3 U1 SJ[32 | +4() Paseaida -

J}JeW UOIBAIE |90 | B 'gg -1 JO U0Issaidxa ay) parejnbal-umo( -
SI199 0zZ2g A9 98D Pue '08Q) 0 UoISsIdXa 3y pasealdu] -

"3JN33311Y2.E (132 139|906 pue Jejnpuelb paolsal Ajjened -

‘7 5,U0J0d 3Y3 Ul 'S31Ad0ydWA| Ajurew 'S31eal|iyul 33A04N3| Ul PISe3I3( -

SI31]03 JIU0IYD

,2(2107) ybuis "padNpaJ sem sso| JyblamApog - snoauejuods RIW -[- OL-7| 3JewA
JUaW3E3J} 0} 19834 J0U 0P U0IssaIddns YzgD Yiim DI -
‘AUANDE OdIN PRINPRY -
"padNpaJ
«(6007) 11035 3J9m BUIULIOYS UOJOD PUE (SUDISIYPE JIUOJ0 PUB $1|N) 2403S dbewiep J1d0dS0Ie - SANL IW N9/19£5D
"PdNPaJ AeJ}|Iul Aojewwe)ul -
"pazijewiou wnippyidy -
"Pase.23p HUIUBIYY 3dSNW Y1o0WS -
"PINPaJ Sem abewep J1doISoIe - DIW d/g1vd
"UOITBWWE[JUI 35BIIIIP
10,(900) [BqUIy 01 SI11]03 PAANPUI-]\Q Ul UBY3 PuISOp 1uanbaiy sJow pue s3sop Jaybiy palinbas i) - Ssa dew
RUARDE OdIN pINPRY -
"dueleadde
JPSNW Y100WS [BWIOU PUEB 'BUIIPS [BSOINWQNS JO UOIIBUIWI|S '31eJ1|IJUl AlojewiWeliul
UB JO 90U3SQE JB3U B 'Sbewiep [el[ayiids JO U0IINj0saJ 913]dWw0d AjJeau p1esIsuows( -
"PIdNP3J UM BIYIBIP
£2,(9002) llequiry pue 'sbewep 21d0dS0IdeW '3103S UOITBWWE[IUL 'BUIUSLIOYS UO|0d ‘uleb 1yblam uojo)) - NO 0IW | gD S
L(¥00T) uosiyiepy ‘AJljn0W [BUNSIIU| PIdNP3Y - Sd1 sies Asjmeq-anbeids sje|y €EL-MHI
M9S0L4-d pue YOLw-d JO [9A3] PASE.(] -
MdINY-d 10 [SAS] pasealou| -
"PISEIUIL NLSDS PUB 'L-U11939 '|-€D7 '1-€D7 40 uoniodold - sabeydoidew
"pJNPaJ Aam gL -] pue ‘gL-7j0id yNYw ‘onnes Gid | -dsed/ozd | -dsed 'suisoid g4yIN - SSa/Sd1 |eauo3liad 321w 9/19/8D 3N
"L-U11939 pue '|-£J7 '1-€J7 40 uontodoid paseadul y] -
‘Padnpai LNLSOS uojo) -
'pdNPaJ Aam gL -] pue ‘gL-7j0id yNYw ‘ones Gid | -dsed/ozd |-dsed 'suisioid g4yIN -
4(9107) "91e43|1JUl AJoJBWWE[JUI PUB 'DUIUSLIOYS UOJOD 'Bayielp Ap00|q 'SSO| 1YyDIam paseasda( - ssa 0IW 9/19£8D 3N 80€-NH
(1eahy SpIoUIQBeUUERD JI3AYIUAS JO UOIIBIISIUIWPE J}JE S}NSD uononpul ewiu I0UIqeuUE.d J133YJuA
Joy3ne 3siiy plouiq 139Y3uAs J 1je3siulwpe Jajje s3nsay uoneLIElU| lewiuy proulq 133YJUAS

panunuo) v 31qeL

l.org

www.lrjourna

406



INTESTINAL RESEARCH https://doi.org/10.5217/ir.2021.00160 « Intest Res 2022;20(4):392-417

cannabinoids.
Jamontt et al. (2010)
tion of THC alone or in combination with CBD resulted in de-

