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ABSTRACT

Background and aim: Inflammatory bowel disease (IBD) and colorectal cancer
(CRC) are the two most important pathologies of the gastrointestinal tract. They
affect millions of people around the world, with a higher incidence and
prevalence in developed countries, and their prevention and treatment represent
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 physio-pathological processes such
as inflammation, immune responses, and energy metabolism. The gut microbiota,
which contains trillions of different microorganisms, plays a key role in gut
immune homeostasis, and recent evidence suggests that an imbalance in its
composition is involved in the onset and development of IBD and CRC. The
endocannabinoidome (eCBome) and the microbiome (miBlome) are closely
related and are thought to form the eCBome — miBlome axis. In this thesis, by
modulating either the eCBome or the miBlome, we explore the possible role of
this axis in the development of colon inflammation and tumorigenesis.

Materials and methods: We investigated the effect of the eCBome — miBlome
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. Firstly, we examined the effect of cannabidivarin, an
agonist of TRPAT1 (ion channel belonging to the eCBome) administered via oral
gavage or intraperitoneal injection, either with or without a selective TRPA1
antagonist, in both DNBS- and DSS-induced models of IBD measuring
inflammatory parameters, such as colon weight/colon length ratio, histological
damage, myeloperoxidase (MPO) activity, intestinal permeability, inflammatory
cytokines levels, TRPA1 expression levels and gut microbiota composition; in
addition, we investigated the effect of CBDV treatment in biopsies from UC

paediatric patients on IL-13 production.



Secondly, we investigated the synergistic effect of cannabidiol, an inhibitor of
FAAH (a serine hydrolase responsible for the degradation of some eCBome
mediators), and fish oil (FO, which contains n-3 PUFAs) administered by oral
gavage in the DNBS- and DSS-induced ulcerative colitis models, measuring
colon weight/colon length ratio, anxiety-like behaviour, disease activity index
(DAI) score, MPO activity, intestinal permeability, inflammatory cytokines
levels, gut microbiota composition and eCBome lipid mediator content.

Thirdly, we investigated the impact of genetic deletion of Trpm8 (member of the
TRPs channel family belonging to eCBome) on colon carcinogenesis and
associated changes in gut microbiota composition.

Finally, we investigated the effects of altering the gut microbiota using antibiotics
or germfree conditions in the DNBS-induced models of IBD by assessing
inflammatory parameters in the colon (colon weight/colon length ratio, 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 reducing, in a TRPA1 dependent manner, signs 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 gut microbiota
and reduces IL-1p in biopsies from paediatric patients with colitis.
Co-administration of per se inactive doses of FO and CBD produced anti-
inflammatory effects in DSS-treated 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 anxiety-like behaviour induced by DSS. An altered
composition of the gut microbiota was demonstrated. The anti-inflammatory

effect of co-administration 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 AOM-treated mice; in AOM treated mice, the
deletion of Trpm8 increases the abundance of CRC-protecting families, such as
Ruminococcaceae, Lachnospiraceae and Lactobacillaceae, while reducing the
abundance of CRC-related families, such as Burkholderiaceae.

Finally, germfree conditions, but not antibiotic treatment, affected inflammatory
parameters in DNBS-induced colitis by reducing colon weight/colon length ratio
and the expression of inflammatory cytokines. This effect was accompanied by
changes in eCBome mediators involved in inflammation, such as
oleoylethanolamide, linoleoylethanolamide and docosahexaenoylethanolamide.
Conclusions: In conclusion, by studying the eCBome — 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 innovative target for the

treatment of these diseases.
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INTRODUCTION
1. The endocannabinoid system
1.1 Cannabis and phytocannabinoids

The plant Cannabis sativa is considered one of the oldest sources of textile

fibre (ElSohly 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 19" century.
The effects of Cannabis sativa have long been known, with its resin being used
extensively in India as a medicine. Numerous efforts have been made to identify
the active components of Cannabis sativa (Mechoulam, 2000). To date, at least
500 phytochemicals have been isolated from the plant, of which more than one
hundred are terpenophenolic compounds known as phytocannabinoids (Izzo et
al., 2009; Gulck and Moller, 2020). The first phytocannabinoid isolated from C.
sativa was cannabinol (CBN) from a red oil extract produced 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 (CBD; Figure 1) was
isolated from Cannabis by Adams and colleagues in 1940, while
A’-tetrahydrocannabinol (A’-THC) was extracted by Wollner, Matchett, Levine
and Loewe in 1942. The structures and stereochemistry of CBD and A°-THC were
elucidated by Raphael Mechoulam in 1963 and 1964, respectively, and both
compounds were synthesised in Mechoulam's laboratory in 1965 (Pertwee,
2006).

Chemically, these compounds are meroterpenoids with a resorcinyl core,
usually with a para-isoprenyl, -alkyl or -aralkyl substituent. They occur naturally
in plants such as C. sativa, the best known and best studied plant, but not the only
one capable of producing phytocannabinoids; indeed, several Rhododendron

species, Helichrysum umbraculigerum Less. (Asteraceae), the edible roots of



Figure 1. Pytocannabinoids: structures and natural sources (Gulck and Moller, 2020)
Abbreviations: CBC, cannabichromene; CBCA, cannabichromenic acid; CBCV, cannabichromevarine; CBCVA,
cannabichromevarinic acid; CBD, cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarine; CBE,
cannabielsoin; CBG, cannabigerol; CBGA, cannabigerolic acid; CBL, cannabicyclol; A°-THC,
A°-tetrahydrocannabinol; A>-THCA, A’-tetrahydrocannabinolic acid; A>-THCAV, A’-tetrahydrocannabivarinic
acid; A>-THCV, A’-tetrahydrocannabivarine.



Glycyrrhiza foetida Desf. (Fabaceae), Radula perrottetii and R. marginata
(Radulaceae), Cylindrocarpon olidum (Nectriaceae) and Amorpha fruticosa L.
(Fabaceae) are able to produce compounds with a cannabinoid backbone (Figure
1).

Based on their chemical structure, they differ into cannabigerol (CBG),
cannabichromene (CBC), cannabidiol (CBD), A’-trans-tetrahydrocannabinol
(A°-THC), AB-trans-tetrahydrocannabinol (A3-THC), cannabicyclol (CBL),
cannabielsoin (CBE), cannabinol (CBN), cannabinodiol (CBND), cannabitriol
(CBT); in the plant C. sativa. the most abundant pythocannabinoids are trans-
A°-THC, CBD, CBC, and CBG (Elsohly and Slade, 2005; Gulck and Moller,
2020). These compounds are present in Cannabis mainly as acids that are
decarboxylated when the plant is dried.

Since the discovery of the A’-THC structure, research into the
pharmacology of cannabinoids has increased significantly, largely due to the
recreational use of Cannabis in the UK and other Western countries. Preclinical
and clinical studies, focusing mainly on the psychoactive properties of Cannabis
rather than its therapeutic uses, showed that A°>-THC is the main contributor to
the psychotropic properties of the plant (Pertwee, 2006). By contrast, CBD, CBG,
CBC, CBDV are non-euphoric cannabinoids.

1.2 Cannabinoid receptors

As phytocannabinoids are highly lipophilic molecules, it was initially
assumed that these compounds exert their various biological effects through non-
specific disruption of cell membranes (Zou 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 centres (Howlett et al., 2002).
In the mid-1980s, the discovery of the ability of phytocannabinoids to act via a
Gi protein to inhibit adenylate cyclase (Howlett and Fleming, 1984) and the

10



presence of high-affinity binding sites for cannabinoids in rat brain membranes
(Johnson et al., 1988) provided definitive evidence for the existence of
cannabinoid receptors. Further confirmation of the existence of this receptor came
in 1990 with the cloning of cannabinoid receptor-1 (CB)) first in the rat (Matsuda
et al., 1990) and then in humans (Gerard et al., 1991) and cannabinoid receptor-
2 (CBy) in 1993 (Munro et al., 1993).

Both CB,; and CB; receptors are G protein-coupled receptors (GPCRs) that
contain seven transmembrane spanning domains (Figure 2). Activation of these
receptors inhibits adenylyl cyclase activity, inhibits 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 nervous system (CNS) (Zou and Kumar, 2018). In
particular, CB, is strongly expressed in the cerebral cortex, basal ganglia,
periaqueductal grey, hypothalamus, amygdala and cerebellum (Herkenham et al.,
1991). As expected, CB; 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 system and vomiting (nucleus of the solitary tract and area
postrema, respectively) (Haspula and Clark, 2020). CB, 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 neurons (Zou and Kumar, 2018).

Neuroanatomical studies have found that CB; is mainly 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 for

CB receptors, see next) (Zou and Kumar, 2018; Haspula and Clark, 2020).
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Figure 2. Cannabinoid receptors: structure (Hua et al., 2020) and locations (An et al., 2020)
Abbreviations: CBj, cannabinoid receptor-1; CB,, cannabinoid receptor-2.
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CB; is also abundantly expressed in the peripheral nervous system (PNS) as well
as in peripheral tissues in a region-specific manner; CB; receptor expression has
been found in fat (adipocytes), liver, pancreas and skeletal muscle (Mackie,
2008). CB, is also expressed in the enteric nervous system and in non-neuronal
cells of the intestinal mucosa, including enteroendocrine cells, immune cells and
enterocytes; here, CB; modulates gastrointestinal tract mobility, secretion and
permeability (Izzo 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 CB; in glial cells. CB; is mainly expressed in
immune cells and lymphoid tissue; indeed, high levels of CB; are found in cells
involved in both innate and adaptive immune responses, such as spleen, thymus

and peripheral blood mononuclear cells (Haspula and Clark, 2020).
1.3 Endocannabinoids

After the successful discovery of cannabinoid receptors (CBRs), questions
have arisen regarding endogenous cannabinoids-like substances capable of
binding CBRs at the same site as A’>-THC. This led to the discovery of the first
endocannabinoid (eCB) N-arachidonoylethanolamide (AEA), or "anandamide",
from the Sanskrit word "ananda", literally meaning "bliss", and amide (Devane
et al., 1992). Anandamide, a derivative of arachidonic acid first identified in pig
brain, can act as a partial agonist of CB; with very high affinity, but with lower
activity towards CB; (Pertwee, 2015). The fact that AEA cannot fully reproduce
the effect induced by A’-THC led to the discovery in 1995 of another eCB, 2-
arachidonoylglycerol (2-AG) (Mechoulam et al., 1995; Sugiura et al., 1995).
While AEA is mildly selective for CB; receptors, 2-AG has moderate affinity and
is a full agonist for both CB; and CB, receptors (D1 Marzo and De Petrocellis,
2012).
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Unlike many neurotransmitters, which are stored in intracellular deposits
and then released following cell stimulation, eCBs are produced "on demand"
from membrane phospholipids in response to specific stimuli (Di Marzo and De
Petrocellis, 2012); the biosynthetic pathway differs between AEA, an
acylethanolamine (NAE), and 2-AG, an acylglycerol (Figure 3).

The best studied biosynthetic pathway of NAEs is the transacylation
phosphodiesterase reaction, which can be divided into two steps: (i) N-acylation
of phosphatidylethanolamine (PE) to produce N-acylphosphatidylethanolamine
(NAPE) by N-acyltransferase (NAT) activity and (ii) hydrolysis of NAPE to give
NAE by the enzyme N-acylphosphatidylethanolamine (NAPE)-hydrolysing
phospholipase D (NAPE-PLD). This pathway was confirmed for AEA
biosynthesis in 1994, having N-arachidonoylphosphatidylethanolamine (NArPE)
as a precursor (Figure 3) (D1 Marzo et al., 1994).

The major pathway of 2-AG biosynthesis involves the sequential action of
phospholipase-C (PLC) on phosphatidic acid (PA) or phosphatidylinositol (PI)
via a diacylglycerol intermediate and then diacylglycerol lipase (DAGL) with the
formation of 2-AG (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 N-acylethanolamine-hydrolysing acid amidase
(NAAA). While the first is more specific for AEA and is bound in the cytosol to
the membrane of mitochondria and endoplasmic reticulum (Gulyas et al., 2004),
the second is more specific for other NAEs (such as palmitoylethanolamide) and
is localised near acidic organelles such as lysosomes (Tsuboi et al., 2007); on the
other hand, 2-AG is hydrolysed mainly by the selective enzyme
monoacylglycerol lipase (MAGL).

Other enzymes are involved in the oxidation pathways: in particular,

lipoxygenases (LOXs) and cyloxygenase-2 (COX-2), which oxidise arachidonic
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arachidonoylglycerol (2-AG) (Lee et al., 2016)

Abbreviations: 2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; ABHD-6/12, o,B-hydrolase-6/12; AEA, N-
arachidonoylethanolamine or anandamide; DAG, diacylglycerol; DAGLo/B, diacylglycerol lipase o/f; FAAH,
fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; NAAA, N-acylethanolamine-hydrolyzing acid
amidase; NAPE, N-acylphosphatidylethanolamine; NAPE-PLD, NAPE-phospholipase D; NAT, N-
acyltransferase (NAT); PE, phosphatidylethanolamine; PI, phosphatidylinositol; PLC, phospholipase C.

15



acid (AA) as a component of AEA and 2-AG; in addition, AEA can also be
oxidised by cytochrome P450 (Rouzer and Marnett, 2011).

Therefore, the endocannabinoid system (eCBS) has been defined as an
endogenous system consisting of two GPCRs (CB, and CB,), two lipid mediators
that can bind and activate these receptors (AEA and 2-AG), and the enzymes
responsible for their production and degradation (mainly FAAH, NAAA and
MAGL).

1.4 The expanded endocannabinoid system: “endocannabinoidome”

As described before, with the discovery of cannabinoid receptors and the
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 comprising two GPCRs (CB,; and CB,), two
lipid mediators (AEA and 2-AG) and five enzymes responsible for their
production and inactivation (NAPE-PLD, DAGL, FAAH, NAAA and MAGL)
(D1 Marzo and Piscitelli, 2015); but the picture was still incomplete.

First of all, among all the phytocannabinoids found in C. sativa, only THC
and THCV are able to bind with high affinity CB; and CB,, while the other
cannabinoids are able to bind other receptors, such as GPR18, GPR55 and
GPR119, thermosensitive ion channels belonging to the Transient Receptor
Potential (TRP) channels superfamily, such as TRPV1-4, TRPMS8 and TRPA1
and PPARs receptors (De Petrocellis and D1 Marzo, 2010; Martinez et al., 2020);
secondly, AEA and 2-AG were found to be quite promiscuous in their
pharmacological activity and able to interact with these other targets at higher
concentrations than required for CB; and CB; activation, (D1 Marzo and Silvestri,
2019; Martinez et al., 2020). Finally, these targets have been found to be readily
activated by other lipids chemically correlated with AEA and 2-AG: long chain
N-acylethanolamines (NAEs) and 2-monoacylglycerols (2-MAGs); the discovery
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of these lipid mediators led to the definition of the “expanded endocannabinoid
system” known as the “endocannabinoidome” (eCBome) (Figure 4).

The eCBome includes the congeners of anandamide (the N-
acylethanolamines, NAEs) and 2-AG (the 2-acylglycerols, 2-AcGs), the N-acyl-
aminoacids (glycine, taurine), acylated neurotransmitters such as the N-acyl-
dopamines and N-acyl-serotonins, and the primary fatty acid amides as well as
their receptors and biosynthetic and metabolizing enzymes. These lipid mediators
are often produced or metabolised via the same pathway as AEA and 2-AG, but
not necessarily. These congeners of AEA and 2-AG act on several targets,
including thermosensitive transient receptor potential (TRP) channels, such as
TRPV1-4 and TRPMS, some orphan GPCRs, such as GPR18, GPR55, GPR110
or GPR119 and peroxisome proliferator-activated receptor-a and -y (PPARa and
PPARY) (D1 Marzo and Piscitelli, 2015). Therefore, this expanded eCBS includes
more than 100 lipid mediators, 20 enzymes, and 20 receptors (Di Marzo, 2020).
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Figure 4. Endocannabinoidome (mediators, targets, enzymes) and its interactions with

phytocannabinoids (Di Marzo, 2020)

Abbreviations: 2-AG, 2-arachydonoylglycerol; ABH2, a,B-hydrolase-2; ABH4, o,B-hydrolase-4; ABHG6, a,f-
hydrolase-6; Abn-CBD, abnormal cannabidiol; CBi, cannabinoid receptor-1; CB,, cannabinoid receptor-2; CBD,
cannabidiol; CBDA, cannabidiolic acid; CBDYV, cannabidivarin, CBDVA, cannabidivarinic acid; CBG,
cannabigerol; CBGA, cannabigerolic acid; CoA, coenzyme A; COX2, cyclooxygenase-2; DAG, diacylglycerol;
EMT, endocannabinoid membrane transporter; FAAH, fatty acid amide hydrolase; GDE1, glycerophosphodiester
phosphodiesterase-1; GPR110, G protein-coupled receptor-110; GPR119, G protein-coupled receptor-119;
GPR18, G protein-coupled receptor-18; GPR55, G protein-coupled receptor-55; lyso-PLC, lyso phospholipase C;
MAGL, monoacylglycerol lipase; NAPE-PLD, N-acylphosphatidylethanolamine-phospholipase D; NAT, N-
acyltransferase; PGE2, prostaglandin E2; PGF20, prostaglandin F2a; PLAIL, phospholipase Al; PLA2,
phospholipase A2; PLC, phospholipase C; PLCp, phospholipase CB; PPARs, peroxisome proliferator-activated
receptors; PTPN22, tyrosine-protein phosphatase nonreceptor type 22; sn-1-DAG lipase, sn-1-specific
diacylglycerol lipase; sPLA2, secretory phospholipase A2; THC, A9-tetrahydrocannabinol; THCA, A9-
tetrahydrocannabivarinic acid; THCV, A°-tetrahydrocannabivarin; TRPMS, transient receptor potential melastatin
type 8; TRPV1, transient receptor potential vanilloid type 1.
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2. Gut microbiome
2.1 Gut microbiota composition

The human gut (200-300 m? of mucosa) is home to ten trillion different
symbionts (50 bacterial phyla and about 1000 bacterial species), collectively
known as the 'microbiota’. With the term “gut microbiome” we refer to the
intestinal microbiota, with its warehouse of genes, proteins and small molecules
(Qin et al., 2010). In an adult human, 150-170 bacterial species predominate,
colonising the gastrointestinal tract and establishing themselves as host
commensals (Adak and Khan, 2019).

