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ABSTRACT

Background and aim: Inflammatory bowel disease (IBD) and colorectal cancer
(CRC) are the two most important pathologies ofgastrointestinal tract. They
affect millions of people around the world, with a higher incideaoel
prevalencen developed countries, and their prevention and treatrepnésent

a global health concern. The recently discovered endocannabinoidome is a
diverse and complex system of lipid mediators and their receptors and enzymes
that has been reported to play a role in various phyaibological processes such

as inflammation, immune responses, and energy metabolism. The gut microbiota,
which contains ttlions of different microorganisms, plays a key role in gut
iImmune homeostasis, and recent evidence suggests that an imbalatsce in
compositionis involved in the onset and development of IBD and CRC. The
endocannabinoidome (eCBome) and the microbiomélme) are closely
related and are thought to form the eCBdnmaiBlome axis. In this thesis, by
modaulating either the eCBome or the miBlome, explore the possible role of

this axis in the development of colon inflammation and tumorigenesis.

Materials and methods:We investigated the effect of the eCBommiBlome

axis on IBD and CRC, using receptor ligands, enzymatic inhibitors, genetic
deletion of receptors and depletion of gut microbiota in chemically induced
models of IBD and CRC. Filgt, we examined the effect of cannabidivarin, an
agonist of TRPAL (ion channel belonging to the eCBome) administered via oral
gavage or intraperitoneal injection, either with or without a selective TRPAL
antagonist, in both DNBSand DSSnduced models of IBDmeasuring
inflammatory parameters, such as colon weight/colon leradib, histological
damage, myeloperoxidase (MPO) activity, intestinal permeability, inflammatory
cytokines levels, TRPAL expression levels and gut microbiota composition;
addition, we investigated the effect of CBDV treatment in biopsies from UC

paediatric patientson#l b pr oducti on.



Secondly, we investigated the synergistic effect of cannabidiol, an inhibitor of
FAAH (a serine hydrolase responsible for the degradation of some eCBom
mediators), and fish oil (FO, which contain PUFASs) administered by oral
gavage in the DNBSand DSSinduced ulcerative colitis models, measuring
colon weight/colon lengtinatio, anxietylike behaviour, disease activity index
(DAI) score, MPO activit, intestinal permeability, inflammatory cytokines
levels, gut microbiota composition and eCBome lipid mediator content.

Thirdly, we investigated the impact of genetic deletion 8 (member of the
TRPs channel family belonging to eCBome) on colon oagenesis and
associated changes in gut microbiota composition.

Finally, we investigated the effects of altering the gut microbiota using antibiotics
or germfree conditions in the DNEBBduced models of IBD by assessing
inflammatory parameters in the colgoolon weight/colon lengthratio, DAI

score, inflammatory cytokines, MPO activity) and associated changes in eCBome
lipid mediator levels.

Results: Oral administration of cannabidivarin by gavage counteracted intestinal
inflammation by reducingin a TRPAL dependent mannesigns of colitis
induced by DNBS or DSS administration, such as colon weight/colon length
ratio, MPO activity, intestinal permeability, histological damage and
inflammatory cytokine production. It also alters the profile of the gutahiota
andreducesH1 b i n biopsies from paediatric
Co-administration of per se inactive doses of FO and CBD produced anti
inflammatory effects in DS8eated mice by decreasing colon weight/colon
length ratio, MPO activity, DAI score, intestinal permeability, histological
damage and inflammatory cytokines production increased by DSS. In contrast,
no effect was observed on anxkike behaviour induced by DSS. An altered
composition of the gut microbiota was demoatgd. The antinflammatory

effect of ceadministration of FO and CBD was also confirmed in the DNBS



induced model. The synergistic effect was neither due to an increase in CBD
bioavailability by FO nor to a change in eCBome mediator levels.