"5 demonstrated that the administra-

First author
(year)

creased weight gain and macroscopic damage in the intes-

Romano (2013)'

tines of rats, in addition to reducing MPO activities and im-
proving the contractile response of the intestinal muscles. In
humans with CD, the administration of THC promoted an in-
crease in the patients’ quality of life, greater remission of the
disease, and improved appetite and sleep."® Regarding the si-
multaneous use of CBD and THC, it is worth mentioning that
some studies report that the negative allosteric modulation of
CBD in CB1R might reduce the adverse effects of THC."**
Another phytocannabinoid with potential application in the
treatment of IBD is CBN, a product of THC oxidation, found in

" Tn a model of intestinal inflam-

large quantities in C. sativa.
mation using CO, it was found that CBN inhibited the increase
in intestinal motility and contributed to an anti-inflammatory

effect.""”

Nonetheless, further studies are required to better
understand and elucidate the applications of CBN.

Besides these compounds, another potential drug for the
treatment of IBD is CBG, which, like CBD, does not display

psychotropic effects."*"*"*' Borrelli et al. (2013)""* analyzed

Results after administration of synthetic cannabinoids

the effect of CBG administration in male ICR mice, in perito-
neal macrophages, and in epithelial cells of the PTK6 knock-
out colon of these animals. In mice that received this drug, it
was found that there was a reduction in the weight/length ra-

- Bodyweight loss was reduced.

- Decreased lymphocyte infiltration.

- Inflammation scores and histological damage were reduced.

- Decreased CD11b+ expression in the MLN and LP.

- Reduced IFN-y in the spleen and LP.

- Protective effect against colitis through activation CB2 receptors.

- Reduced nitrite levels.

tio of the colon, damage to the colon, intestinal permeability,
MPO activity, iNOS expression, and levels of IL-1p and IFN-y.
The authors also described an increased superoxide dismutase
(SOD) activity and IL-10 levels. Finally, Ki-67 cells were detect-
ed in the lower half of the mucosa, thus indicating their prolif-

LPS

Inflammation
induction
DSS

eration. In mice untreated with CBG, Ki-67 was detected mainly
in inflammatory cells. In the peritoneal macrophages, the syn-
thesis of nitrites was decreased, and the levels of iNOS were
reduced. In the epithelial cells of the PTK6 knockout colon, the
synthesis of reactive oxygen species (ROS) was reduced. There-

Animal

fore, the authors suggested an anti-inflammatory effect of
CBG in the colon.
Likewise, another phytocannabinoid, CBC, has shown a

Male ICR mice peritoneal
macrophages

C57BL/6 WT mice

protective effect against IBD. In mice with CO-induced inflam-
mation, it was found that the administration of CBC promoted
a decrease in intestinal motility and inhibited ileum contrac-
tions induced by ACh and electrical field stimulation (EFS).”
In another study, in mice with DNBS-induced inflammation,
the administration of CBC led to a reduction in tissue damage,

Synthetic cannabinoid

the colon weight/length ratio, intestinal permeability, and MPO

associated protein light chain 3; p-AMPK, phospho-adenosine monophosphate-activated protein kinase; p-mTOR, phospho-mammalian target of rapamycin; LP, lamina propria; MLN, mesenteric

IKK, Inhibitor of nuclear factor kappa-B kinase; MAPK, mitogen-activated protein kinase; NLRP2, Nod-like receptor Pyrin Domain Containing 2; SQSTM1, sequestosome 1; LC3, microtubule-
lymph node.

hydrolase; DNBS, dinitrobenzene sulphonic acid; LPS, lipopolysaccharide; IL, interleukin; TNF-a, tumor necrosis factor a; EFS, electrical field stimulation; ACEA, arachidonyl-2'-chloroethylamide;
OM, oil of mustard; ICR, Institute of Cancer Research; CO, croton oil; NAG, N-acetylglucosaminidase; CREB, cAMP response element-binding; ERK1/2, extracellular signal-regulated kinase 1 and 2;

CB1R, cannabinoid receptor 1; CB2R, cannabinoid receptor 2; WT, wild type; DSS, dextran sulfate sodium; MPO, myeloperoxidase; TNBS, 2,4,6-trinitrobenzene sulfonic acid; FAAH, fatty acid amide

Table 4. Continued

www.irjournal.org 407
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First author
(year)

Sasso (2015)%

Location of the enzymes or
inhibitors
homogenates using a competitive

PGF2a levels were measured in rat brain
enzyme immunoassay.
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MAGL selective inhibitor

Alhouayek

In vitro assay in radiolabeled

- Macroscopic lesions are prevented in the colon.