The human gut microbiota consists of bacteria, archaea, eukaryotes, viruses and
parasites (Lozupone et al., 2012); bacteria are the most abundant in this
environment and are divided into seven phyla: Firmicutes, Bacteroidetes,
Actinobacteria,  Fusobacteria,  Proteobacteria,  Verrucomicrobia  and
Cyanobacteria, with Bacteroidetes and Firmicutes being the most abundant with
a relative abundance of over 90% (Backhed et al., 2005). Although the relative
abundance of bacterial phyla can vary greatly among different individuals, some
are present in almost every human gut and are defined as the "core microbiota",
while others vary and act more like a "flexible pool". Among the "core bacteria"
we find Faecalibacterium prausnitzii, Roseburia intestinalis and Bacteroides
uniformis (< 0.5% relative abundance) (Adak and Khan, 2019).

The different environment in the different parts of the gastrointestinal tract allows
specific bacteria to grow and creates a physiochemical barrier between the
different areas (Figure 5). It was previously thought that the very low pH, thick
mucus layer and gastric peristalsis of the stomach were impervious to bacterial
growth. However, several bacteria that originated in the mouth are present in all
parts of the gut, including the stomach, such as Firmicutes, Bacteroidetes,

Actinobacteria, Fusobacteria and Proteobacteria, as well as the bacterial genera
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(Adak and Khan, 2019)
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Prevotella, Streptococcus, Veillonella, Rothia and Haemophilus (Nardone and
Compare, 2015).The small intestine, where digestion and absorption of food takes
place, is divided into three parts: duodenum, jejunum and ileum. Firmicutes and
Actinobacteria are the predominant phyla in the duodenum; in the jejunum we
find mainly Gram-positive aerobes and facultative anaerobes, including
Lactobacilli, Enterococci and Streptococci, while in the ileum aerobic species
predominate in the first tract and Gram-negative bacteria in the distal part (El
Aidy et al., 2015).

The large intestine, consisting of cecum and the ascending, transverse and
descending colon, is the predominant site of water absorption and fermentation
of undigested food; here, we find 1000 times more anaerobes than aerobes
because of the anaerobic conditions. The bacterial community is mainly
composed of Firmicutes and Bacteroidetes (Eckburg et al., 2005). The ratio of
these two bacterial phyla changes at different stages of life and is also a predictive
marker for health and disease status (Mariat et al., 2009).

The microbiota is acquired at birth and develops in parallel with the host,
which plays a crucial role in adulthood until death. During birth, a baby acquires
microbes from the mother's vagina. In contrast, a baby born by caesarean section
acquires microbes from the mother's skin, resulting in lower microbial diversity
and delayed colonisation of Bacteroidetes, making the baby vulnerable to disease
(Adak and Khan, 2019). After birth, breastfed infants absorb more complex
oligosaccharides through breast milk than formula-fed infants, resulting in a
higher abundance of Bifidobacterium and Lactobacillus sp., while formula-fed
infants are dominated by Clostridium, Granulicatella, Citrobacter, Enterobacter
and Bilophila (Pacheco et al., 2015).

Subsequently, at 3-5 years of age, the composition of the gut microbiota begins
to differentiate and resembles that of an adult (Backhed et al., 2005). From here
on, the composition remains the same if long-term dietary habits, antibiotic

treatment, stress and pathophysiology do not change in adulthood (Adak and
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Khan, 2019). In older people, a decline in the abundance of 'core bacteria'
(Ruminococcaceae, Lachnospiraceae and Bacteroidaceae) has been reported,
high abundance of Akkermansia, Bifidobacterium and Christensenella has been
associated with healthy ageing and longevity (Biagi et al., 2016).

In the gastrointestinal tract, approximately 85% of carbohydrates, 66-95%
of proteins and all fats are digested; in the colon, the gut microbiota utilises 10-
30% of energy from food (Adak and Khan, 2019). Dietary fibres are resistant to
digestion by host enzymes, but the gut microbiota has a range of enzymes that
can metabolise these carbohydrates. In particular, bacteria belonging to the phyla
Bacteroidetes and Firmicutes have the largest set of enzymes for utilising various
polysaccharides as an energy source (Louis and Flint, 2009). Fermentation of
dietary fibres in the colon leads to the release of gases (methane, hydrogen and
carbon dioxide), short-chain fatty acids (SCFAs, formate, acetate, propionate,
butyrate, valerate, isovalerate and hexanoate), small amounts of organic acids
(lactate and succinate) and alcohols (methanol and ethanol) (Adak and Khan,
2019).
Intestinal microbial species such as Roseburia spp, Eubacterium rectale and
Faecalibacterium prausnitzii, as well as the Clostridium groups IV and XIVa are
the main producers of SCFAs (Louis and Flint, 2009). Among SCFAs, acetate,
propionate and butyrate are predominant; about 90-95% of them are absorbed in
the colon and used by the human body as an energy source (Duncan et al., 2007).
Acetate serves as an energy source for peripheral tissues, lipogenesis and
cholesterol biosynthesis in the liver; butyrate serves as an energy source for
colonocytes and produces ketone bodies, while propionate is transported to the
liver where it acts as an acetate (Donohoe et al., 2011).

Apart from their energetic functions, SCFAs play a key role in regulating
gut homeostasis: specifically, butyrate, which binds to GPR43, can activate the
production of anti-inflammatory cytokines in immune cells such as TGFf and

IL-10, inhibits histone deacetylase activity and down-regulates the nuclear factor-
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KP; acetate has a greater binding affinity to GPR43 than butyrate and stimulates
the secretion of IgA in the gut. Indeed, GPR43 knockout mice showed increased
susceptibility to dextran sodium sulphate-induced colitis by increasing neutrophil
chemotaxis and inflammatory gene expression (Adak and Khan, 2019).
Propionate and butyrate in combination are also effective in inhibiting LPS-
induced inflammation by activating immune cells and reducing the production of

inflammatory cytokines such as IL-6 and IL-12 (Morrison and Preston, 2016).
2.2 The endocannabinoidome-gut microbiome axis

Recently, it has been reported the existence of an interaction between the
eCBome and the gut microbiome (mBlome) named eCBome-mBlome axis (Shen
et al., 2021). As discussed before, the gut microbiota produces a plethora of
metabolites, that influence intestinal homeostasis (Adak and Khan, 2019). Some
of these molecules are structurally similar to lipid mediators belonging the
eCBome (Sihag and Di Marzo, 2022); therefore, is not a surprise that eCBome
and microbiome mutually influence each other, playing a role in several
physiological and physio-pathological functions including energy intake and
processing (Sihag and Di Marzo, 2022). Moreover, it has also been reported that
the gut microbiota 1) strongly and directly affects small intestinal eCBome
signaling and 1i) exploits eCBome signaling to exert some of its physio-

pathological functions (Manca et al., 2020).

23



3. Inflammatory bowel disease (IBD)
3.1 Physiopathology and statistics

Inflammatory bowel disease (IBD) is a recurrent and lifelong condition
characterised by chronic inflammation of the gastrointestinal tract. It represents a
global health burden affecting millions of people, with increasing incidence and
prevalence worldwide (Figure 6) (Kaplan and Ng, 2017). IBD affects both sexes
with equal frequency, with a clinical onset usually between 15 and 45 years of
age; globally, IBD has a higher incidence and prevalence in developed countries
such as North America, Europe and Australia (Mak et al., 2020). In terms of
prevalence, IBD affects 2 million people in North America, 3.2 million in Europe
and millions more worldwide (Ananthakrishnan et al., 2020). There are two main
forms of IBD: ulcerative colitis (UC) and Crohn's disease (CD). In Europe, the
incidence of CD in Northern Europe is 6.3 compared to only 3.6 in Southern
Europe, and the incidence of UC in Northern and Southern Europe is 11.4 and
8.0 respectively (per 100,000 people-year) (Mak et al., 2020).

IBD is an idiopathic disease characterised by periods of inflammation,
remission and relapse that destabilise patients psychologically, emotionally and
symptomatically. Both are characterised by chronic inflammation of the
gastrointestinal tract, but while ulcerative colitis is limited to the colon, Crohn's
disease can affect any part of the gastrointestinal tract from the mouth to the anus
(Figure 7); in addition, ulcerative colitis usually affects the mucosal layer of the
colon, whereas Crohn's disease affects the entire thickness of the gastrointestinal
tract, often causing internal fistulas or strictures characterised by fibro-stenotic
inflammation (Flynn and Eisenstein, 2019).

There are several risk factors for IBD: genetics, environment, immune
response and gut microbiota dysbiosis (Ananthakrishnan, 2015). The most

credible hypothesis is an abnormal immune system response to antigens in the
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Figure 6. Global incidence of IBD according to population-based studies from 2010 to 2019
(Mak et al., 2020)
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Ulcerative colitis typically begins Crohn disease most commonly

in the rectum and may extend involves the end of the small
continuously to involve the intestine and beginning of the
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Figure 7. Pathological differences between the two main forms of IBD: Ulcerative Colitis and
Croh’s disease. From (Jin, 2014)
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presence of a predisposing gut microbiota capable of triggering a vigorous
immune response, sometimes amplified by risk factors such as host genetic
predisposition. There is not one single risk factor that is sufficient alone to cause
IBD, but there is a complex interaction between the individual factors
(Ananthakrishnan, 2015). Gene mutations have been associated with increased
risk of developing IBD. Among these, we find mutation of genes involved in
IL-10 and IL-23/Th17 signalling, bacteria recognition pathways, such as NOD?2,
ATGI16L1 and IRGM (all correlated with CD development) and mutations in
genes involved in barrier function such as HNF4A, LAMBI, CDH1 and GNA12
(all correlated with the development of UC (Lees et al., 2011). Other risk factors
for IBD identified in a recent umbrella review of meta-analyses, include smoking
(CD), urban living (CD and IBD), appendectomy (CD), tonsillectomy (CD),
antibiotic exposure (IBD), oral contraceptive use (IBD), soft drink consumption
(UC), vitamin D deficiency (IBD) and non—Helicobacter pylori-like
enterohepatic Helicobacter species (IBD); factors that reduce the risk of IBD
include physical activity (CD), breastfeeding (IBD), bed sharing (CD), tea
consumption (UC), high folate levels (IBD), high vitamin D levels (CD) and H.
pylori infection (IBD) (Piovani et al., 2019).

Conventional treatment of IBD focuses on alleviating symptoms during the
active phases of the disease and inducing remission; in the case of remission, the
main goal is to maintain remission (Pithadia and Jain, 2011). Pharmacological
treatment in UC includes the use of amino-salicylates alone (mild UC) or in
combination with corticosteroids (severe UC); immunosuppressants such as
azathioprine, cyclosporine and infliximab are used in steroid-resistant UC (Zhu
et al., 2012). CD treatment includes the use of corticosteroids during relapsing
phases and combination with immunosuppressants in severe CD (Pithadia and
Jain, 2011). Alternative therapies include the use of metronidazole and broad-
spectrum antibiotics, cholestyramine, sodium cromoglycate, bismuth and arsenic

salts and methotrexate (Jeong et al., 2019a).
27



3.2 Endocannabinoidome and IBD

Manipulation of the endocannabinoid system has been shown to be of great
benefit in attenuating inflammation in mouse models of colitis. Specifically, the
use of CB receptor agonists and eCB hydrolysis inhibitors has been shown to
reduce inflammation in chemically induced models of UC by decreasing
inflammatory cell recruitment, reactive oxygen species production and
proinflammatory cytokine release, and increasing the production of anti-
inflammatory cytokines (Ambrose and Simmons, 2019). It has also been
demonstrated that endocannabinoids (especially AEA and 2-AG) can modulate
the functions of inflammatory cells not only by activating the CB receptors, but
also by producing a variety of bioactive lipids with anti-inflammatory effects
through their hydrolysis (Figure 8) (Turcotte et al., 2015).

Several receptors, as well as lipid mediators belonging to the
endocannabinoidome have also been studied in preclinical models of IBD.
Pharmacological or genetic modulation of TRPV1, TRPA1, PPARa, and GPRS5S,
showed significant anti-inflammatory effects in mouse models of colitis (Stancic
et al., 2015; Wlodarczyk et al., 2017; Cseko et al., 2019; Duo et al., 2020; Yao et
al., 2021). Furthermore, lipids such as oleoylethanolamide (OEA) and
palmitoylethanolamide (PEA) showed anti-inflammatory effects in preclinical
models of ulcerative colitis (Esposito et al., 2014; Otagiri et al., 2020; Esposito et
al., 2021). Finally, pharmacological blockade of MAGL, FAAH and NAAA,
enzymes that metabolise the endocannabinoidome mediators, reduces
inflammation in experimental models of IBD by increasing levels of
endocannabinoidome mediators (Alhouayek et al., 2011; Alhouayek et al., 2015;
Shamran et al., 2017).

Over the last two decades, several studies have investigated the anti-

inflammatory effects of Cannabis compounds, namely CBD, CBG and CBC in
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inflammatory pathways (Turcotte et al., 2015). AEA and 2-AG actions are exerted through
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EETR, epoxyeicosatrienoic acid receptor; EETs, epoxyeicosatrienoic acids; EP, prostaglandin E2 receptor; EP1-
4, prostaglandin E2 receptor 1-4; EXC4, exocin-C4; EXC4-EA, exocin-C4-ethanolamide; FP, prostaglandin F2
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adenosine diphosphate receptor; P450, cytochromes P450; PG-EAs, prostaglandin-ethanolamides; PG-Gs,
prostaglandin-glycerols; PPARa/y/d, peroxisome proliferator-activated receptor-o/ y/d; TP, tromboxane receptor;
TRPAL, transient receptor potential ankyrin type-1; TRPMS, transient receptor potential melastatine type-8;
TRPV1, transient receptor potential vanilloid-1.
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different models of intestinal inflammation in mice and rats (Borrelli et al., 2009;
De Filippis et al., 2011; Borrelli et al., 2013; Romano et al., 2013; Pagano et al.,
2016).

CBD intraperitoneal administration has been reported to improve disease
parameters, reduce epithelial damage and decrease the production of cytokines,
chemokines and oxidative stress markers (De Filippis et al., 2011; Esposito et al.,
2013; Pagano et al., 2016). Some of these effects have also been confirmed in in
vitro models, where CBD reduced reactive oxygen species production (ROS) and
lipid peroxidation (Borrelli et al., 2009) and counteracted LPS/interferon gamma
(IFNy)-induced inflammatory-like responses in cultured human colon biopsies
from UC patients (De Filippis et al., 2011). Similar results were also reported for
CBG and CBC, which showed significant anti-inflammatory effects in in vivo and
in vitro models of intestinal inflammation (Borrelli et al., 2013; Romano et al.,
2013).

Anecdotal reports suggest that Cannabis exerts a positive anti-
inflammatory effect in patients with IBD. Despite these reports and the large
number of preclinical studies, evidence for the positive effect of Cannabis in IBD
patients is lacking. Two recent Cochrane meta-analyses evaluating the safety and
efficacy of Cannabis/Cannabis-derived products to induce and maintain
remission in patients with CD or UC reached inconclusive conclusions (Kafil et
al., 2018b; Kafil et al., 2018a). A more recent clinical trial, which was not
included in the meta-analysis, showed that a high-CBD Cannabis extract
improves quality of life but does not reduce inflammatory markers or endoscopic

scores in patients with IBD (Naftali et al., 2021).
3.3 Gut microbiota and IBD

The intestinal microbiome plays a crucial role in the pathogenesis of IBD (Sultan
et al., 2021). Indeed, dysbiosis (changes in the composition of the intestinal

microbiota) has been found in individuals with IBD (Kostic et al., 2014). In
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addition, exposure to pathogenic bacteria in childhood may impair immune
system development and reduce tolerance to environmental factors, which could
contribute to an increased risk of IBD later in life (Gensollen et al., 2016).
Dysbiosis of the gut microbiota in IBD is characterised by reduced
diversity, lower abundance of short-chain fatty acids (SCFAs) producers (such as
Roseburia hominis and Faecalibacterium prausnitzii) and enrichment of
proinflammatory microbes such as adherent/invasive Escherichia coli,
Fusobacterium and Proteus (Kostic et al., 2014; Kaplan and Ng, 2017; Sultan et
al., 2021). In addition, microbial dysbiosis in IBD has been shown to have a
potential impact on colonocyte metabolism and this may underlie disease
progression. Crohn’s disease patients have been reported to have increased
intestinal abundance of Enterobacteriaceae and decreased Clades IV and XIVa
Clostridia (Gevers et al.,, 2014). All these findings have highlighted gut

microbiota as a target for a possible therapeutic approach for IBD.
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4. Colorectal cancer (CRC)
4.1 Physiopathology and statistics

Colorectal cancer (CRC) is the most common malignancy of the
gastrointestinal tract with high incidence and prevalence worldwide (Wong et al.,
2021). It is estimated to be the third leading cause of death from neoplastic disease
in the USA 1n 2021, with an estimated number of deaths and new cancer cases of
52,980 and 149,500, respectively (Figure 9) (Siegel et al., 2021). One of the most
recent statistics on European cancer mortality estimates that CRC will be the
second leading cause of death from neoplasia in 2021, with a total of 155,200
deaths in both men and women (Carioli et al., 2021). In Italy, CRC is the second
most common cancer after breast cancer, with an estimated 43,700 cases in 2020,
accounting for 14% and 13% of cancers diagnosed in men and women,
respectively, with an estimated number of deaths of 21,700 in 2021 (AIOM and
AIRTUM, 2021).