Mice with a genetic deletion of Trpm8 showed a lower susceptibility to colon
cancer development. Deletion of Trpm8 alters the composition of the gut
microbiota in both healthy and AOMeated micejn AOM treated mice, the
deletion ofTrpm8increases thebaindance of CR@rotecting families, such as
Ruminococcacead.achnospiraceaend Lactobacillaceag while reducing the
abundance of CR@elated families, such &urkholderiaceae

Finally, germfree conditions, but not antibiotic treatment, affected inflzimim
parameters in DNB$1duced colitis by reducing colon weight/colon lenggho

and theexpressiorof inflammatory cytokines. This effect was accompanied by
changes in eCBome mediators involved in inflammation, such as
oleoylethanolamide, linoleoyledinolamide and docosahexaenoylethanolamide.
Conclusions: In conclusion, by studying the eCBonie miBlome axis in
experimental colitis and colon cancer, we highlight the crucial role of this axis in
the development of IBD and CRC and propose it as an innevairget for the

treatment of these diseases.
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INTRODUCTION
1. Theendocannabinoidsystem
1.1 Cannabisand phytocannabinoids

The plantCannabis sativas considered one of the oldest sources of textile
fibre (EISohly et al., 2017)it was used as a medicinal plant in ancient China as
early as the sixth century BC, but its use in European medicine was not
established until much later, in the™&:ntury.

The effects ofCannabis sativdnave long been lawn, with its resin being used
extensively in India as a medicine. Numerous efforts have been made to identify
the active componesbf Cannabis sativdMechoulam, 2000)To date, at least

500 phytochemicals have been isolated fthm plant of which more than one
hundred are terpenophenolic compounds known as phytodaormsylzzo et

al., 2009; Gulck and Moller, 2020} he first phytocannabinoid isolated frain
sativawas cannabinol (CBN) froma red oil extracproduced in the late 19
century. Its structure was elucidated by R.S. Cahn in the early 1930s and its
chemical synthesis was achieved in 1940. Cannabidiol (0B@ure ) was
isolated from Cannabis by Adams ad colleagues in 1940, while
ogP-tetrahydrocannabindgb®-THC) was extracted by Wollner, Matchett, Levine
and Loewe in 1942. The struc%*THCwes and
elucidated by Raphael Mechoulam in 1963 and 1964, respectively, and both
compounds were synthesised in Mechoulam's laboratory in 1Pé&wee,
2006)

Chemically, these compounds are meroterpenoids avigsorcinyl core,
usually with a parasoprenyl,-alkyl or -aralkyl substituent. They occur naturally
in plants such a8. sativa the best known and best studied plant, but not the only
one capable of producing phytocannabinoids; indeed, seRinaldodedron

species Helichrysum umbraculigerurhess. Asteraceag the edible roots of



Figure 1. Pytocannabinoids: structures and natural soy@eakk and Moller, 2020)
Abbreviations: @C, cannabichromene; CBCA, cannabichromenic acid; CBCV, cannabichromevarine; CBCVA,
cannabichromevarinic acid; CBD, cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarine; CBE,
cannabielsoin; CBG, cannabigerol; CBGA, cannabigerolic acid; CBL, canmabil o*THC,
ot etrahydr o€TaHhAaM iegh o lath y dr o ¢ a n%r HCi Arvétetiadeydroaanriatuivarinicp
ac i 9T, H QY %tetrghydrocannabivarine.



Glycyrrhiza foetida Desf. Fabacea® Radula perrottetiand R. marginata
(Radulaceag Cylindrocarpon olidumNectriaceag¢ and Amorphafruticosal.
(Fabaceagare able to produce compounds with a cannabinoid backbaned
1).

Based on their chemical structure, they differ inemnabigero{CBG),
cannabichromene (CBC), canmad i o | (°-aBdPefrahydrapannabinol
( BTHC), Ftranst et r ahy dr o &AHC)H achnnabioytlol (CBh),
cannabielsoifCBE), cannabinol (CBN), cannabinodiol (CBND), cannabitriol
(CBT); in the plantC. sativa the most abundarythocannabinoidare trans
q¥-THC, CBD, CBC, and CBG(Elsohly and Slade, 2005; Gulck and Moller,
2020) These compoundare present iCannabismainly as acids that are
decarboxylated whette plant isdried