- Edema reduced in the submucosa.

- Mucosa structure normalized.

TNBS

Male C57BI/6

JZ1-184

(2011)%®

2-oleoylglycerol was used as substrate
for MAGL activity in mice colon samples.

mice

- Leukocyte infiltration reduced.

- mRNA levels of IL-12, IL-6, IL-1, TNF-a, IP-10 were

reduced.
- mRNA levels of MCP-1 and MIP-1 were decreased.

- Plasma LPS levels were reduced.

AEA, anandamide; AA-5-HA, N-arachidonoyl-serotonin; DNBS, dinitrobenzene sulphonic acid; MPO, myeloperoxidase; 2-AG, 2-arachidonyl glycerol; TNBS, 2,4,6-trinitrobenzene sulfonic acid; PCR,

polymerase chain reaction; FAAH, fatty acid amide hydrolase; TNF-a, tumor necrosis factor a; IL, interleukin; IC50, half-maximal inhibitory concentration; LC/MS/MS, high performance liquid
chromatography tandem mass spectrometry; OM, oil of mustard; CB1R, cannabinoid receptor 1; COX, cyclooxygenase; DSS, dextran sulfate sodium; PGF, prostaglandin F2a; IP-10, IFN-gamma-

inducible protein-10; MCP-1, monocyte chemoattractant protein-1; MIP-1, macrophage inflammatory protein-1; LPS, lipopolysaccharide; MAGL, monoacylglycerol lipase.

https://doi.org/10.5217/ir.2021.00160 « Intest Res 2022;20(4):392-417

activity. Furthermore, CBC reduced the effect of DNBS on cell
proliferation, with mitotic activity being restricted to half of the
mucosa, as identified by Ki-67 immunoreactivity.'*

In Table 3, we summarize the studies that investigated the
applications of phytocannabinoids as potential treatments for
intestinal inflammatory disorders.

Synthetic cannabinoids, such as the non-selective CBR ago-
nists AM-841, HU-210, and WIN55,212-2, the CB1R agonists
arachidonyl-2"-chloroethylamide (ACEA) and CP55,940, and
the CB2R agonists AM-1241, B-caryophyllene, compound 26,
HU-308, and JHW-133, are analogs of endocannabinoids and
phytocannabinoids or compounds that have been synthe-
sized to mimic the action of natural cannabinoids."'

Studies in mice with induced intestinal inflammation by ir-
ritating substances, such as DSS, DNBS, and TNBS, in which
the mice were treated with non-selective CBR agonists (AM-
841, HU-210, and WIN55 212-2), mainly showed that the ad-
ministration of these drugs generated protection against intes-
tinal inflammation, as evidenced by decreased macroscopic
and microscopic damage, inflammatory infiltrate in the intes-
tine, and MPO activity.”"*"'*

Similarly, the administration of synthetic CB1R agonists
(ACEA and CP55,940) in mice with induced intestinal inflam-
mation has shown that these substances have anti-inflamma-
tory and antioxidant actions. For instance, treatment with
ACEA led to weight gain, shortening of the colon, and reduced
macroscopic damage, diarrhea, intestinal hypermotility, MPO
activity, inflammatory infiltrate, and nitrite production, dem-
onstrating the protective effect of this drug.'”*'*'*' The use of
CP55,940 demonstrated a reduction in intestinal motility and
inflammation.""”