CRC develops as a result of a sequential accumulation of genetic changes
and epigenetic modulations (Lao and Grady, 2011). These are the result of
mutations in genes that regulate cell growth, such as APC, Smad4 and p53
(tumour suppressor genes), and K-Ras, c-myc, c-neu, c-src (oncogenes)
(Koveitypour et al., 2019). This multistep process develops over 10 to 15 years
and offers an opportunity for prevention.

In the sporadic form, colorectal carcinogenesis begins with the appearance of
prencoplastic lesions known as aberrant crypt foci (ACF) and progresses to
adenoma and then adenocarcinoma via the formation of polyps with high-grade
dysplasia; this process, known as "adenoma-carcinoma sequence", represents the
process by which most, if not all, colorectal carcinomas develop (Figure 10)
(West et al., 2015). Lifestyle and environmental factors are considered important

risk factors for CRC, in particular consumption of red meat, flour and refined
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Estimated New Cases

Prostate 248,530 26% Breast 281,550 30%

Lung & bronchus 119,100 12% Lung & bronchus 116,660 13%
Colon & rectum 79,520 8% Colon & rectum 69,980 8%
Urinary bladder 64,280 7% Uterine corpus 66,570 T%
Melanoma of the skin 62,260 6% Melanoma of the skin 43,850 5%
Kidney & renal pelvis 48,780 5% Non-Hodgkin lymphoma 35,930 4%
Non-Hodgkin lymphoma 45,630 5% Thyroid 32,130 3%
Oral cavity & pharynx 38,800 4% Pancreas 28,480 3%
Leukemia 35,530 4% Kidney & renal pelvis 27,300 3%

Pancreas 31,950 3% Leukemia 25,560 3%

All Sites 970,250 100% All Sites 927,910 100%

Estimated Deaths

Males Females

Lung & bronchus 69,410 22% Lung & bronchus 62,470 22%

Prostate 34,130 1% Breast 43,600 15%

Colon & rectum 28,520 9% Colon & rectum 24,460 8%

Pancreas 25,270 8% Pancreas 22,950 8%

Liver & intrahepatic bile duct 20,300 6% Ovary 22,950 5%
Leukemia 13,900 4% Uterine corpus 12,940 4%

Esophagus 12,410 4% Liver & intrahepatic bile duct 9,930 3%

Urinary bladder 12,260 4% Leukemia 9,760 3%
Non-Hodgkin lymphoma 12,170 4% Non-Hodgkin lymphoma 8,550 3%
Brain & other nervous system 10,500 3% Brain & other nervous system 8,100 3%
All Sites 319,420 100% All Sites 289,150 100%

Figure 9. Ten leading cancer types for the estimated new cancer cases and deaths by sex,
United States, 2021 (Siegel et al., 2021)
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Figure 10. Canonical mechanisms of sporadic colorectal cancer (CRC) and colitis-associated
cancer (CAC) development (West et al., 2015). CRC and CAC share similarities in their
developmental pathways, including microsatellite instability (MSI), activation of the oncogene
KRAS, activation of cyclooxygenase 2 (COX2; encoded by PTGS2), and mutation and
eventual loss of heterozygosity (LOH) of TP53, adenomatous polyposis coli (APC), deleted in
colon cancer (DCC) and SMAD4. However, the frequency and sequence of these events differs
between the cancers. For example, mutation in APC is one of the first events in CRC, whereas
it occurs at later stages in CAC. By contrast, TP53 mutations usually occur early in CAC but
at a later stage in the progression of CRC. Although CRC shows a clear progression of
morphological changes, from polyp to carcinoma, CAC progression involves increasing
histological grades of dysplasia that culminate in an invasive carcinoma.
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sugar, obesity, reduced physical activity, smoking and excessive alcohol
consumption appear to significantly increase the incidence of CRC (Brenner et
al., 2014); in contrast, proper lifestyle habits such as regular physical activity,
reduced alcohol consumption and a healthy diet with consumption of fruits,
vegetables, fibre, fish and dairy products are associated with low CRC risk
(Thanikachalam and Khan, 2019).

There is also a strong association between IBD and the likelihood of developing
colorectal cancer; this type of CRC is defined as colitis-associated colorectal
cancer (CAC, Figure 10) (Grivennikov and Cominelli, 2016). Ten years after UC
diagnosis, the risk of developing CRC is 1.6% and increases to 8.3% and 18.4%
after 20 and 30 years, respectively (Bernstein et al., 2001). Furthermore, patients
with UC who develop CRC have a worse prognosis than CRC patients without
UC, even when cases with the same tumour stage are compared (Watanabe et al.,
2011).

Finally, about 10% of colorectal cancers are the result of well-defined hereditary
syndromes. The hereditary mutation of the adenomatous polyposis coli (APC)
gene, which causes familial adenomatous polyposis (FAP), may increase the
likelihood of developing CRC in carriers before the age of 40 (Rustgi, 2007).
Lynch syndrome or Hereditary Non-Polyposis Colorectal Carcinoma (HNPCC)
1s another risk factor caused by a mutation in one of the genes involved in the
DNA mismatch repair mechanism (Lynch and de la Chapelle, 2003).

The most effective therapeutic approach remains surgical resection of the
affected area, followed by neoadjuvant radiotherapy (for patients with rectal
cancer) and adjuvant chemotherapy (for patients with stage III /IV and high-risk
stage II colon cancer) (Marley and Nan, 2016). The most widely used
chemotherapeutic agent is 5-fluorouracil (5-FU), which is used in CRC advanced
patients in several poly-chemotherapy regimens such as FOLFOX

(fluorouracil/leucovorin and oxaliplatin) and FOLFIRI (fluorouracil/leucovorin
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and irinotecan) (Gustavsson et al., 2015). However, intrinsic or acquired
resistance to 5 FU may occur (Ahn et al., 2015).

In recent years it has been shown that the tumour microenvironment plays
a key role in the growth and especially the spread of the neoplasm. In particular,
the importance of angiogenesis in the development of solid tumours has been
widely documented, as tumour spread requires the growth of new blood vessels
(Mody et al., 2018). Considering this assumption, conventional drugs are used in
combination with new anti-angiogenic drugs in the treatment of metastatic CRC.
In particular, bevacizumab, a monoclonal antibody (mAb) targeting vascular
endothelial growth factor (VEGF), a potent proangiogenic factor, and cetuximab,
a mAb targeting epidermal growth factor receptor (EGFR), another
proangiogenic factor, are used. The combination of anti-angiogenic therapy with
the other chemotherapy regimens has been shown to significantly increase
survival in patients with metastatic colorectal cancer (Kirstein et al., 2014).
Despite the obvious advances in understanding the pathophysiology of colorectal
cancer, current therapeutic interventions cannot prevent or stop the progression
of the disease to metastasis. Therefore, it is crucial to identify new molecular

agents that play an important role in CRC oncogenesis.
4.2 Endocannabinoidome and CRC

Significant alterations in the ECS have been described in colorectal cancer.
In particular, increased endocannabinoid levels, downregulation of CB; receptors
and upregulation of CB, receptors were observed in intestinal samples from CRC
patients (Grill et al., 2019; Tutino et al., 2019). These observations support the
possible role of cannabinoids in regulating cancer progression.

The potential effect of cannabinoids on colorectal carcinogenesis has been
studied in CRC epithelial cells and experimental models of colorectal cancer
(Izzo and Sharkey, 2010; Velasco et al., 2012; Daris et al., 2019). Regarding their

mechanism of action, cannabinoids could exert protective effects by directly
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activating cannabinoid receptors or indirectly by modulating endocannabinoid
levels via inhibition of metabolising enzymes. Indeed, activation of cannabinoid
receptors has been associated with antiproliferative effects, promotion of
apoptosis, inhibition of tumour cell migration and/or inhibition of angiogenesis
(Martinez et al., 2020).

Several receptors, as well as lipid mediators belonging to the

endocannabinoidome have also been investigated in preclinical models of CRC.
In particular, GPR55, PPARy, TRPV1 and TRPMS have been implicated in the
development of CRC (Aviello et al., 2012; Kargl et al., 2016); specifically,
GPRS55 has been reported to be involved in the migration of HCT116 colon cancer
cells and appears to play an important role in preventing metastasis (Kargl et al.,
2016). Activation of TRPV1 and PPARY has also been reported to reduce cell
proliferation in colorectal adenocarcinoma cell lines (Aviello et al., 2012), while
the use of a TRPMS antagonist reduces the growth of colorectal cancer cells
(Borrelli et al., 2013).
PEA has been reported to have antitumour activity in in vitro and in vivo models
of colon cancer by reducing cell proliferation and tumour development (Pagano
et al, 2021). Finally, among the enzymes that metabolise the
endocannabinoidome, NAAA, FAAH and MAGL have been associated with
colorectal cancer progression, and their pharmacological blockade attenuates
experimental carcinogenesis by increasing NAEs and MAGs levels (Pagano et
al., 2017; Wasilewski et al., 2017; Romano et al., 2021).

As with IBD, most studies conducted on Cannabis compounds have
focused on CBD, due to its main mechanism of action (CBD can increase
endocannabinoid levels by inhibiting their enzymatic degradation) and
pharmacological effects (antioxidant and anti-inflammatory activity) (Kis et al.,
2019); secondly, CBD has already been reported to be able to inhibit Noxa
activation, mTOR/cyclin D1 and G-protein-coupled receptor/mitogen-activated

protein kinase (GPR/MAPK) signalling pathway in various cancers such as
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pancreatic cancer, glioblastoma, leukaemia and breast cancer (Martinez et al.,
2020); thirdly, CBD may target GPR55 and produce the effects on cell migration
described above (Kargl et al., 2016); finally, the synthetic CBD analogue O-1602
is able to reduce the viability of colon cancer cell lines and induce apoptosis, as
well as reduce tumour size and incidence in a colitis-associated colon cancer
mouse model (Kargl et al., 2013).
In vitro studies have shown that CBD is able to protect DNA from damage,
increase endocannabinoid levels and decrease cell proliferation in colorectal
adenocarcinoma cell lines (Caco-2 and HCT116) (through activation of the CB,
receptor, TRPV1 channel and PPARY) (Aviello et al., 2012); CBD also showed a
proapoptotic effect in HCT116, colo205 and DLD-1 cell lines in a Noxa- and
ROS-dependent manner (Jeong et al., 2019b; Jeong et al., 2019c).
The effect of CBD has also been studied in in vivo models of colorectal cancer.
In azoxymethane (AOM)-induced colorectal tumorigenesis in mice, a CBD-
enriched plant extract or pure CBD was able to reduce preneoplastic lesions,
polyps and tumour formation and attenuate the upregulation of phospho-Akt and
downregulation of caspase-3 (Romano et al., 2014).

Other phytocannabinoids have also been tested in CRC. In particular, CBG
was reported to be able to reduce the growth of CRC cells (Caco-2 and HTC 116)
via a ROS-mediated pro-apoptotic mechanism, and to counteract the
development and growth of colon carcinogenesis in in vivo models of CRC
(AOM-induced and xenograft model), effect mediated by TRPMS (Borrelli et al.,
2014).

4.3 Gut microbiota and CRC

The gut microbiota plays an important role in maintaining intestinal
homeostasis through various mechanisms and a link between its alteration and
the development of gastrointestinal diseases such as colorectal cancer has been

demonstrated (Gao et al., 2017). Recent studies have shown that the occurrence
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of CRC is related both to changes in the composition of the gut microbiota and to
infections caused by certain bacteria. To better understand the relationship
between the microbiota and CRC, some hypotheses have been proposed, such as
the alpha-bug hypothesis and the driver-passenger model (Cheng et al., 2020).
The alpha-bug hypothesis assumes that certain bacteria, known as alpha-bugs, are
pro-oncogenic in nature and can induce mutations in epithelial cells (Yu and
Fang, 2015). This hypothesis stems from a series of studies conducted with a
putative alpha-bug bacterium, the enterotoxigenic Bacteroides fragilis (ETBF)
(Sears and Pardoll, 2011). ETBF acts in the early phase of CRC, producing a
toxin that not only has a direct genotoxic effect, but also stimulates intestinal
epithelial cell loss and E-cadherin-gamma-secretase-dependent cleavage,
increases intestinal wall permeability and triggers [-catenin/Wnt signal
transduction in intestinal epithelial cells; thus ETBF contributes to the
proliferation and pathogenic transformation of CRC (Yu and Fang, 2015).

The driver-passenger model suggests that there are "driver" bacteria
involved in the early stages of colorectal cancer development, and that these
bacteria are then later replaced by "passenger" bacteria (Yu and Fang, 2015).
Driver bacteria are intestinal bacteria with pro-carcinogenic properties that can
trigger the development of CRC. Possible driver bacteria include Enterococcus
faecalis and Escherichia coli (Tjalsma et al., 2012). Passenger bacteria are
intestinal bacteria that are relatively uncolonized in a healthy person but have a
competitive advantage in the tumour microenvironment that allows them to
outcompete the driver bacteria (Tjalsma et al., 2012).

Studies in animal models of CRC (genetically or chemically induced) have
shown greater tumour development in animals with a normal gut microbiota
compared to those without (germfree), confirming that the gut microbiota plays
an important role in the development of CRC (Lucas et al., 2017). CRC is often
associated with dysbiosis (Tilg et al., 2018), which is partly characterised by the

expansion of the bacterial taxon: quantitative changes in the components of the
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gut microbiota can promote the development of chronic inflammation and the
production of carcinogenic metabolites, contributing to the development of

neoplasia (Song et al., 2020).
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AIM

As mentioned above, inflammatory bowel disease (IBD) and colorectal
cancer (CRC) are the most important pathologies of the gastrointestinal tract
worldwide. Recently, the endocannabinoidome (eCBome), a complex system of
lipid mediators, enzymes involved in their biosynthesis and degradation, and
receptors/channels, has been shown to be involved in the regulation of gut
homeostasis and immune system. The gut microbiome (miBlome), composed of
trillions of different microorganisms, has also been reported to play a key role in
gut homeostasis, and imbalance of this microbiome is implicated in the onset and
development of IBD and CRC. Recently, a link between eCBome and miBlome
has been described. Given these assumptions, the general aim of this work is to
investigate whether the interaction between the eCBome and the gut microbiome
has an impact on the development of IBD and CRC. This aim was achieved by
manipulating the eCBome and gut microbiota using naturally derived receptor
ligands and enzymatic inhibitors, genetic deletion of the receptors and depletion

of the gut microbiota.
In particular, we achieve this goal by:

a. activation of TRPA1 (Transient Receptor Potential Ankyrin type-1, part of
the eCBome) by using its natural agonist cannabidivarin; the effect of
cannabidivarin on colon inflammation (in two mouse models of ulcerative
colitis and in biopsies from human patients with ulcerative colitis) and its
possible effect on the gut microbiota were evaluated;

b. inhibition of FAAH (fatty acid amide hydrolase, enzyme responsible for
the degradation of some mediators of eCBome) by the natural inhibitor
cannabidiol in combination with fish oil (FO, fish oil); the effect of this
combination on inflammatory parameters in two mouse models of
ulcerative colitis and its possible influence on the composition of the gut

microbiota were evaluated;
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c. genetic deletion of Trpm8 (Transient receptor potential melastatin type-8,
also part of the eCBome). Specifically, using a model of chemically
induced sporadic colorectal cancer in mice Trpm8”, we investigated the
development of colon carcinogenesis and the resulting changes in the
composition of the gut microbiota.

d. modification of the gut microbiota (using antibiotic-treated mice or
germfree mice). The effect of this depletion on chemically induced

ulcerative colitis and changes in eCBome mediator levels was investigated.