Since the discoveryo f t STEIC stpucture, research into the
pharmacology of cannabinoids has increased significantly, largely due to the
recreational use dfannabisin the UK and other Western countries. Preclinical
and clinical studies, focusing mainly on the psychoactive propefti€armabis
rather than its t he%THA®isthetmaio contsbetarto s ho
the psychotropic properties of the pléaertwee, 2006 By contrast, CBD, CBG,

CBC, CBDVare noreuphoric cannabinoids.
1.2 Cannabinoid receptors

As phytocannabinoids are highly lipophilic molecules, it was initially
assumed that these compounds exert their various biological ¢fffiexigh non
specific disruption of cell membrangZou and Kumar, 2018) Later, the
existence of a specific receptor was proposed, as the pharmacological activity of
psychotropic cannabinoids was significantly influenced by chemical structure
and stereoselectivity due to the presence of chiral cqiitmglett et al., 2002)

In the mid1980s, the discovery of the ability of phytocannabinoids to act via a
Gip protein to inhibit denylate cyclas¢Howlett and Fleming, 1984and the
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presence of higlaffinity binding sites for cannafoids in rat brain membranes
(Johnson et al., 1988provided definitive evidence for the existence of
cannabinoid receptors. Further confirmation of the existence of this receptor came
in 1990 with the cloning of cannabinoid recepigiCB,) first in the rat(Matsuda

et al., 1990pnd then in human&erard et al., 19919nd cannabinoid receptor

2 (CB) in 1993(Munro et al., 1993)

Both CB, and CB receptors are G protecoupled receptors (GPCRS) that
contain seven transmembrane spanning don{&igsire 2).Activation of these
receptors inhibits adenylyl cyclase activity, ipitg various calcium channels,
activates potassium influx, reduces cell excitability and alters responses to
various neurotransmitters by reducing their release.

CB; was first discovered in the brain and is highly expressed in most
regions of the central emvous system (CNSjZou and Kumar, 2018)In
particula, CB; is strongly expressed in the cerebral cortex, basal ganglia,
periagueductal grey, hypothalamus, amygdala and cerebg@llerkenham et al.,
1991) As expectedCB; receptor expression is low in brain regions not affected
by cannabinoids, such as the respiratory centres of the medulla, but high in the
medullary nuclei of the brainstem, where it acts in the primary integrative centres
for the cardiovascular systeand vomiting (nucleus of the solitary tract and area
postrema, respectivelyiHaspula and Clark, 2020} B; is moderately expressed
in the spinal cord; here, it regulates nociception of afferent nerve fibres such as
the trigeminal ganglion, dorsal root ganglion and dermic nerve terminals of
primary sensory neuroriZou and Kumar, 2018)

Neuroanatomical studies have found that @Bnainly expressed in presynaptic
terminals of different neuronal circuits (GABAergic, glutamatergic,
dopaminergic, cholinergic, noradrenergic and serotonergic neurons), where it
mediates retrograde signaling of endocannabinoids (the endogenous ligand fo
CB receptors, see neXgjou and Kumar, 2018; Haspula and Clark, 2020)
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Figure 2. Cannabinoid receptors: structyidua et al., 2020nd locationgAn et al., 2020)

Abbreviations:CBs, cannabinoid receptdr; CB,, cannabinoid recepte.
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CB; is also abundantly expressed in the peripheral nervous system (PNS) as well
as in peripheral tissues in a regigpecific manner; CBreceptor expression has
been found in fat (adipocytes), liver, pancreas and skeletal m(Melekie,

2008) CB; is also expressed in the enteric nervous system and inewoonal

cells of the intestinal mucosa, including enteroendocrine cells, immmilsacd
enterocytes; hereCB; modulates gastrointestinal tract mobility, secretion and
permeability(lzzo and Sharkey, 2010)