CB2R agonists (AM-1241, B-caryophyllene, compound 26,
HU-308, JHW-133) were also evaluated in experimental mod-
els of induced inflammation. Macroscopic damage, such as
ulcers and adhesions, and microscopic damage, such as thick-
ening of the intestinal wall, shortening of the colon, inflamma-
tory infiltrate, the expression of inflammatory mediators, and
the activities of MPO and N-acetylglucosaminidase (NAG),
were reduced with the administration of these drugs in mice
with induced intestinal inflammation.”**'*>'*°

Furthermore, Bento et al. (2011)"*
istration of B-caryophyllene promoted a loss in the signaling
pathways involving NF-kp, CREB, ERK1/2, and IKK (as in-
duced by MAPK and transcription factors) and an inhibition

observed that the admin-

of apoptosis and proliferation in colon tissue (as demonstrat-
ed by a reduction in the levels of caspase-3 and Ki-67). Anoth-
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er study showed that the administration of HU-308 reduced
Nod-like receptor Pyrin Domain Containing 3 (NLRP3), the
ratio casp-1 p20/casp-1 p45, and the expression of prolL-1§
and IL-1p mRNA (of SQSTMI in the colon) and increased the
levels of LC3-II, LC3-1, and beclin-1, which are related to in-
creased autophagy.”

Among the selective CB2R agonists, the synthetic drug JHW-
133 is one of the most studied in the literature. The administra-
tion of this drug in mice and rats with induced intestinal in-
flammation resulted in a reduction in intestinal motility, weight
gain, shortening of the colon, macroscopic damage, diarrhea,
MPO activity, inflammatory infiltrate, bodyweight loss, and ni-
trite levels, leading to an improvement in the inflammatory
condition of the animals.™*>'*'"'*7

Furthermore, some authors found that in CB2R-deficient mice
or WT mice treated with an antagonist of this receptor, the anti-
inflammatory effects promoted by AM-1241, B-caryophyllene,
and JHW-133 were not observed, confirming the action of these
substances through the activation of CB2R.*'**

Table 4 shows the description of the animals, the substances
used to induce intestinal inflammation, and the results ob-
tained in each of the studies after the administration of CBR
agonists (selective and non-selective).

ENZYME INHIBITORS AND CELL REUPTAKE
INHIBITORS OF ENDOCANNABINOIDS, AS
POTENTIAL DRUGS FOR THE TREATMENT OF
CHRONIC IBDs

Several studies have shown that during intestinal inflamma-
tion, CBR is overexpressed, endocannabinoid synthesis is in-
creased, and the activity of the metabolizing enzymes of these
ligands is reduced to restore the balance in the body.”*****%
Thus, substances that inhibit the degradation of the main en-
docannabinoids—AEA and 2-AG by the FAAH and MAGL en-
zymes, respectively—and compounds capable of inhibiting
the reuptake of these endocannabinoids were seen as poten-
tial drugs for the treatment of IBD.

The administration of the AEA enzyme hydrolysis inhibitor,
arachidonoyl serotonin (AA-5-HT), in mice with DNBS-in-
duced colitis promoted a reduction in macroscopic and histo-
logical scores and MPO activity.” The use of VDM-11, an AEA
reuptake inhibitor, mainly promoted a decrease in macrosco-
pic and microscopic damage, histological score, and MPO ac-
tivity.87,97

Moreover, the use of FAAH inhibitors (URB-597, compound

410

39, and PF-3845) in mice with induced intestinal inflamma-
tion demonstrated, above all, a reduction in macroscopic and
microscopic damage, histological scores, bodyweight loss,
MPO activity, inflammatory cytokines, and mortality rate and
even normalized the architecture of intestinal tissues.”**'**'*
Furthermore, the administration of ARN-2508, an inhibitor of
FAAH, COX-1, and COX-2, demonstrated that the bodyweight
loss, mortality rate, and intestinal inflammation of the mice
were reduced.”

In another perspective, JZL-184, a selective MAGL inhibitor,
when administered to mice with TNBS-induced intestinal in-
flammation, reduced macroscopic lesions, decreased submu-
cosal edema, normalized mucosal structure, and reduced leu-
kocyte infiltrates, the levels of the inflammatory cytokines
MCP-1 and MIP-1, and the plasma levels of LPS.”