In few words, the ultimate goal of my PhD thesis is to understand the possible
role of the endocannabinoidome — gut microbiome axis in the pathogenesis of

IBD and CRC.
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MATERIALS AND METHODS
1.1 Drugs and reagents

2,4-dinitrobenzenesulfonic acid (DNBS), azoxymethane (AOM),
myeloperoxidase (MPO) from human leucocytes, and fluorescein isothiocyanate
(FITC)-conjugated dextran (molecular mass 3—5 kDa) were purchased from
Sigma Aldrich S.r.l. (Milan, Italy); dextran sulfate sodium salt (DSS, molecular
weight 36,000-50,000) was purchased from MP Biomedical (Illkirch, France).
All the reagents for DNA extraction and library preparation were purchased from
FisherScientific (Canada) and Qiagen (Hilden, Germany); 16S DNA sequencing
reagents were purchased from Illumina (CA, USA).
CBD and CBDV [purity by high-performance liquid chromatography (HPLC)
99.5% and 99.0% respectively], were kindly supplied by GW Research Ltd
(Cambridge, UK). CBD was dissolved in sesame oil (90 uL/mouse). CBDV was
dissolved in ethanol-Tween20-saline (1:1:8) for intraperitoneal (i.p.) injection (60
puL/mouse) and in carboxymethylcellulose (CMC 1%, 150 pL/mouse) for oral
gavage administration. The vehicles had no significant effects on the responses
under study. Fish oil (FO; Marco Viti Farmaceutici, Mozzate, CO, Italy) and
sesame oil (Il fiore di Loto S.r.1., Orbassano TO, Italy) were obtained from a local
pharmacy. All chemicals and reagents employed in this study were of analytical

grade.
1.2 Animals

Male adult CD1 (25-30 g) and C57BL6/J mice (wild type, 6 weeks old)
were purchased from Charles River Laboratories (Calco, Lecco, Italy) and
Jackson Laboratory, respectively. C57BL6/] Trpm8 mice, purchased from
Jackson Laboratory, were bred in our colony in the Animal Facility of the
Department of Pharmacy, University of Naples, Federico II; 6 weeks old male
mice were used in our experiments. CD1, C57BL6/J and C57BL6/J Trpm8~- mice

were maintained in the animal care facility at the University of Naples in
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polycarbonate cages under controlled temperature (23 & 2 °C), constant humidity
(60%) and with a 12-h light, 12-h dark cycle. The animals were acclimatised to
their environment at least 1 week under standard conditions, with free access to
water and standard rodent diet.

Conventionally Raised (CR) and Germ free (GF) Balb/c mice (6-8 weeks
old) were purchased from Taconic (Taconic Bioscience, NY, USA) and
maintained in the animal facility of the Institut Universitaire de Cardiologie et
Pneumologie de Québec (IUCPQ, QC, Canada). Mice were housed in single cage
under a 12h:12h light dark cycle with ad libitum access to NIH-31 Open Formula
Autoclavable Diet (Zeigler, PA, USA) and water. GF mice were housed in axenic
status and fecal samples as well as litter samples from each cage were tested to
ensure that the GF condition was maintained throughout the whole experiment.
Both GF and CR mice were acclimatized for at least one week prior to start with
the procedures.

All mice were fasted overnight before the intracolonic injection of DNBS
and for 2 h before the oral gavage of the drugs. Mice were randomly allocated to
different experimental groups and outcome assessments were performed in single
blind.

All animal procedures performed in Italy were approved by the
Institutional Animal Ethics Committee for the use of experimental animals and
were carried out in accordance with the Italian D.L. no. 116 of January 27, 1992
and associated guidelines in the European Communities Council (86/609/ECC
and 2010/63/UE). Animal procedures performed in Québec (QC, Canada), were
validated by the approved by Laval University animal ethics committee
(CPAUL). Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015). G*Power was used

for sample size calculation (Faul et al., 2007).
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1.3 Patients

Human studies were approved by Ethical Committee of the University of
Trieste, Department of Medicine (protocol number 111/ 2015). Human colon
samples were obtained by colonoscopy as previous described (Lazzerini et al.,
2017) from pediatric patients with a well-established diagnosis of ulcerative
colitis (UC); patients were clinically scored using the Geboes score which
classifies UC in six grades of severity: grade 0, architectural changes; grade 1,
chronic inflammatory infiltrate; grade 2, lamina propria neutrophils and
eosinophils; grade 3, neutrophils in epithelium; grade 4, crypt destruction; grade

5, erosions or ulcerations (Geboes et al., 2000).
1.4 Human tissue culture

Colonic biopsies of inflamed areas were collected from pediatric patients
with active UC; as a paired control, biopsies of non-inflamed areas were collected
from areas proximal to the inflamed ones. Colonic biopsies were washed with
cold phosphate buffer saline (PBS), divided in two pieces and cultured in a 0.95
cm? plate with or without CBDV (10 pM) in RPMI-1640 medium [supplemented
with 10% foetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin and 2 mM L-glutamine] (Petito et al., 2016). The concentration of
CBDYV was selected on the basis of in vitro studies previously reported (Hill et
al., 2012). After 18 h, supernatants were collected and stored at —80 °C for
interleukin- (IL-) 1B detection.

1.5 Induction of experimental colitis and pharmacological treatments
1.5.1 Dinitrobenzenesulfonic acid (DNBS)-induced colitis

DNBS (150 mg/kg for CD1 and 120 mg/kg for Balb/c mice) was dissolved
in 50% or 30% ethanol for CD1 and Balb/c mice (150 pL/mouse), respectively.
DNBS was administrated into the rectum by a polyethylene catheter (1 mm in

diameter) inserted approximately 4.5 or 3.0 cm proximal to the anus respectively
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for CD1 and Balb/c mice (Morampudi et al., 2014; Pagano et al., 2016). In
preliminary experiments this dose of DNBS was found to induce remarkable
colonic damage associated with high reproducibility and low mortality. After 3
days, when intestinal inflammation can be assessed, all mice were euthanized by
asphyxiation with CO; or by cardiac puncture during isoflurane anaesthesia, the
mice abdomen was opened by a midline incision and the colon removed, isolated
from surrounding tissues, length measured, rinsed, weighed and then processed
(Borrelli et al., 2013). Mice body weight was measured every day during the
treatment period. For biochemical analysis, tissues were kept at —80 °C until the
use, while for histopathological analysis the colons were fixed in 10%
formaldehyde.

In the preventive protocol, CBDV was given intraperitoneally (0.3—10 mg/kg) or
by oral gavage (0.3—30 mg/kg) once a day for seven consecutive days starting
three days before DNBS administration, while in the curative protocol CBDV, at
the same doses, was given for three consecutive days starting 24-h after DNBS
administration. In particular mice were killed 1 hour (for intraperitoneal
administration) or 2 hours (for oral gavage) after the last administration of
CBDV; the dose-range was selected on the basis of other phytocannabinoids
previously evaluated in experimental colitis (Borrelli et al., 2013; Pagano et al.,
2016). TRPA1 antagonist, HC030031, was dissolved in DMSO/Tween20/saline
(1:1:8) and administered intraperitoneally (30 mg/kg) alone or 30 min before
CBDV administration. The dose of HC030031 was selected on the basis of
preliminary experiments showing that the antagonist, at 30 mg/kg dose, did not
affect, per se, DNBS-induced intestinal inflammation. A higher dose of
HCO030031 (i.e., 50 mg/kg) reduced, per se, DNBS-induced colitis (data not
shown).

Fish oil (FO), cannabidiol (CBD) and their combination (CBD+FQO) were also
tested in this model. In particular we tested a dose of FO of 75 mg/mouse that

was active in the DSS model (see later), daily by oral gavage starting from the
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same day of DNBS administration. CBD was tested in a dose range of 0.3-30
mg/kg by oral gavage starting from the day after the DNBS administration, either
alone or in combination with FO 75 mg/kg.

Antibiotic treatment

To eliminate the gut microflora, mice were treated with a mix of ampicillin (1
mg/mL), streptomycin (1 mg/mL) and clindamycin (1 mg/mL) in their drinking
water (Guida et al., 2018). After two weeks of antibiotic treatment, mice started

the DNBS-induced colitis protocol as reported before.
1.5.2 Dextran sulfate sodium (DSS)-induced colitis

CD1 mice received 4% dextran sulfate sodium (DSS, molecular weight
36,000-50,000; MP Biomedical, Illkirch, France) in drinking water ad libitum for
five days; after that, the DSS solution was replaced with normal drinking water
for additional three days (Chassaing et al., 2014); control mice received drinking
water throughout the study. CBDV was administered by oral gavage [at dose of
3 mg/kg (dose found to be the most effective in the DNBS model of colitis)] once
a day for six consecutive days starting three days after the start of DSS
administration. The last administration of CBDV was given 2 h before the
euthanasia. At day eight all mice were euthanized, the abdomen was opened by a
midline incision, the colon removed, isolated from surrounding tissues, length
measured, rinsed and weighed (to measure colon weight/colon length ratio) and
the spleen was collected and weighed. The DSS dose (4% w/v) and the time
points (5-day treatment and sacrifice at day 8) were selected on the basis of our
preliminary experiments showing a remarkable colonic damage associated to
high reproducibility and low mortality.

FO was administered once a day starting two days after DSS and continued
every day until day 8 or day 14. In preliminary experiments FO was given either
simultaneously or one day before CBD; results showed a greater beneficial effect

of CBD, dissolved in sesame oil, when it was given by oral gavage one day after
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FO (data not shown), therefore, all the experiments were carried out according to
this schedule of administration [i.e., CBD was administered once a day starting
one day after the administration of FO (i.e., 3 days after DSS), and continued
every day until euthanasia on day 8 or day 14]. All animals were euthanized by
asphyxiation with CO,. Four experiments were carried out: Experiment 1) a dose-
response curve for FO (20-50 mg/mouse each mouse weighing 28 — 30 g), to find
the highest inactive dose of FO; Experiment 2) a dose-response curve for CBD
(0.3-10 mg/kg by gavage in sesame oil) in the presence or absence of FO (20
mg/mouse), to find the highest inactive dose of CBD; Experiment 3) a co-
administration of an inactive dose of FO (20 mg/mouse) with an inactive dose of
CBD (1 mg/kg), to assess the potential stronger anti-inflammatory effects of a
combination treatment in the acute and remission phases (RP) of DSS-induced
colitis; and Experiment 4) a co-administration of FO at a dose of 75 mg/ mouse
with different doses (0.3 — 30 mg/kg) of CBD, to determine even potentially
stronger effects on markers of inflammation through the combination of non-
inactive doses. In the first, second and fourth experiments, animals were
sacrificed at d8, and in the third at both d§8 (immediately after behavioral tests)
and d14 (i.e., RP). In the third set of experiments, intestinal inflammatory
parameters were evaluated at both d§8 and d14, whereas behavioral tests were
performed at d8 only. In the other experiments, only intestinal inflammatory
parameters were evaluated at dS.

Stools were collected within 1 h directly from mice previously kept in clean
separate cages at d0, d8 and d14 (immediately before the sacrifice) and quickly
stored at —80°C. Body weight, food, and water consumption were measured daily
throughout the experiment. Stool consistency and visible blood in faeces were
also examined to determine the Disease Activity Index (DAI) score (Nishiyama
et al., 2012). At the time of sacrifice, colons were removed and colon
weight/colon length ratio was measured. Colons were then snap frozen at —80°C

for determination of myeloperoxidase (MPO) activity and interleukin (IL) levels.
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1.6 Induction of experimental sporadic colorectal cancer
1.6.1 Azoxymethane (AOM)-induced sporadic colorectal cancer

Mice were randomly divided into four groups (5 animals/group): group 1
(control, wild type) and group 3 (control, Trpm8~) were treated with vehicles
(NaCl 0.9% w/v solution); group 2 (AOM, wild type) and 4 (AOM, Trpm8")
were treated with azoxymethane (AOM) at the single dose of 10 mg/kg at the
beginning of the first, second, third and fourth week (40 mg/kg in total). All
animals were euthanized by asphyxiation with CO, three months after the first
injection of AOM. Based on our laboratory experience, this time (at the used dose
of AOM) is associated with the occurrence of a significant number of aberrant
crypt foci (ACF), polyps and tumors. In particular, mice develop pre-neoplastic
lesions (ACF) 4 weeks after the first AOM administration; subsequently, they
develop polyps after 8 weeks and tumors after 12 weeks (Borrelli et al., 2014).
The total number of tumors was assessed on isolated colons as follows: colons
were excised from the whole gastrointestinal tract, washed with cold PBS, opened
along the antimesenteric border and the epithelium was quickly observed in the

whole area under a stereo microscope.
1.7 Behavioral Tests

Novel object recognition (NOR) task to evaluate recognition memory and
Light/Dark box test to evaluate anxiety (Guida et al., 2017; Zhu et al., 2018) were
performed at day 8 in animals treated with DSS (See the third experiment in the
DSS model of colitis).
1.7.1 Novel object recognition task

Novel object recognition (NOR) task was done as described previously
with some modifications (Zhu et al., 2018) . Each mouse was placed in a cage (40
cm X 25 cm x 18 cm) in the presence of two identical objects (training phase) and
filmed for 10 minutes. Successively, one object was replaced with a new object

and mice were placed again in the cage for 10 min (testing phase). The tests were
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automatically detected by a video camera coupled with video-tracking software
(Any-maze, Stoelting Co., Wood Dale, IL, USA). Video clips were analyzed
considering the number of explorations of the new object and the meters traveled
in the cage (spontaneous locomotion). Mice with cognition disorders spend less
time with the new object. After each trial, the cages and the objects were cleaned

with 70% ethanol in order to remove odor cues.
1.7.2 Light/dark box test

Light/Dark box was performed as previously reported (Guida et al., 2017).
Mice, one at a time, were placed for 10 min in a light and dark box apparatus, i.e.,
a box (60 cm x 30 cm x 30 cm) divided in a dark area and a light area (equally
sized compartments, 30 x 30 cm each). Mice were placed in the light area and
allowed to move freely. Time spent in dark side (mice with anxiety spent more
time in dark) and number of transitions between light side and dark side (in order

to observe mouse movements) were evaluated.
1.8 In vivo intestinal permeability

In vivo intestinal permeability was measured using a FITC-labelled dextran
method, as previously described (Borrelli et al., 2015). Mice were administered
with 600 mg/kg of FITC-conjugated dextran (molecular mass 3 — 5 kDa) by oral
gavage 24h before the sacrifice. After 24 h, the blood was collected by cardiac
puncture and the serum was immediately analysed for FITC-derived fluorescence
(fluorescent microplate reader with 2104 EnVision Multilabel Plate Readers,
PerkinElmer Instruments, Walthan, MA, USA) with an excitation wavelength of
485 £ 14 nm and emission wavelength of 520 = 25 nm. Serial dilution of FITC
dextran was made to generate a standard curve. Intestinal permeability was

expressed as the concentrations of FITC (uM) detected in the serum.
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1.9 Histology

Following euthanasia, a subset of three mice colons, randomly selected
from each group, was fixed in 10% buffered formaldehyde for 24 h at room
temperature and then dehydrated, paraffin embedded, 4 um cut and mounted on
glass slides. Slides were stained with Hematoxylin & Eosin using standard
protocols and observed on light microscopy (LEICA DMI1000, Leica
Microsystem, Milan, Italy). Microscopic damage was evaluated and scored in

blind by two independent pathologists according to Geboes score.
1.10 Measurements of myeloperoxidase activity

MPO activity, a peroxidase enzyme used to quantify the neutrophil
infiltration in whole-tissue colons, was determined as previously described
(Krawisz et al.,, 1984; Pagano et al., 2016). Full-thickness colons were
mechanically homogenized in 0.5% w/v hexadecyltrimethylammonium bromide
(HTAB) in 10 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), using a
ratio of 50 mg tissue/mL MOPS. The homogenates were centrifuged for 20 min
at 15,000xg at 4 °C and an aliquot of the supernatant was incubated with sodium
phosphate buffer (NaPP pH 5.5) and a 16 mM 3,3’,5,5'-tetramethylbenzidine
solution in DMSO. After 5 min, hydrogen peroxide (10 mM in NaPP) was added
and the reaction was stopped with acetic acid (2 M). The rate of change in
absorbance was measured by a spectrophotometer at 650 nm. Different dilutions
of human MPO enzyme of known concentration were used to obtain a standard

curve. MPO activity was expressed as U/mg of tissue.
1.11 Gene expression analysis by quantitative PCR

Total RNA from murine and human tissues was purified, quantified,
characterized and retrotranscribed. Final preparation of RNA was considered
DNA- and protein-free if the integrity number (Bionalyzer 2100, Agilent) was

greater than 8 in a 0—10 scale. Quantitative real-time PCR was carried out in an
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1CycleriQS5 system (Biorad, MI, Italy) by use of SYBR Green detection. Selective
primers were either purchased from Integrated DNA Technologies (Iowa, USA)
or designed using Allele-Id software version 7.0 (Biosoft International, Palo Alto,
CA, USA) and synthesized by MWG-Biotech (HPLC purification grade) (Table
1). Each sample was amplified simultaneously in a quadruplicate in one-assay
run (maximum ACt of replicate samples <0.5), and a standard curve from
consecutive fivefold dilutions (100-0.16 ng) of a cDNA pool representative of all
samples was included for PCR efficiency determination. Data normalization was
performed by using as a control the Ct from S16 and/or HPRT, both constitutively
expressed proteins; differences in mRNA content between groups were calculated

as normalized values by use of the 224 formula.
1.12 Enzyme-linked immunosorbent assay

Interleukin (IL)-1, IL-10 and IL-6 concentrations in homogenate obtained
from full-thickness mice colonic tissues or from human mucosal colonic biopsies
were determined using commercial ELISA kits (ThermoFisher Scientific,

Milano) according to manufacturer's instructions.