In contrast, CB receptor expression in the CNS is very low under
physiological conditions, although neuroinflammatory conditions have been
shown to lead to upregulation of € glial cells. CB is mainly expressed in
immune cells and lymphoid tissuedeed, high levelof CB are found in cells
involved in both innate and adaptive immune responses, such as spleen, thymus

and peripheral blood mononuclear célaspula and Clark, 2020)
1.3 Endocannabinoidc

After the successful discovery of cannabinoid receptors (CBRs), questions
have arisen regardingndogenouscannabinoidslike substances capable of
bi nding CBRs at-THChThis leddonie discovéneof thesfirstg
endocannabinoid (eCB)-Brachidonoylethanolamide (AEA), or "anandamide”,
from the Sanskrit wordU n a h Liteaally meaning "bliss", and amid®evane
et al., 1992) Anandamide, a derivative of arachidonic acid first identified in pig
brain, can act as a partial agonist of;®@Bth very high affinity, but with lower
activity towards CB (Pertwee, 2015)The fact that AEA cannot fully reproduce
t he ef f ectSTHlettocthe discdvery ingi995 of anotheCB, 2-
arachidonoylglycerol (AG) (Mechoulam et al., 1995; Sugiura et al., 1995)
While AEA is mildly selective for CBreceptors, 22AG has moderataffinity and
Is a full agonist for both CBand CB receptorgDi Marzo and [@ Petrocellis,
2012)
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Unlike many neurotransmitters, which are stored in intracellular deposits
and then rele&sl following cell stimulation, eCBs are produced "on demand"
from membrane phospholipids in response to specific stifpularzo and De
Petrocellis, 2012) the biosynthetic pathway differ between AEA, an
acylethanolamine (NAE), and&G, anacylglycerol (Figure 3).

The best studied biosynthetic pathway of NAEs is the transacylation
phosphodiesterase reaction, which can be divided into two stepsagylation
of phosphatidylethanolamin@E) to produce Mcylphosphatidylethanolamine
(NAPE) by Nacyltransferase (NAT) activity and (ii) hydrolysis of NAPE to give
NAE by the enzyme Mcylphosphatidylethanolamine (NARBRYydrolysing
phospholipase D (NAPPLD). This pathway was confirmed for AE
biosynthesisn 1994, having Narachidonoylphosphatidylethanolamine (NArPE)
as aprecursor (Figure 3Di Marzo et al., 1994)

The major pathway of -AG biosynthesis involves the sequential action of
phospholipas€ (PLC) on phosphatidic acidPA) or phosphatidylinosito(PI)

via a diacylglycerol intermediate and then diacylglycerol lipase (DAGL) with the
formation of 2AG (Figure 3)(Ueda et al., 2013)

Endocannabinoids are metabolised by two different pathways: hydrolysis and
oxidation. Two hydrolases are involved in the hydrolysis of AEA: fatty acid
amide hydrolase (FAAH) and -Blcylethanolamindydrolysing acid amidase
(NAAA). While the first is more spefic for AEA and is bound in the cytosol to
the membrane of mitochondria and endoplasmic retici(aualyas et al., 2004)

the second is momspecific for other NAEs (such as palmitoylethanolamide) and
is localised near acidic organelles such as lysos¢nsesoi et al., 2007)pn the
other hand, AG is hydrolysed mainly by the selective enzyme
monoacylglyerol lipase (MAGL).

Other enzymes are involved in the oxidation pathways: in particular,
lipoxygenases (LOXs) and cyloxygengs€COX-2), which oxidise arachidonic
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acid (AA) as a component of AEA andAL; in addition, AEA can also be
oxidised by cytochrome P4%Rouzer and Marnett, 2011)

Therefore, the endocannabinoid system (eCBS) has been defined as an
endogenous system consisting of twoGK23 (CB and CB), two lipid mediators
that can bind and activate these receptors (AEA aAGP and the enzymes
responsible for their production and degradation (mainly FAAH, NAAA and
MAGL).

1.4 The expandedendocannabinoid systenfiendocannabinoidome

As described before, with trescovery of cannabinoid receptors ahd
endogenous lipid mediators that can activate them, a new endogenous signalling
pathway was discovered: the endocannabinoid system. At the beginning of the
century,it was defined as a system comprisingg GPCRs(CB; and CB), two
lipid mediators (AEA and -AG) and five enzymes responsible for their
production and inactivation (NARELD, DAGL, FAAH, NAAA and MAGL)

(Di Marzo and Piscitelli, 2015)put the picture was still incomplete.