Thus, several studies in experimental models have shown
that the use of endocannabinoid-enzyme inhibitors and en-
docannabinoid reuptake inhibitors is capable of promoting
improvement in the intestinal inflammatory profile, being po-
tential drugs for the treatment of IBD (Table 5).
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Fig. 4. Cannabinoid agonists effects in the requlations of intesti-
nal inflammatory diseases. Upon activation, both cannabinoid re-
ceptors 1 and 2 (CB1R and CB2R) will modulate several pathways
and endogenous mechanisms leading to the reductions of proin-
flammatory cytokines, interleukins (ILs), oxidative stress molecules
and inflammatory infiltrate. iINOS, induced nitric oxide synthase;
NO, nitric oxide; ROS, reactive oxygen species; NAG, N-acetylglu-
cosaminidase; MPO, myeloperoxidase; SOD, superoxide dismutase.
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CONCLUSIONS

As summarized in this review, during UC and CD, the expres-
sion of CB1R and CB2R and the synthesis of endocannabi-
noids are increased, and the activity of cannabinoid metabo-
lizing enzymes is decreased. Thus, potential therapeutic ap-
proaches for UC and CD have been identified with the use of
CBR agonists, which include endocannabinoids, phytocan-
nabinoids, synthetic cannabinoids, inhibitors of endocannabi-
noid metabolizing enzymes, and AEA reuptake inhibitors.
These compounds, when evaluated in experimental models,
demonstrated antiproliferative, antinociceptive, antioxidant,
and anti-inflammatory actions, by regulating the levels of in-
flammatory cytokines, iNOS, NO, ROS, and the activities of the
enzymes MPO, SOD, and NAG. In addition, they lead to an in-
crease in the expression of anti-inflammatory cytokines, such
as IL-10 and IL-4 (Fig. 4).
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Studies in humans are scarce and, when performed, cover a
limited sample, making it difficult to assess the efficacy of can-
nabinoids used in the treatment of UC and CD. Nevertheless,
CBR agonists, inhibitors of the reuptake of AEA and 2-AG, and
inhibitors of the enzymes that degrade endocannabinoids are
promising drugs in the management of these diseases. How-
ever, comparative research on these substances is lacking, al-
though such research is necessary to better evaluate the best
therapeutic options for long-term use in the treatment of IBD.

Given the importance of the cannabinoid system in gastro-
intestinal tract homeostasis (Fig. 5) future clinical studies are
needed to better evaluate the risks and benefits of prolonged
treatment using substances that interact with this system, the
possible drug interactions, and the adverse effects of using
cannabinoids, to guarantee the effectiveness of treatment and
patient safety.
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Fig. 5. Schematic representation of endocannabinoid metabolic pathways. (A) Synthesis of the endocannabinoid system (ECs) and en-
zymes enrolled in endocannabinoid hydrolysis in neurons; (B) overall representation of synthesis and degradation of endocannabinoids in
the gastrointestinal tract (Gl) tract. The cannabinoid receptor 1 (CB1R) is expressed in mostly all the Gl tract, especially in the colon, where
it can be found in epithelial cells, smooth muscle, and submucosal-myenteric plexus.™ Although cannabinoid receptor 2 (CB2R) expres-
sion is found in immune cells, such as lymphocytes and antigen-presenting cells (APCs), it can also be found in the enteric nervous sys-
tem.**'* The endocannabinoid precursors are produced by the remodeling of phospholipids and will be produced on demand. N-acyl-phos-
phatidylethanolamine-selective phospholipase D (NAPE-PLD) is responsible for the synthesis of ECs such as anandamide (AEA), oeoyleth-
anolamide (OEA), and palmitoylethanolamide (PEA); and diacylglycerol lipase (DAGL) will lead to 2-arachidonyl glycerol (2-AG). The ca-
tabolism of these first ECs will be mediated by fatty acid amide hydrolase (FAAH), expressed through the Gl tract, but it can also occur by
other enzymes such as cyclooxygenase 2 (COX-2). 2-AG is mainly catabolized by monoacylglycerol lipase (MAGL), and this enzyme is ex-
pressed from the epithelium to the muscle layers and enteric neurons.**'*’ AA, arachidonic acid: NAAA, N-acylethanolamine acid amide hy-
drolase; PLC, phospholipase C; DAG, diacylglycerol; Pl, phosphatidylinositol; CDTA, calcium-dependent transacylase; PE, phosphatidyletha-
nolamine.
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