1.13 HPLC-MS/MS analysis for quantification of lipid mediators and

phytocannabinoids

Lipid extraction was performed following the Bligh and Dyer method
(Bligh and Dyer, 1959). Briefly, approximately 10 mg of colon tissues were
homogenized in 1 mL of Tris-HCI 50 mM pH 7 and methanol (1/1) using a tissue
grinder; 200 pL of the mixture were transferred in a new tube and then added 800
uL (1:5 dilution) of the same Tris-HCl/methanol solution containing 0.1 M acetic
acid and 5 ng of deuterated standards. An organic phase extraction with
chloroform was performed on each sample by adding 1 mL of chloroform in the
mixture, vortexing for 30 seconds and centrifuging at 3000 g for 5 minutes. This

was repeated three times for a total of 3 mL of chloroform. The organic phases
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Table 1. List of primers used in RT-PCR analysis

Gene name Forward (5°-3’) Reverse (5°-3%)

Murine IL-1B TATACCTGTCCTGTGTAAA TTGACTTCTATCTTGTTG
Murine IL-10 TTATTACCTCTGATAATCT CCATCATATAATATAATCTCC
Murine IL-6 CCTGGAGTACATGAAGAA TGGTTGAAGATATGAATTAGAGT
Murine MCP1-a TTGTATTTGTGACTATTTATTCT GGCATATTTATTACTTCTCTG
Murine TNFa GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATCAGAGGGAG
Murine TRPA1 GGAGATATGTGTAGATTAGAAGAC TCGGAGGTTTGGATTTGC
Murine TRPV1 CTACCTCGTGTTCTTGTT AGGCAGTGAGTTATTCTTC
Murine TRPV2 AACAAAGGAAAGAATGAG GGTAGTTGAGATTCACTTT
Murine TRPV3 AACACCAACATTGATAAC AGAAGGACAAGAAGAAC
Murine TRPV4 AAAGACTTGTTCACGAAG CACAGAGTAGATGAAGTAGAG
Murine B-actin CCAGGCATTGCTGACAGG TGGAAGGTGGACAGTGAGG
Murine HPRT TTGACACTGGTAAAACAATGC GCCTG TATCCAACACTTCG
Human TRPA1 ACCCAAATCTCCGAAACTTCAAC CTCAAGCAAGACCTTCATCACC
Human S16 TCGGACGCAAGAAGACAGCGA AGCGTGCGCGGCTCAATCAT
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were then collected and evaporated under a nitrogen flow and dissolved in 50 uL
of mobile phase containing 50% of solvent A (water + ImM ammonium acetate
+ 0,05% acetic acid) and 50% of solvent B (acetonitrile/water 95/5 + 1 mM
ammonium acetate + 0.05% acetic acid).

After that, 40 puL of each sample were injected into an HPLC column (Kinetex
C8, 150 x 2.1 mm, 2.6 um, Phenomenex) and eluted at a flow rate of 400 uL/min
using a discontinuous gradient of solvent A and solvent B. Quantification of lipid
mediators was carried out by using an HPLC system interfaced with the
electrospray source of a Shimadzu 8050 triple quadrupole mass spectrometer and
using multiple reaction monitoring in positive ion mode the compounds of
interest and their deuterated homologs (Manca et al., 2020).

CBD levels in mice colons were measured by using an LC20AB coupled to a
hybrid detector IT-TOF (Shimadzu Corporation, Kyoto, Japan) equipped with an

electrospray ionization interface as previously described (Piscitelli et al., 2017).
1.14 Metagenomic analysis by 16S rRNA gene sequencing

Fecal microbiota was analyzed from fecal samples that were collected at
different time points: TO (before the induction of the colitis) and T3 (three days
after the induction of colitis by DNBS) for the DNBS-induced colitis; TO (before
the first DSS administration); T8 (after 8 days, in the acute phase) and T14 (after
14 days, in the remission phase) in the DSS-induced colitis; in the AOM-induced
colorectal cancer model, taking in account the time dependent development of
preneoplastic lesions, polyps and tumors, we collected fecal samples at the
beginning of the protocol and at the fifth, ninth and thirteenth week. All the fecal
samples were collected using a clean single cage per each mouse, and then
immediately frozen at -80 °C.

DNA form AOM-treated mice and the corresponding control group was
extracted from faeces using the QIAmp PowerFecal DNA kit (Qiagen, Hilden,

Germany) according to the manufacturers’ instructions. The DNA concentrations
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of the extracts were measured fluorometrically with the Quant-iT PicoGreen
dsDNA Kit (Thermo Fisher Scientific, MA, USA) and the DNAs were stored at
—20 °C until 16S rDNA library preparation. Briefly, 1 ng of DNA was used as
template and the V3-V4 region of the 16S rRNA gene was amplified by
polymerase chain reaction (PCR) using the QIAseq 16S Region Panel protocol in
conjunction with the QIAseq 16S/ITS 384- Index I (Sets A, B, C, D) kit (Qiagen,
Hilden, Germany) (Rausch et al., 2019). The 16S metagenomic libraries were
eluted in 30 puL of nuclease-free water and 1 pL was qualified with a Bioanalyzer
DNA 1000 Chip (Agilent, CA, USA) to verify the amplicon size (expected size
~600 bp) and quantified with a Qubit (Thermo Fisher Scientific, MA, USA).
Libraries were then normalized and pooled to 2 nM, denatured and diluted to a
final concentration of 6 pM and supplemented with 5% PhiX control (Illumina,
CA, USA). Sequencing (2 x 275 bp paired-end) was performed using the MiSeq
Reagent Kit V3 (600 cycles) on an Illumina MiSeq System. Sequencing reads
were generated in less than 65 h. Image analysis and base calling were carried out
directly on the MiSeq.

For CBDV fecal samples, V3-V4 16S tDNA FASTQ paired-end reads
were pre-processed with PEAR (Zhang and Li, 2014) in order to assemble reads
with an overlap of at least 40 nucleotides, and to retain high quality sequences
(PHRED score > 33) that were comprised between 400 and 500 bp. These reads
were then processed with PRINSEQ (Schmieder and Edwards, 2011) in order to
obtain FASTA and QUAL files for further analyses. Pick of operational
taxonomic units (OTUs), taxonomic assignment and diversity analyses were
conducted using Quantitative Insights Into Microbial Ecology (QIIME, version
1.8.0) (Caporaso et al., 2010). A closed reference-based OTU picking method
was employed to obtain OTUs at 97% sequence similarity from Greengenes 16S
gene database (GG; May 2013 version) (DeSantis et al., 2006). The GG database
was used to taxonomically classify the identified OTUs and to compute their

distribution across different taxonomic levels. To avoid sample size biases in
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subsequent analyses, samples were normalized to 18,871 sequences/sample using
a sequence rarefaction procedure. Species heterogeneity in each sample was
assessed by employing two Alpha diversity metrics (the number Observed
species and the Shannon entropy) and compared using a two-sample permutation
t-test, using 999 Monte Carlo permutations to compute p-values. Unweighted and
weighted Unifrac distances were calculated to analyze OTUs diversity among
sample communities (beta diversity). Species and Clostridium cluster
classification was performed using SPecies level IdentificatioN of metaGenOmic
amplicons package (SPINGO version 1.3) with default parameters on a
representative sequence of each OUT (Allard et al., 2015).

For the other fecal samples, FASTQ files were processed using the DADA2
pipeline and taxonomic assignation with reference to the RDP database (Callahan

et al., 2016). All sequences were cumulative sum scaled (CSS) (Paulson et al.,

2013).
1.15 Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8.1.2.
Data are expressed as the mean = SEM of n experiments, or as median
interquartile range (IQR) with bars showing the minimum and maximum values.
Outliers were identified by ROUT test.

Normal data were compared via Student’s ¢ test (for comparing a single
treatment mean with a control mean) or one-way analysis of variance (ANOVA)
with Dunnett's or Tukey’s post hoc test and non-normal data were compared via
Kruskal-Wallis with Dunn's test. p<0.05 was considered to be significant.
Statistical analysis of parameters measured in ABX-treated or germfree mice,
compared to conventionally-raised mice, was performed using two-way ANOVA
followed by Fisher’s Least Significant Difference (LSD) test.

Statistical analysis of microbiota composition analyzed with Principal Coordinate

Analysis (PCoA), using the Bray-Curtis dissimilarity indexes to estimate beta-
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diversity, was carried out using the PERMANOVA test. Cumulative Sum Scale
(CSS) graphs were analysed using Student’s ¢ test or Two-way ANOVA followed
by Tukey test for multiple comparison post-hoc analysis. p<0.05 was considered

to be significant.
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RESULTS

Part I — Cannabidivarin (CBDV) counteracts chemically-induced ulcerative

colitis and microbiota dysbiosis in mice via TRPA1 activation
1.1 DNBS administration induces ulcerative colitis

Intracolonic administration of DNBS, either in the preventive or curative
protocols (Figure 11), caused inflammatory signs such as increased colon
weight/colon length ratio and intestinal permeability, neutrophil infiltration
(measured by MPO activity), histological damage, production of pro-
inflammatory cytokines and a decrease in the anti-inflammatory cytokine I1L-10

(Figures 12-14).

1.2 CBDV reduces colon weight/colon length ratio in DNBS-induced ulcerative

colitis

Oral or intraperitoneal administration of CBDV (0.3-10 mg/kg) resulted in
a significant reduction in the ratio of colon weight/colon length increased by
DNBS administration in both the preventive and curative protocols (Figure 12).
Specifically, intraperitoneal administration of CBDV resulted in a statistically
significant reduction from 3 mg/kg dose in the preventive protocol and from 10
mg/kg dose in the curative protocol (Figures 12A and 12B). A statistically
significant reduction in the colon weight/colon length was achieved by oral
gavage administration of CBDV starting from a 1 mg/kg dose in the preventive
protocol and 3 mg/kg dose in the curative protocol (Figures 12C and 12D). As
the aim of pharmacological treatment of IBD is to reduce the inflammatory status
in the relapsing phases of the disease, further studies have been conducted using

the curative protocol.
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Figure 11. Schematic representation of administration protocols of CBDV in DNBS-induced
colitis. DNBS was injected in mice colon at the dose of 150 mg/kg. CBDV was administered
once a day either by oral gavage or intraperitoneal injection in a dose range of 0.3-30 mg/kg.
CBDV treatment started three days before DNBS administration in the preventive protocol and
one day after DNBS administration in the curative protocol; mice were killed three days after
the DNBS administration. Feces were collected in the curative protocol the day before DNBS

administration and at the endpoint for gut microbiota analysis.
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Figure 12. Preventive and curative effect of cannabidivarin (CBDV) on colon weight/colon
length ratio in DNBS-induced colitis in mice. DNBS was injected in mice colon at the dose of
150 mg/kg. CBDV was administered once a day either by oral gavage or intraperitoneal
injection in a dose range of 0.3-30 mg/kg. CBDV treatment started three days before DNBS
administration in the preventive model (A, C) and one day after DNBS administration in the
curative model (B, D); mice were killed three days after the DNBS administration. Data are
expressed as mean + SEM of 7 mice for each experimental group. Data were statistically
analyzed using one-way ANOVA followed by the Dunnett’s multiple comparisons test.
#p<0.001 vs control, *p<0.05, **p<0.01 and ***p<0.001 vs DNBS alone.
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1.3 CBDV decreases neutrophil infiltration and intestinal permeability in
DNBS-induced ulcerative colitis

The curative effect of CBDV at the dose of 10 mg/kg (i.p.) and 3 mg/kg
(0.s.) on DNBS-induced colitis was further confirmed by analysis of other
parameters of intestinal inflammation. Neutrophil infiltration was determined by
measuring MPO activity. As expected, DNBS administration increased MPO
activity, which was significantly reduced by CBDV treatment in both the 10
mg/kg 1.p. and 3 mg/kg o.s. treated groups (Figures 13A and 13B). Experimental
and clinical colitis are known to cause abnormal gut permeability (Atreya and
Neurath, 2015). To measure the change in gut barrier permeability, we measured
serum levels of FITC-dextran after its oral administration. DNBS-treated mice
had higher serum FITC-dextran concentrations than the control group.
Administration of CBDV reduced the increase in FITC-dextran when
administered both intraperitoneally and via oral gavage (Figures 13C and 13D).
Since a significant anti-inflammatory effect of CBDV (as measured by colon
weight/colon length ratio, MPO activity and barrier function) was obtained at the
lower dose of 3 mg/kg after oral administration than after i.p. injection, and since
the oral route of administration is more clinically relevant, we next focused our

attention on the effect of CBDV administered by oral gavage.

1.4 CBDV lessens histological damage and pro-inflammatory cytokines

production in DNBS-induced ulcerative colitis

Histological analysis of H&E-stained colon sections showed that DNBS
administration induced acute inflammation of the colon mucosa characterised by
erosions, ulceration, edema, hyperplasia, loss of goblet cells, disruption of crypt
integrity and massive infiltration of inflammatory cells (Figure 14A).
Administration of CBDV (3 mg/kg, o.s.) resulted in a reduction in damage,

mucosal ulceration and mononuclear cell infiltration (Figure 14A). Mice treated
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Figure 13. Therapeutic effect of cannabidivarin (CBDV) on inflammatory parameters in
DNBS-induced colitis. DNBS was injected in mice colon at the dose of 150 mg/kg. CBDV was
administered once a day, either by oral gavage (3 mg/kg) or intraperitoneal injection (10
mg/kg), starting one day after DNBS administration; mice were killed three days after the
DNBS administration and inflammation was evaluated on myeloperoxidase (MPO) activity (A
and B) and intestinal permeability (C and D). Data are expressed as mean + SEM of 6 mice for
each experimental group. Data were statistically analyzed using one-way ANOVA followed
by the Dunnett’s multiple comparisons test. §p<0.01 and #p<0.001 vs control, *p<0.05,

*#p<0.01 and ***p<0.001 vs DNBS alone.
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Figure 14. Therapeutic effect of cannabidivarin (CBDV) on histological damage and
inflammation-related proteins in DNBS-induced acute colitis. DNBS was injected in mice
colon at the dose of 150 mg/kg. CBDV was administered once a day by oral gavage (3 mg/kg)
starting one day after DNBS administration; mice were killed three days after the DNBS
administration. A) Representative H&E-stained colon cross-sections of mice treated with
vehicle, DNBS and DNBS plus CBDV (3 mg/kg, o.s.). B) IL-1p, IL-6, MCP-1a and IL-10
colonic expression, evaluated by qPCR analysis, in vehicle, DNBS or DNBS plus CBDV-
treated mice (B). Data are expressed as mean = SEM of 3 mice for each experimental group.
Data were statistically analyzed using one-way ANOVA followed by the Dunnett’s multiple
comparisons test. #p<<0.001 vs control, ***p<0.001 vs DNBS alone.
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with CBDV without DNBS showed no histological signs of colitis (data not
shown). The effect of CBDV was also confirmed by quantification of a panel of
cytokines dysregulated by DNBS administration, as determined by quantitative
(q)-PCR. Administration of CBDV (3 mg/kg, o.s.) decreased mRNA levels of
pro-inflammatory cytokines in the colon (i.e., IL-1p and IL-6), but did not alter
levels of IL-10, the major anti-inflammatory cytokine (Figure 14B). In addition,
CBDV (3 mg/kg, o.s.) decreased colonic mRNA expression of monocyte
chemoattractant protein-1 (MCP-1), a chemokine responsible for macrophage
migration into inflamed tissue (Figure 14B).

Since IL-1 levels showed a higher increase (about 19-fold increase) compared
to the other cytokines, we also measured its expression by ELISA. Consistent
with the mRNA expression data, CBDV decreased IL-1p protein levels in the
colon of DNBS-treated mice by 78% [IL-1P (pg/mL): control, 1283.2+50.1;
DNBS, 2828.3 +404.7#; DNBS+CBDV 3 mg/kg p.o., 1618.1 + 128.3%; #p<0.01
vs control and *p<0.01 vs DNBS alone; mean + SEM, n=6].

1.5 CBDV reduces alterations in gut microbiota composition induced by DNBS

administration

Amplicon sequencing of the 16S rRNA gene (regions V3-V4) was performed on
a subset of animals randomly selected from each group (control, DNBS and
DNBS plus CBDV at time points TO and T3). The sequencing process yielded
1,139,314 high-quality sequences from 18 fecal samples assigned to a total of
2968 operational taxonomic units (OTUs). A sequencing depth of 18,871
sequences/sample, with a good's coverage greater than 98%, was considered for
describing and comparing the composition of the gut microbiota (GM) between
the groups studied. The total number of OTUs observed at sequencing depth was
2261. Alpha diversity revealed no significant differences between groups and
showed no significant variation in species richness and distribution after

treatment (Table 2). To analyse phylogenetic distances between all groups at TO
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and T3, we used unweighted beta diversity (OTUs presence or absence) and
weighted beta diversity (abundance of all common OTUs); both analyses showed
significant differences in gut microbiota composition between groups at T3
(Figures 15A and 15B). In particular, the faecal microbial composition showed a
significant increase in phylogenetic distance compared to control samples after
DNBS administration (T3), indicating a shift in species type and a strong change
in the relative abundances of shared species (Figures 15A and 15B),
demonstrating the presence of strong dysbiosis in the DNBS-treated groups. Co-
administration of CBDV showed a trend towards a reduction in UniFrac
abundance in terms of type and relative abundance of species compared to
DNBS-treated mice, resulting in a microbiota profile closer to that of the control
group (Figures 15A and 15B). Profiling and comparison of GM between the
different groups was performed at the phyla level at time T3 (Figure 15C).
Firmicutes and Bacteroidetes were the most abundant phyla detected in all
groups. There was a marked increase of Proteobacteria in DNBS-treated mice
compared to control mice. Co-administration of CBDV showed a trend towards
restoring the abundance of this phylum to control levels; furthermore, CBDV
administration resulted in a decrease in the relative abundance of Firmicutes
compared to DNBS (Figure 15C).