First of all among all the phytocannabinoids folin C. sativa only THC
ard THCV are able to bind with high affinity GBand CB, while the other
cannabinoids are able to bind other recepteush asGPR18, GPR55and
GPR119 thermosensitive ion channels belonging to the Transient Receptor
Potential (TRP) channels superfamigpch asTRPV1-4, TRPM8 and TRPAL
andPPARs receptor®e Petrocellis and Di Marzo, 2010; Miagz et al., 2020)
secondly, AEA and 2AG were found to be quite promiscuous in their
pharmacological activity and able to interact with these other targets at higher
concentrationthan required for CBand CB activation (Di Marzo and Silvestri,

2019; Martinez et al., 2020Finally, these targeteave beerioundto bereadly
activated byother lipids chemically correlated withEA and 2AG: long chain
N-acylethanolamines (NAEs) aneh2onaacylglycerolg2-MAGS); the discovey
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of these lipid mediators e d t o t he dxpandecendocammabinoodf t
s y s tkennoow n  anslocanimalkeindiiimed (eCBome)Figure 4)

The eCBome includes the congeners of anandamide (the- N
acylethanolamines, NAEs) andA% (the 2acylglycerols, 2AcGs), the N-acyt
aminoacids(glycine, taurine), acylated neurotransmitters such as trecy¥
dopamines and fdcylserotonins, and the primary fatty acid amidsswell as
their receptors and biosynthetic and metabolizing enzyhtese lipid mediators
areoftenproducedor metabolised via the same pathway as AEA aAds2 but
not necessarilyThese congeners of AEA andAZ act on several targets,
including thermosensitive transient receptor potential (TRP) channels, such as
TRPV1-4 and TRPMS8, some orphan GPCRs, sucG@RL8, GPR55, GPR110
or GPR119 and peroxisome proliferatmtivated recepteldand-o (PPARJand
PPARY (Di Marzo and Piscitelli, 2015 herefore, lhis expanded eCBS includes
more than 100 lipid mediators, 20 enzymes, and 20 recdptokéarzo, 2020)
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Figure 4. Endocannabinoidomémediators targets enzyme$ and its interactionswith

phytocannabinoidéDi Marzo, 2020)

Abbreviations: 2AG, 2-arachydonoylglycerol; ABH2[Jb-hydrolase2; ABH4, Ub-hydrolase4; ABH6, Ub-
hydrolase6; Abn-CBD, abnormatannabidiol; CB, cannabinoid receptdr; CB,, cannabinoid receptet; CBD,
cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarin; CBDVA, cannabidivarinic acid; CBG,
cannabigerol; CBGA, cannabigerolic acid; CoA, coenzyme A; COX2, cyclooxygen&ssG, diacylglycerol;

EMT, endocannabinoid membrane transporter; FAAH, fatty acid amide hydrolase; GDE1, glycerophosphodiester
phosphodiesterase GPR110, G proteinoupled receptet10; GPR119, G proteicoupled receptetl9;
GPR18, G proteitoupled receptr-18; GPR55, G proteinoupled recepteb5; lysePLC, lyso phospholipase C;
MAGL, monoacylglycerol lipase; NARPPLD, N-acylphosphatidylethanolamisghospholipase D; NAT, N
acyltransferase; PGE2, prostaglandin E2; PGFgrostaglandin A2 PLA1, phospholipse Al; PLA2,
phospholipase A2; PLC, phospholipase C; BLC p h o s p h BPARsp perexésonte fprpliferatactivated
receptors; PTPN22, tyrosipgotein phosphatase nonreceptor type 22:1-8/AG lipase, sHl-specific
diacylglycerol lipase; sPLA2, secrety phospholipas$tet rA®2hydTlHC,anm®bi nol ;
tetrahydr ocannab Ptetmhnydrocanoabigadn; TRPMSTtidrEi¥nt recaptor potential melastatin
type 8; TRPV1, transient receptor potential vanilloid type 1.
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