To find changes at the species level, Greengene's taxonomic classification of
bacterial genera was implemented using the SPINGO package (Table 3). Among
the significant genera, the U.g. of Bacteroidales was significantly increased by
CBDV in DNBS-induced colitis (Table 3). We found that several bacterial
species assigned to Clostridium cluster XIVa and IV decreased by DNBS
treatment. Among these, Clostridium aldenense, was increased and partially

restored to control levels by oral CBDV treatment (Table 3).
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Table 2. Alpha diversity for 16S rRNA gene sequences at 97% similarity from
NGS analysis. Alpha diversity indexes are reported as mean £ SD.

Group Observed species Shannon entropy Good’s coverage (%)
CTRL TO 713.00 £ 8.04 6.48 +0.24 98.70 + 0.03
DNBS TO 653.97 £ 53.27 6.30+0.24 98.78 £ 0.07
DNBS + CBDV T0 751.00 +25.96 6.85+0.09 98.74 + 0.04
CTRL T3 695.30 £ 64.21 6.36 +0.21 98.72 £0.17
DNBS T3 548.67 £ 106.93 5.74 £0.67 98.99 +0.19
DNBS + CBDV T3 695.30 + 64.21 6.48 £0.24 98.93+0.13

TO: before DNBS administration; T3: three days after DNBS administration (endpoint)
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Figure 15. Differences in fecal microbiota composition before (at time points TO) or three days
after (at time point T3) the induction of colitis, in presence or absence of CBDV administration.
DNBS was injected in mice colon at the dose of 150 mg/kg. CBDV was administered once a
day by oral gavage (3 mg/kg) starting one day after DNBS administration; mice were killed
three days after the DNBS administration. Comparison of A) unweighted and B) weighted
Unifrac phylogenetic distances; C) percentage distribution of all bacterial phyla identified with
16S rRNA gene sequencing at time point T3 (three day after the induction of colitis and CBDV
treatment. Data are expressed as mean + SEM (A, B) or % of relative abundance (C). Data
were statistically analyzed using one-way ANOVA followed by the Dunnett’s multiple
comparisons test. *p<0.05 and ***p<0.001; #p<0.05 and ##p<0.01 vs Control T3 (CTRL T3)
(n=3 mice for each experimental group).
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1.6 CBDV decreases TRPAI upregulation in DNBS-induced ulcerative colitis

Since CBDV is able to potently activate (ECsp = 0.42 + 0.01 uM,) and

subsequently desensitise (ICso = 1.29 + 0.38 uM) the TRPA1 channel (De
Petrocellis et al., 2011) we focused on the possible involvement of TRPA1 to
understand the mode of action of CBDV; therefore, we first investigated the effect
of CBDV on TRPAI1 expression during experimental acute colitis.
Consistent with previous studies (Engel et al., 2011), DNBS-induced intestinal
inflammation caused a significant upregulation of the TRPA1 channel.
Interestingly, oral administration of CBDV completely counteracted the DNBS-
induced increase in TRPA1 expression (Figure 16A). To understand whether the
effect of CBDV was selective for TRPA1, we also measured the expression of
TRPV1 and TRPV2, two other members of the TRPs channel family known to
be targeted by higher concentrations of CBDV and dysregulated in ulcerative
colitis (De Petrocellis et al., 2011; De Petrocellis et al., 2012; Bertin et al., 2014;
Issa et al., 2014). Administration of DNBS significantly downregulated TRPV1
without altering TRPV2 expression, whereas treatment with CBDV did not alter
TRPV1 or TRPV2 expression in DNBS-treated mice (Figures 16B and 16C).

1.7 TRPAI is involved in CBDV mechanism of action

To further confirm the possible involvement of TRPAI in the anti-
inflammatory effect of CBDV in the gut, we tested it in the presence of
HC030031, a selective TRPA1 antagonist. Co-administration of HC030031
decreased the anti-inflammatory effect of CBDV, as shown by MPO activity and
by colon weight/colon length ratio (Figures 16D and 16E). The TRPAI1
antagonist HC030031 did not alter, per se, DNBS-induced colitis at the dose used
in this study (30 mg/kg) [MPO (U/mg tissue) DNBS 7.03 + 0.72; HC030031 (30
mg/kg) 6.85 + 0.97; mean = SEM, n=6].
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Figure 16. Involvement of TRPA1 in the anti-inflammatory effect of cannabidivarin (CBDV)
in DNBS-treated mice. DNBS was injected in mice colon at the dose of 150 mg/kg. CBDV
was administered once a day by oral gavage (3 mg/kg) starting one day after DNBS
administration; mice were killed three days after the DNBS administration. Expression (by
qPCR) of TRPA1 (A) and, for comparison, of TRPV1 (B) and TRPV2 (C) in mice colon treated
with vehicle, DNBS or DNBS plus CBDV. D) Effect of CBDV alone or in the presence of the
TRPAT receptor antagonist HC030031 (30 mg/kg, i.p.) on MPO activity and E) colon
weight/colon length ratio in mice with experimental colitis induced by DNBS. Data are
expressed as mean + SEM of 6 mice for each experimental group. Data were statistically
analyzed using one-way ANOVA followed by the Tuckey’s multiple comparisons test.
**p<0.01 and ***p<0.001.
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1.8 TRPAI is overexpressed in UC paediatric patients

While the role of TRPAT1 in visceral pain in adult IBD patients is well established
(Kun et al., 2014), its expression in paediatric IBD patients has not been studied.
Consistent with the results obtained in colitis samples from mice (see above),
TRPA1 was found to be overexpressed in the inflamed colon of children with

active UC compared to non-inflamed tissue (Figure 17A).
1.9 CBDV reduces IL-1p levels in biopsies from UC paediatric patients

To verify the potential anti-inflammatory effect of CBDV in humans, we
investigated its effect in colonic mucosal biopsies obtained from children with
active UC. Patients were clinically assessed using the Geboes score. IL-1f levels,
assessed by ELISA in the supernatant collected from human colon tissues treated
with CBDV (10 uM) were lower compared to inflamed untreated biopsies (Figure
17B).

1.10 CBDV attenuates intestinal inflammation in DSS-induced ulcerative
colitis

In the model of DSS-induced colitis (Figure 18), CBDV (3 mg/kg, o.s.)
exerted anti-inflammatory effects reducing colon weight/colon length ratio as
well as DSS-induced splenomegaly (Figures 19A and 19B). In addition, CBDV
treatment significantly reduced MPO activity and IL-1pB levels in the colon of
DSS-treated mice and caused a complete, although not statistically significant,
reduction in IL-6 levels (Figures 19C and 19D). According to the DNBS model,
CBDYV had no effect on the expression of the anti-inflammatory cytokine IL-10
(Figure 19D).
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Figure 17. Effect of cannabidivarin (CBDV) on the colonic mucosa of paediatric patients with
active UC. A) Expression of TRPA1 in colonic mucosa collected from non-inflamed and
inflamed area of paediatric patients with active UC. B) Effect of CBDV (10 uM) was evaluated
on IL-1p production in inflamed colonic biopsies. * Data are expressed as mean + SEM of 4
tissues for each experimental group. Data were statistically analyzed Student’s ¢ test. * < 0.05
vs non inflamed tissues and **p<0.01 vs untreated inflamed tissues

72



Q
2

—_— ) —
-
— +N
<+ w
+
<+
4o
<+~

Ll —

ENDPOINT

Figure 18. Schematic representation of administration protocols of CBDV in DSS-induced
colitis. DSS, dissolved in drinking water at 4% w/v, was given for five consecutive days and
then replaced with normal drinking water. CBDV (3 mg/kg) was administered once a day by
oral gavage starting two days after the start of DSS administration. Mice were killed on the
peak of inflammation, i.e., seven days after the beginning of DSS administration (on day 8).
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Figure 19. Therapeutic effect of cannabidivarin (CBDV) on colon weight/colon length ratio
and splenomegaly in DSS-induced colitis. DSS was dissolved in drinking water at 4% w/v and
given to mice for five days; then DSS was replaced with normal drinking water. CBDV was
administered once a day by oral gavage at the dose of 3 mg/kg (previously found to be the more
effective dose) starting two days after the beginning of DSS administration; mice were killed
seven days after the beginning of DSS administration and colons and spleens were collected.
A) colon weight/colon length ratio; B) spleen weight; C) MPO colonic activity; D) IL-1f, IL-6,
and IL-10 colonic levels were evaluated in vehicle, DSS or DSS plus CBDV-treated mice. Data
are expressed as mean + SEM of 7 mice for each experimental group. Data were statistically
analyzed using one-way ANOVA followed by the Dunnett’s multiple comparisons test.
°p<0.05, §p<0.01 and #p<0.001 vs control, *p<0.05 vs DSS alone.
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Part II — Combined administration of cannabidiol (CBD) and fish oil (FO)
counteracts chemically-induced ulcerative colitis and microbiota dysbiosis
in mice

2.1 DSS consumption induces ulcerative colitis

In the first three sets of experiments (Figure 20), DSS consumption caused
colon inflammation, as revealed by DAI score, colon weight/colon length ratio,
MPO activity, intestinal permeability, cytokines production and appearance of

stress and anxiety related behaviours (Figure 21-24).

2.2 FO administration reduces DSS-induced ulcerative colitis in a dose-

dependent manner

Fish oil administration, by oral gavage (20, 35 and 50 mg/mouse) to DSS-
treated mice, significantly and in a dose-dependent manner, decreased colon
weight/colon length ratio (Figure 21A), DAI score (Figure 21B) and MPO
activity (Figure 21D); in contrast, DSS-induced body weight loss was not affected
by any of the FO doses (Figure 21C).

2.3 Combined administration of CBD and FO, at per se ineffective doses,

reduces colon inflammation in DSS-induced ulcerative colitis

Oral gavage administration of CBD (0.3-10 mg/kg) had no effect on DSS-
induced intestinal inflammation for any of the four endpoints measured (Figure
22). However, co-administration of a per se inactive dose of FO (20 mg/mouse)
with CBD, reduced inflammatory parameters such as colon weight/colon length
ratio (Figure 22A), DAI score (Figure 22B) and MPO activity (Figure 22D), but
not body weight loss (Figure 22C), compared to DSS-treated mice. CBD 1 mg/kg
was the most effective dose and was therefore, selected for the following

experiment.
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Figure 20. Schematic representation of different combination of CBD and FO on DSS-induced
ulcerative colitis. A) dose response of FO given alone; B) inactive dose of FO in combination
with a dose range of CBD; C) co-administration of ineffective doses of CBD and FO. DSS,
dissolved in drinking water at 4% w/v, was given for five consecutive days and then replaced
with normal drinking water. Mice were killed on the peak of inflammation, 1.e., eight days after
the beginning of DSS administration (on day 8, in A, B and C) or in the resolving period, i.e.,
fourteen days after the beginning of DSS administration (on day 14, in C). Feces were collected
at different timepoints (day 1, day 8 and day 14) for gut microbiota analysis; behavioural tests
were performed on day 8.
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Figure 21. Effect of fish oil (FO) on inflammatory parameters in DSS-treated mice. Effect of
FO (20, 35, and 50 mg/mouse, by oral gavage) on colon weight/colon length ratio (A), disease
activity index (DAI) score (B), body weight (C), and MPO activity (D) in DSS-treated mice
(weighing 28-30 g). DSS (4% w/v) was given for five consecutive days and then replaced with
normal drinking water; FO was administered once a day by oral gavage starting the day after
the beginning of DSS administration; mice were killed on Data are expressed as mean + SEM
of 10 mice for each experimental group. Data were statistically analyzed using one-way
ANOVA followed by the Dunnett’s multiple comparisons test. #p<0.0001 vs control; *p<0.05,
**p<0.01, and ****p<0.0001 vs DSS.
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Figure 22. Effect of fish oil (FO, 20 mg/mouse) and cannabidiol (CBD, 0.3—-10 mg/kg), both
alone and in combination, on colon weight/colon length ratio (A), disease activity index (DAI)
score (B), colon weight/colon length ratio (C), and MPO activity (D) in DSS-treated mice.
DSS (4% w/v) was given for five consecutive days and then replaced with normal drinking
water; FO was administered once a day by oral gavage starting the day after the beginning of
DSS administration; CBD was administered daily in a dose range of 0.3-10 mg/kg mice starting
two days after the beginning of DSS administration. Mice were killed on the peak of
inflammation, 1.e., seven days after the beginning of DSS administration. Data are expressed
as mean + SEM of 10 mice for each experimental group. Data were statistically analyzed using
one-way ANOVA followed by the Dunnett’s multiple comparisons test. #p<0.0001 vs control,

*p<0.05, **p<0.01, and ****p<0.0001 vs DSS + FO.
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2.4 Combined administration of CBD and FO, at per se ineffective doses,
reduces intestinal permeability but not behaviour impairments in DSS-induced

ulcerative colitis

As expected from the previous results, FO (20 mg/ mouse) or CBD (1
mg/kg) given alone by oral gavage, had no effect on DSS-induced intestinal
inflammation (Figure 23). However, the combined treatment with CBD (1 mg/kg)
and FO (20 mg/mouse) significantly reduced the increase in inflammatory
parameters induced by DSS administration on day 8 (d8, acute phase) such as
colon weight/colon length ratio (Figure 23A), DAI score (Figure 23B), MPO
activity (Figure 23D), IL-1p and IL-6 (Figures 24A and 24B) and intestinal
permeability (Figure 24D). Moreover, the combination of drugs at d8 was also
able to increase IL-10 levels which were reduced by administration of DSS
(Figure 24C). No effect on body weight loss was observed (Figure 23C). At day
14 (d14, remission phase) the overall degree of inflammation was lower in the
DSS-treated mice than at d8 (Figures 23E-H). At this time point, the combination
of CBD (1 mg/kg) with FO (20 mg/mouse) completely restored almost all the
measured parameters to control levels. In particular, co-administration of CBD
and FO significantly reduced the DSS-induced increase in colon weight/colon
length ratio (Figure 23E), IL-1p levels (Figure 24E) and intestinal permeability
(Figure 24H).

As expected, DSS administration induced behavioural changes in the mice as
measured by the light-dark box (anxiety test) and NOR (cognitive ability test) on
d8 (Figure 25). CBD (1 mg/kg) and FO (20 mg/mouse), either given alone or in
combination, did not affect the DSS-induced behavioural changes (Figure 25).
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Figure 23. Effect of fish oil (FO, 20 mg/mouse, by oral gavage), cannabidiol (CBD, 1 mg/kg,
by oral gavage) and FO + CBD on colon weight/colon length ratio (A, E), disease activity
index (DAI) score (B, F), body weight (C, G) and MPO activity (D, H) either in control mice
(without DSS treatment) or animals with colitis at day 8 (A-D) or day 14 (E-H) of DSS-
induced ulcerative colitis. DSS (4% w/v) was given for five consecutive days and then replaced
with normal drinking water; FO was administered once a day by oral gavage starting the day
after the beginning of DSS administration; CBD was administered daily starting two days after
the beginning of DSS administration. Mice were killed on the peak of inflammation, i.e., seven
days after the beginning of DSS administration. Data are expressed as mean = SEM of 10 mice
for each experimental group. Data were statistically analyzed using one-way ANOVA followed
by the Tuckey’s multiple comparisons test. #p<0.0001 (A-D, F) or p<0.01 (H) vs control;
°p<0.0001 (A-D, F) or p<0.01 (H) vs vehicle; *p<0.05 and ****p<0.0001 vs DSS + vehicle
and DSS + FO and DSS + CBD.
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Figure 24. Effect of fish oil (FO, 20 mg/mouse, by oral gavage), cannabidiol (CBD, 1 mg/kg,
by oral gavage) and FO + CBD on IL-18 (A, E), IL-6 (B, F), IL-10 (C, G) and intestinal
permeability (D, H) in control and DSS-treated mice at day 8 (A-D) and day 14 (E-H) from
the beginning of DSS administration. DSS (4% w/v) was given for five consecutive days and
then replaced with normal drinking water; FO was administered once a day by oral gavage
starting the day after the beginning of DSS administration; CBD was administered daily
starting two days after the beginning of DSS administration. Mice were killed on the peak of
inflammation, i.e., seven days after the beginning of DSS administration. Data are expressed
as mean + SEM of 5 mice for each experimental group. Data were statistically analyzed using
one-way ANOVA followed by the Tuckey’s multiple comparisons test. #p<0.05 (F) or p<0.01
(E, G) or p<0.0001 vs control (Ctrl) (A-D, H); °p<0.05 (G), 0.001 (E), or p<0.0001 (A-D, H)
vs vehicle; *p<0.05, **p<0.01, and ****p<0.0001 vs DSS + vehicle or DSS + FO or DSS +
CBD.

81



O Control M DSS [ DSS+vehicle [ DSS+FO [O DSS+CBD HE DSS+CBD+FO

C
A
451
500+
E 404
# © £ 15
= 400+ —— T 5 T % " T
= S 30
: £ 25
< 3004 b - # o
< g 201
£ 200 £ 15
£ 2
= = 104
E Lad
1004 = 5l
D_ L1
0 — I— I —
D
B
70 25
60 T
= — B 20
2 50 =
- 3
£ # ° @ 15 o
L4 7 ”
= £
= @
E 30 é 10
zE 20 2
5
10
ol 0

Figure 25. Effect of fish oil (FO, 20 mg/mouse) and cannabidiol (CBD, 1 mg/kg), both alone
and in combination, on DSS-induced behaviour (Experiment 3). For the light/dark box test, the
effect on time in dark side (seconds) (A) and the transitions (B) was assessed. For the novel
object recognition test, the effect on number of entries on new object (C) and movements (D)
was assessed. DSS (4% w/v) was given for five consecutive days and then replaced with normal
drinking water; FO was administered once a day by oral gavage starting the day after the
beginning of DSS administration; CBD was administered daily starting two days after the
beginning of DSS administration. Data are expressed as mean + SEM of 10 mice for each
experimental group. Data were statistically analyzed using one-way ANOVA followed by the
Tuckey’s multiple comparisons test. #p<0.0001 vs control (Ctrl) and °p<0.0001 vs vehicle.
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2.5 Combined administration of CBD and FO, at per se ineffective doses,

induces changes in gut microbiota in DSS-induced ulcerative colitis

Neither DSS nor CBD or FO treatments, or their combination with DSS,
affected the Shannon diversity of the faecal microbiome of the mice in a
statistically significant manner (data not shown). The DSS treatment resulted in
an increase in the Firmicutes:Bacteroidetes ratio, that was statistically significant
only at the RP (d14). All treatments (i.e., CBD, FO, and CBD + FO) prevented
this time-related increase (Figure 26A), no statistically significant difference was
observed between treatments at either d8 or d14.

Hierarchical clustering of sequencing counts at the family level revealed that all
dO and vehicle-alone groups (irrespective of day) clustered together as did the
DSS and DSS + Veh groups at d8 (i.e., during the inflammatory peak; Figure
26B). Moreover, all DSS-treated groups clustered independently at d14 (i.e., the
RP) but within a larger cluster than the experimental treatments (CBD, FO, and
CBD + FO) at d8.

DSS treatment affected several bacterial families, genera and species but mainly
in the RP (d14), compared to control mice (Figures 26C and 27; see Table 4 for
statistical details). The only families that did not change statistically significantly
at d8 were Saccharimonadaceae (p = 0.06) and Streptococcaceae (p = 0.096),
which were reduced compared to DSS-treated mice, the latter family being
increased by CBD (Figure 26C). Nevertheless, at RP (d14), Akkermansiaceae and
Tannerellaceae were increased in the DSS group compared to the control mice,
and this increase was also significant at d14 in all three treatments (Figure 26C).
Several families that were not modified by DSS, were instead modified by one or
more of the three treatments at either d8 or d14. In particular, Clostridiaceae 1
(reduced by CBD at d8), Defluviitaleaceae (increased by CBD and FO at d8),
Marinifilaceae (decreased by CBD + FO at d8), Christensenellaceae (increased
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Figure 26. Effect of fish oil (FO, 20 mg/mouse) and cannabidiol (CBD, 1 mg/kg), both alone
and in combination, at day 8 and day 14, on microbiota in faecal samples collected from DSS-
treated mice belonging to the same treatment groups (10 mice for each experimental group).
(A) Firmicutes:Bacteroidetes ratio. Wilcoxon p-values for pairwise comparisons are displayed
above brackets. (B) Hierarchical clustering of treatment groups using CSS-normalized
bacterial family counts. (C) Heat map and hierarchical clustering of family composition using

CSS-normalized bacterial counts.
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Figure 27 Effect of fish oil (FO, 20 mg/mouse) and cannabidiol (CBD, 1 mg/kg), both alone
and in combination, both at day 8 and day 14, on the relative abundance of Akkermansia
muciniphila and Parabacteroides goldsteinii in faecal samples collected from DSS-treated
mice belonging to the same treatment groups. Only the species for which statistically
significant differences were observed between DSS-Veh and Veh at day 14 are shown. Data
are plotted as boxplot with median, Q1-Q3 range and whiskers extended to 1.5 interquartile
ranges (10 mice for each experimental group). Data were statistically analyzed using one-way
ANOVA followed by the Tuckey’s multiple comparisons test. #p<0.05 vs relevant control of

the same day.
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in a statistically significant manner by FO at dl14 but not at d8) and
Desulfovibrionaceae (decreased by CBD + FO at d14). A decrease, that did not
reach statistical significance (p = 0.1), was also observed in Ruminococcaceae in
the presence of CBD + FO at d14 with (Table 26C).

At the genus level (Table 4B), the only taxa for which a numerical increase, which
did not reach statistical significance, was observed at d8 following DSS was
Akkermansia (p = 0.09). This increase was further increased in a statistically
significant manner by all treatment groups at d8. Akkermansia was increased by
DSS on d14, and as on d8, all treatments resulted in even greater increases. The
genus Acetitomaculum, on the other hand, was significantly decreased only at
d14, and none of the treatments could reverse this effect (Table 4B). However,
there were several genera that were not affected by DSS but differed significantly
from the DSS-treated mice after the treatments (Table 4B): Anaerotruncus and
Candidatus Arthromitus were both decreased by CBD at d8, while, at the same
time point, Odoribacter was decreased by CBD + FO, and Defluviitaleaceae-
UCGO11 was increased by CBD and FO. On the other hand, at dl14,
Christensenellaceae R7- group was increased by FO, Ruminococcaceae-UCG-
005 was decreased by CBD, and Tyzzerella 3 was decreased by FO and CBD +
FO (Table 4B).

Finally, although the method used does not usually allow species identification,
we were able to identify Akkermansia muciniphila and Parabacteroides
goldsteinii, which were increased by DSS at d14, and, in the presence of all

treatments, also at d8 (Figure 27, Table 4C).
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2.6 Combined administration of CBD with an active dose of FO abolishes colon
inflammation induced by DSS

Fish oil administration, at 75 mg/mouse starting one day after the
beginning of the phlogogen agent (Figure 28), reduced the increase in
inflammatory parameters induced by DSS administration, such as colon
weight/colon length ratio and DAI score (Figures 29A and 29B), but not in a
statistically significant manner, and had no effect on body weight loss (Figure
29C) in DSS-treated mice. However, it significantly reduced MPO activity
(Figure 29D) as observed in the previous experiment. CBD, given by oral gavage
at the dose range of 0.3-30 mg/ kg (Figure 28) did not affect DSS-induced
intestinal inflammation, but when administered in FO-treated mice reduced DAI
score (0.3, 3, and 10 mg/mouse only), colon weight/colon length ratio (all CBD
doses tested), body weight loss (3 and 10 mg/mouse only) and MPO activity (all
CBD doses tested) (Figures 29A-29D).

2.7 Combined administration of CBD with an inactive dose of FO reduces

DNBS-induced inflammation

Mice treated with DNBS (Figure 30) showed a significant increase in
inflammatory parameters like colon weight/colon length ratio (Figure 31A),
MPO activity (Figure 31B), IL-1p levels (Figure 31C), and intestinal permeability
(Figure 31D). The treatment with fish oil by oral gavage (75 mg/mouse, o.s.), did
not significantly reduce inflammatory parameters increased by DNBS
administration. In the same way, the treatment with CBD (0.3-30 mg/kg, o.s.) did
not attenuate colitis severity as shown by its lack of effect on the increase of colon
weight/colon length ratio (Figure 32A) induced by DNBS; moreover, CBD 10
mg/kg did not affect either MPO activity (Figure 32B), IL-1f levels (Figure 32C),
or the intestinal permeability (Figure 32D) increased by DNBS.
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Figure 28. Schematic representation of CBD dose response in association with an effective
dose of FO in DSS-induced ulcerative colitis. DSS, dissolved in drinking water at 4% w/v, was
given for five consecutive days and then replaced with normal drinking water. Mice were killed
on the peak of inflammation, i.e., eight days after the beginning of DSS administration (on day

8).
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Figure 29. Effect of fish oil (FO, 75 mg/mouse) and cannabidiol (CBD, 0.3-30 mg/kg), both
alone and in combination, in DSS-induced inflammation on colon weight/colon length ratio
(A), disease activity index (DAI) score (B), body weight (C), and MPO activity (D) in DSS-
treated mice (weighting 28-30 g). DSS (4% w/v) was given for five consecutive days and then
replaced with normal drinking water; FO was administered once a day by oral gavage starting
the day after the beginning of DSS administration; CBD was administered daily starting two
days after the beginning of DSS administration. Mice were killed on the peak of inflammation,
i.e., seven days after the beginning of DSS administration. Data are expressed as mean + SEM
of 10 mice for each experimental group. Data were statistically analyzed using one-way
ANOVA followed by the Tuckey’s multiple comparisons test. #p<0.01-0.0001 vs control;
°p<0.05 vs DSS alone; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 vs DSS + FO.
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Figure 30. Schematic representation of different combination of CBD (0.3 — 30 mg/kg) and
FO (75 mg/mouse) either given alone or in combination tested in the DNBS-induced model of

ulcerative colitis. DNBS was injected in mice colon at the dose of 150 mg/kg; mice were killed
three days after the DNBS administration.
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Figure 31. Effect of fish oil (FO, 75 mg/mouse) on A) colon weight/colon length, B) MPO
activity, C) IL-1p levels and D) intestinal permeability in a DNBS-induced model of ulcerative
colitis. DNBS was injected in mice colon at the dose of 150 mg/kg. FO was administered alone
by oral gavage, at the dose of 75 mg/mouse, starting the same day of the DNBS administration;
mice were killed three days after DNBS administration. Data are expressed as mean £ SEM of
8-10 mice for each experimental group (colon weight/colon length ratio) or 6 mice for each
experimental group (MPO activity, IL-1p levels, and serum FITC-dextran). Data were
statistically analyzed using one-way ANOVA followed by the Dunnett’s multiple comparisons
test. #p<0.0001 vs control.
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Figure 32. Effect of cannabidiol (CBD, 0.3-30 mg/kg, given by oral gavage) on A) colon
weight/colon length ratio and of CBD, at the dose of 10 mg/kg, on B) colonic MPO activity,
C) colonic IL-1p levels and D) serum FITC-dextran concentration in DNBS-treated mice.
DNBS was injected in mice colon at the dose of 150 mg/kg. CBD was administered in a dose
range of 0.3-30 mg/kg by oral gavage starting the day after DNBS administration; mice were
killed three days after DNBS administration. Data are expressed as mean + SEM of 8-10 mice
for each experimental group (colon weight/colon length ratio) or 6 mice for each experimental
group (MPO activity, IL-1p levels, and serum FITC-dextran). Data were statistically analyzed
using one-way ANOVA followed by the Dunnett’s multiple comparisons test. #p<0.0001 vs
control
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Interestingly, the combination of fish oil (75 mg/mouse, o.s.) with CBD (1-30
mg/kg, o.s.), ameliorated DNBS-induced intestinal inflammation. Specifically,
the combination of fish oil and CBD significantly reduced the increase in colon
weight/colon length ratio caused by DNBS (Figure 33A), in a statistically
significant way starting from CBD 1 mg/kg. Nevertheless, fish oil and CBD 1
mg/kg co-administration significantly reduced MPO activity (Figure 33B) and, in
a not statistically significant way, IL-1B levels (p = 0.059, Figure 33C) and
intestinal permeability (p = 0.102, Figure 33D). These results reinforce the
concept that fish oil potentiates CBD effect even in this model of DNBS-induced

ulcerative colitis.
2.8 FO does not affect CBD bioavailability

In order to verify if the potentiating effect of FO on CBD was due to the increase
in the oral bioavailability, we quantified CBD levels both in plasma and colon
tissues. As shown in Table 5, fish oil (75 mg/mouse, by oral gavage) did not
significantly affect the level of CBD (at the 30 mg/kg dose, orally) in the colon

or serum (Table 5).

2.9 Combined administration of CBD and FO does not affect

endocannabinoidome mediator levels

Finally, to unravel possible alteration of endocannabinoidome mediators’
levels we analyzed the lipidomic profile of colons. In particular, we measured the
levels of AEA, 2-AG, PEA, OEA, DHEA and 2-DHG
(docosahexaenoylethanolamide and 2-docosahexaenoylglycerol, n-3PUFA-
derived ethanolamide and acylglycerol). In DNBS treated animals, CBD (30
mg/kg, orally) did not alter any of the endocannabinoids, as well as PEA, and
OEA levels, while FO (75 mg/mouse) significantly increased the levels of 2-AG
and PEA (compared to control animals) (Figure 34). These significant differences

were absent in CBD plus fish oil-treated animals (Figure 34).
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Figure 33. Effect of the combination of fish oil (FO, 75 mg/mouse) with cannabidiol (CBD,
0.3-30 mg/ kg), both given by oral gavage, on A) colon weight/colon length ratio and of the
combination of fish oil with CBD, at the dose of 1 mg/kg, on B) MPO activity, C) IL-1p levels
and D) serum FITC-dextran concentration in DNBS-treated mice. DNBS was injected in mice
colon at the dose of 150 mg/kg. FO was administered alone by oral gavage, at the dose of 75
mg/mouse, starting the same day of the DNBS administration, CBD was administered in a dose
range of 0.3-30 mg/kg by oral gavage starting the day after DNBS administration; mice were
killed three days after DNBS administration. Data are expressed as mean + SEM of 8-10 mice
for each experimental group (colon weight/colon length ratio) or 6 mice for each experimental
group (MPO activity, IL-1p levels, and serum FITC-dextran). Data were statistically analyzed
using one-way ANOVA followed by the Dunnett’s multiple comparisons test. #p<0.0001 vs
control **p<0.01, ***p<0.001, and ****p<0.0001 vs DNBS alone.
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Colonic CBD levels Serum CBD levels
Treatment (ng/mg tissue) (ng/mL)
(mean = SEM) (mean = SEM)

Control 0+0 0+0
DNBS 0+0 0+0
DNBS+FO 0+0 0+0
DNBS+CBD 31+1.7 274 +10.4
DNBS+CBD+FO 33+14 474+94

Table 5. Effect of the combination of fish oil (FO, 75 mg/mouse) with cannabidiol (CBD, 30
mg/kg), both given by oral gavage, on CBD levels in the colon and serum in the DNBS model
of colitis. DNBS was injected in mice colon at the dose of 150 mg/kg. FO was administered
alone by oral gavage, at the dose of 75 mg/mouse, starting the same day of the DNBS
administration, CBD was administered in a dose range of 0.3-30 mg/kg by oral gavage starting
the day after DNBS administration; mice were killed three days after DNBS administration.
Data are expressed as mean £ SEM of 5 mice for each experimental group. Data were
statistically analyzed using one-way ANOVA followed by the Student’s ¢ test.
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Figure 34. Effect of the combination of fish oil (FO, 75 mg/mouse) with cannabidiol (CBD,
30 mg/kg), both given by oral gavage, on endocannabinoidome mediators’ levels in the colon
of DNBS-induced colitis in mice. DNBS was injected in mice colon at the dose of 150 mg/kg.
FO was administered alone by oral gavage, at the dose of 75 mg/mouse, starting the same day
of the DNBS administration, CBD was administered in a dose range of 0.3-30 mg/kg by oral
gavage starting the day after DNBS administration; mice were killed three days after DNBS
administration. Data are expressed as mean = SEM of 8-10 mice for each experimental group.
Data were statistically analyzed using one-way ANOVA followed by the Dunnett’s multiple
comparisons test. *p<0.05 and **p<0.01 vs DNBS alone.
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Part II1 - TRPMS channel deletion reduces murine colon carcinogenesis and

modifies gut microbiota composition

3.1 Trpm8 genetic deletion reduces the development of sporadic colon cancer
in mice

To identify a possible influence of Trpm8 deletion in experimental colon
tumorigenesis, we used a genetic approach in a sporadic tumor model (induced
by AOM, Figure 35). Thirteenth week following AOM administration, Trpm8"
mice had significantly fewer colon tumors than wild-type mice (Figure 36A).
Trpm8” mice did not show weight loss following AOM treatment (Figure 36B).
None of the control treated mice (i.e., without AOM treatment), either wild-type

or Trpm8~, developed tumors.

3.2 Trpm8 genetic deletion induces changes in gut microbiota composition in

healthy mice

The gut microbiota composition at the timepoint zero, i.e., before the AOM
treatment, was significantly different between wild type and Trpm8” mice, as
shown by PCoA analysis. The two groups formed two different clusters, showing
a different microbiota composition; this difference was statistically significant
(PERMANOVA p<0.001) (Figure 37). In particular, Burkholderiaceae and
Deferribacteraceae families were under the detection level in Trpm8” mice,
while Helicobacteriaceae and FEnterobacteriaceae were detected only in
Trpm8~~ mice. Moreover, abundance of Ruminococcaceae and Marinifilaceae
families were higher in wild type mice compared to Trpm8” mice, while
Tannerellaceae and Saccharimonadaceae were higher in Trpm8~~ mice compare

to wild type mice (Figure 38).
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Figure 35. Schematic representation of the AOM-induced model of sporadic colorectal cancer.
AOM was administered once a week, at the beginning of the first four weeks at the dose of 10
mg/kg by intraperitoneal injection (cumulative dose injected: 40 mg/kg). Mice were killed at
the beginning of the thirteenth week after the first AOM injection. Feces were collected at
different timepoints (before AOM administration, week 5, week 9 and week 13) for gut
microbiota analysis.
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Figure 36. Effect of Trpm8 genetic deletion on A) Number of tumors/mouse counted on Wild
Type and Trpm8” mice colon, treated with vehicle, or AOM. B) Mice body weight expressed
as grams of body weight. AOM was administered once a week for the first four weeks at the
dose of 10 mg/kg by intraperitoneal injection (total dose 40 mg/kg/mouse). Mice were killed
at the beginning of the thirteenth week after the first AOM injection. Data are expressed as
mean = SEM of 5 mice for each experimental group. Data were statistically analyzed using
one-way ANOVA followed by the Dunnett’s multiple comparisons test. *p<0.05 and
**p<0.01.
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Figure 37. Effect of Trpm8 genetic deletion on gut microbiota composition, performed using
Bray-Curtis dissimilarity, an index used to estimate beta-diversity between healthy wildtype
and Trpm8~~ mice. Feces were collected before the first administration of AOM. Data were
analyzed by using PERMANOVA (p<0.001) of 5 mice for each experimental group.
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Figure 38. Effect of Trpm8 genetic deletion on relative abundances of bacteria Families altered
by Trpm8 genetic deletion in healthy mice. Feces were collected before the first administration
of AOM. All the counts were cumulative sum scaled (CSS). Data are plotted as boxplot with
median, Q1-Q3 range and whiskers extended to 1.5 interquartile ranges of 5 mice for each
experimental group. Data were statistically analyzed using one-way ANOVA followed by

Student’s t test. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 vs wildtype (WT).
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3.3 AOM treatment induces changes in gut microbiota composition in wildtype

and Trpm8”" mice

AOM treatment in both wild type and Trpm8 mice induced significant
changes in the microbiota composition as shown by PERMANOVA analysis
(p<0.001). These changes, as shown by the PCoA analysis, were higher at the
beginning of the fifth week and then reduced at the ninth and thirteenth week
(Figure 39). In AOM-treated wild type mice (Figure 39A) the distance between
the timepoint zero and the week 5 is more evident than in Trpm8” mice (Figure
39B). Figure 32 shows the relative composition of the gut microbiota at different
timepoints in AOM-treated wild type (Figure 40A) and Trpm8” mice (Figure
40B). The more abundant families (>1%) in wild type and Trpm8” mice were
Akkermansiaceae, Bacteroidaceae, Clostridiaceae 1, Erysipelotrichaceae,
Lachnospiraceae, Lactobacillaceae, Muribaculaceae, Rikenellaceae,
Ruminococcaceae and Tannerellaceae, that belong to the two most abundant
phyla in the gut microbiota, Bacteroides and Firmicutes, except for
Akkermansiaceae (Verrucomicrobia) (Figure 40).

AOM treatment induced time- and genotype-dependent changes in gut
microbiota composition; in particular, in wild type mice. AOM treatment
significantly reduced the relative abundance of Ruminococcaceae,
Lachnospiraceae and Marinifilaceae families at the fifth week, and the
abundance of Peptostreptococcaceae at the thirteenth week (Figure 41); by
contrast, Akkermansiaceae, Erysipelotrichaceae and Burkholderiaceae families
were significantly increased at the fifth week, Clostridiaceae 1 at the fifth and
ninth week and Tannerellaceae at the fifth, ninth and thirteenth week (Figure 42).
In Trpm8~- mice, AOM treatment significantly reduced the relative abundance of
Rikenellaceae family at the fifth, ninth and thirteenth week, while increased
Erysipelotrichaceae and Akkermansiaceae families at the fifth week and

Burkholderiaceae at the thirteenth week (Figure 43).
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Figure 39. Effect of Trpm8 genetic deletion on gut microbiota composition using Principal
coordinate analysis (PCoA) of control and AOM-treated groups in both A) wildtype and B)
Trpm8~~ mice at different timepoints (0, 5, 9 and 13 weeks) of 5 mice for each experimental
group. AOM was administered once a week for the first four weeks at the dose of 10 mg/kg by
intraperitoneal injection (total dose 40 mg/kg/mouse). Mice were killed at the beginning of the
thirteenth week after the first AOM injection. Feces were collected before the first
administration of AOM and 5, 9 and 13 weeks after. Data were analyzed by using
PERMANOVA (p<0.001).
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Figure 40. Effect of Trpm8 genetic deletion on gut microbiota composition of control and
AOM-treated groups in A) wildtype and B) Trpm8”~ mice expressed as relative abundance of
bacteria at Family level at different timepoints (0, 5, 9 and 13 weeks) of 5 mice for each
experimental group. AOM was administered once a week for the first four weeks at the dose
of 10 mg/kg by intraperitoneal injection (total dose 40 mg/kg/mouse). Mice were killed at the
beginning of the thirteenth week after the first AOM injection. Feces were collected before the
first administration of AOM and 5, 9 and 13 weeks after.
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Figure 41. Effect of Trpm8 genetic deletion on the relative abundance of bacteria Families
(expressed as cumulative sum scaled) in AOM-treated wildtype mice compared with the
control group at different timepoints (0, 5, 9 and 13 weeks): families reduced by AOM
treatment. AOM was administered once a week for the first four weeks at the dose of 10 mg/kg
by intraperitoneal injection (total dose 40 mg/kg/mouse). Mice were killed at the beginning of
the thirteenth week after the first AOM injection. Feces were collected before the first
administration of AOM and 5, 9 and 13 weeks after. Data are plotted as boxplot with median,
Q1-Q3 range and whiskers extended to 1.5 interquartile ranges. Data were statistically analyzed
using two-way ANOVA followed by the Tuckey’s multiple comparisons test. ****p<(0.0001
vs week 0; #p<0.05 vs control at the same timepoint).
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Figure 42. Effect of Trpm8 genetic deletion on the relative abundance of bacteria Families
(expressed as cumulative sum scaled) in AOM-treated wildtype mice compared with the
control group at different timepoints (0, 5, 9 and 13 weeks): families increased by AOM
treatment. AOM was administered once a week for the first four weeks at the dose of 10 mg/kg
by intraperitoneal injection (total dose 40 mg/kg/mouse). Mice were killed at the beginning of
the thirteenth week after the first AOM injection. Feces were collected before the first
administration of AOM and 5, 9 and 13 weeks after. Data are plotted as boxplot with median,
Q1-Q3 range and whiskers extended to 1.5 interquartile ranges. Data were statistically analyzed
using two-way ANOVA followed by the Tuckey’s multiple comparisons test. *p<0.05 and
*ExEPp<0.0001 vs week 0; ##p<0.01, ####p<0.001 and ####p<0.0001 vs control at the same

timepoint).
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Figure 43. Effect of Trpm8 genetic deletion on the relative abundance of bacteria Families
(expressed as cumulative sum scaled) in AOM-treated Trpm8~~ mice compared with the control
group at different timepoints (0, 5, 9 and 13 weeks). AOM was administered once a week for
the first four weeks at the dose of 10 mg/kg by intraperitoneal injection (total dose 40
mg/kg/mouse). Mice were killed at the beginning of the thirteenth week after the first AOM
injection. Feces were collected before the first administration of AOM and 5, 9 and 13 weeks
after. Data are plotted as boxplot with median, Q1-Q3 range and whiskers extended to 1.5
interquartile ranges of 5 mice for each experimental group. Data were statistically analyzed
using two-way ANOVA followed by the Tuckey’s multiple comparisons test. *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001 vs week 0; ##p<0.01 vs control at the same
timepoint).
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3.4 AOM-treated Trpm8’ mice have a different gut microbiota composition
than wild-type mice.

As reported before, AOM treatment induced tumour formation in both wildtype
and Trpm8- mice, with the latter being less susceptible than the first (Figure 36);
moreover, AOM treatment produced changes in gut microbiota composition in
both wildtype and Trpm8~ mice (Figures 31-34). In order to evaluate if the lower
susceptibility of Trpm8’ mice in developing an AOM-induced sporadic
colorectal cancer, we compared the gut microbiota of the two AOM-treated
groups: PCoA analysis showed a different response of gut microbiota in AOM-
treated Trpm8~~ mice, compared to AOM-treated wildtype mice, with a higher
difference at the fifth week (Figure 44A); using PERMANOVA, this effect was
reported to be statistically significant (p<0.001). Moreover, the Shannon alpha
diversity showed a reduction in the number of bacteria taxa richness at the fifth
week in wildtype mice, while at the same timepoints the Trpm8~ mice responded
differently, indicating that there is a predominance of few bacteria families in the
gut microbiota of wildtype mice (Figure 44B). This was confirmed by the relative
composition of gut microbiota at family level (Figure 45), that shows a sudden
predominance of Erysipelotrichaceae in wildtype mice at the fifth week that on
the other hand was not so evident in Trpm8~~ mice.

Looking at individual families (Figure 46), there is a difference in the variation
of the families Ruminococcaceae, Lachnospiraceae and Marinifilaceae, which
were significantly decreased at the fifth week in wild type mice but not in
Trpm8” mice. Moreover, at the fifth week, the Erysipelotrichaceae family
increase was higher in wild type mice compared to Trpm8~~ mice. The reduction
in the relative abundance of Rikenellaceae was higher in Trpm8" starting from
the fifth week, compared to wild type mice.

Lactobacillaceae, which were significantly lower at the timepoint zero in
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Figure 44. Effect of Trpm8 genetic deletion on gut microbiota composition of AOM-treated
wildtype and Trpm8” mice. A) Principal coordinate analysis (PCoA) on the gut microbiota
composition, performed using Bray-Curtis dissimilarity, an index used to estimate beta-
diversity. AOM was administered once a week for the first four weeks at the dose of 10 mg/kg
by intraperitoneal injection (total dose 40 mg/kg/mouse). Mice were killed at the beginning of
the thirteenth week after the first AOM injection. Feces were collected before the first
administration of AOM and 5, 9 and 13 weeks after. Data were analyzed by using
PERMANOVA (p<0.001). B) Shannon Alpha diversity. Data are plotted as boxplot with
median, Q1-Q3 range and whiskers extended to 1.5 interquartile ranges. Data were statistically
analyzed using two-way ANOVA followed by the Tuckey’s multiple comparisons test of 5
mice for each experimental group.
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Figure 45. Effect of Trpm8 genetic deletion on gut microbiota composition of AOM-treated
wildtype and Trpm8” mice expressed as relative abundance of bacteria at Family level at
different timepoints (0, 5, 9 and 13 weeks) of 5 mice for each experimental group. AOM was
administered once a week for the first four weeks at the dose of 10 mg/kg by intraperitoneal
injection (total dose 40 mg/kg/mouse). Mice were killed at the beginning of the thirteenth week
after the first AOM injection. Feces were collected before the first administration of AOM and
5, 9 and 13 weeks after.
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Figure 46. Effect of Trpm8 genetic deletion on the relative abundance of bacteria Families
(expressed as cumulative sum scaled) in AOM-treated Trpm8”~ mice compared with AOM-
treated wildtype mice at different timepoints (0, 5, 9 and 13 weeks). AOM was administered
once a week for the first four weeks at the dose of 10 mg/kg by intraperitoneal injection (total
dose 40 mg/kg/mouse). Mice were killed at the beginning of the thirteenth week after the first
AOM injection. Feces were collected before the first administration of AOM and 5, 9 and 13
weeks after. Data are plotted as boxplot with median, Q1-Q3 range and whiskers extended to
1.5 interquartile ranges of 5 mice for each experimental group. Data were statistically analyzed
using two-way ANOVA followed by the Tuckey’s multiple comparisons test. *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001 vs week 0; #p<0.05, ##p<0.01 and ###p<0.001 vs

wildtype at the same timepoint).
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Trpm8~~ mice, were significantly reduced by AOM treatment in wildtype mice
starting from the fifth week, effect that was significant in Trpm8~ mice only at
the thirteenth week. The relative abundance of Peptostreptococcaceae, on the
other hand, was reduced at the thirteenth week by AOM administration but only
in wildtype mice.

Finally, the Burkholderiaceae family, which was present in each timepoint in

wild type mice, was undetectable in Trpm8~~ mice except at the thirteenth week.
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Part IV — Gut microbiota impairment modulates endocannabinoidome

mediator levels in healthy and inflamed mice

4.1 Gut microbiota impairment does not affect macroscopic inflammatory

parameters in DNBS-induced colitis

To understand the role of the eCBome — mBlome axis in the development
of experimental colitis, we used different conditions to simulate impairment of
the gut microbiota: mice treated with an antibiotic cocktail (ABX) and mice
raised under germfree (GF) conditions (Figure 47). The effects of DNBS on ABX
and GF mice were compared with those on conventionally-raised (CR) mice.

Intracolonic administration of DNBS elicited remarkable inflammation in
the mice regardless of their microbiota (Figure 48). As shown by the colon
weight/colon length ratio, a macroscopic parameter of colon inflammation, CR,
ABX and GF mice treated with DNBS showed a statistically significant increase
in this parameter compared to their own control; interestingly, the ratio was
significantly smaller in GF mice treated with DNBS than DNBS-treated CR and
ABX mice (Figure 48A); when analyzing the DAI score, DNBS-treated CR and
ABX mice showed a sudden increase in this parameter on day 1 and 2 and a slight
decrease on day 3 (Figure 48B); in contrast, the DAI score in DNBS-treated GF
mice was lower in the first days of the protocol and reached the same value as the
other two groups on the last day (day 3), suggesting that DNBS colitis develops
differently in GF mice. Finally, all DNBS-treated mice, regardless of their
microbiota status, showed body weight loss of the same intensity when compared

to control mice (Figure 48C).

4.2 Gut microbiota impairment alters the expression of cytokines and MPO

activity in healthy and DNBS-treated mice

To take a closer look at the molecular pathways of inflammation, we examined

the expression levels of a number of cytokines (IL-1p, IL-6, IL-10 and TNFa)
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Figure 47. Schematic representation of experimental procedures used to alter gut microbiota
composition (antibiotics pre-treatment or germfree conditions) in the DNBS-induced model of
ulcerative colitis. Antibiotic cocktail containing ampicillin (1 mg/mL), streptomycin (1
mg/mL) and clindamycin (1 mg/mL) was given to mice for two weeks. DNBS was injected in

mice colon at the dose of 120 mg/kg; mice were killed three days after the DNBS
administration.
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Figure 48. Effect of DNBS administration in conventionally raised (CR), antibiotics- (ABX-)
treated and germfree (GF) mice on macroscopic inflammatory parameters. A) colon
weight/colon length ratio, B) disease activity index (DAI) score and C) body weight loss.
DNBS was injected in mice colon at the dose of 120 mg/kg in CR; ABX-treated mice received
an antibiotic cocktail (ampicillin, streptomycin and clindamycin 1 mg/mL each) starting 14
days before the DNBS administration and for the whole length of the experiment. Mice were
killed three days after the DNBS administration. Data are expressed as mean + SEM of 8 mice
for each experimental group. Data were statistically analyzed using two-way ANOVA
followed by the Fisher’s LSD test. *p<0.05, **p<0.001, ***p<0.001 and ****p<0.0001.
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and MPO activity (a marker of neutrophil infiltration) (Figure 49).

All mice, regardless of microbiota status, showed similar basal levels of
IL-1PB and IL-6 expression. Treatment with DNBS resulted in an increase in the
expression of IL-1P and IL-6 in CR and ABX mice, with the effect being
significant only in ABX mice (p value for CR vs CR DNBS was 0.0526). No
changes in IL-1p and IL-6 expression were observed in GF mice (Figures 49A
and B). CR mice have basal TNFa expression levels that are significantly higher
than ABX and GF mice. DNBS treatment resulted in a significant increase in
TNFa expression levels in CR and ABX mice, but not in GF mice (Figure 49C).
Germfree mice have lower basal levels of IL-10 than CR and ABX mice; in all
mice, IL-10 levels were unaffected by DNBS administration (Figure 49D).
Finally, basal MPO activity was significantly higher in GF mice than in CR and
ABX mice. DNBS administration resulted in a significant increase in MPO
activity in CR, but not in ABX and GF mice. All these data suggest that mice
treated with antibiotics and raised under germfree conditions show a different

evolution of DNBS-induced colitis (Figure 49E).

4.3 Conventionally raised and germfree mice show different levels of

endocannabinoidome mediators under healthy and inflammatory conditions

To understand whether this different response in colon inflammation
correlates with a different response in the amount of endocannabinoidome
mediators, we analyzed the levels of lipid mediators in colonic tissue (Figures 50
and 51).

Regarding the NAEs levels, no differences were found in AEA and PEA
basal levels between all groups (Figure 50). In contrast, GF mice showed
significantly higher basal levels of OEA, LEA and DHEA than CR and ABX
mice; basal levels of 13-HODE-EA were significantly higher in GF mice than in
CR mice (Figure 50).
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Figure 49. Effect of DNBS administration in conventionally raised (CR), antibiotics- (ABX-)
treated and germfree (GF) mice on microscopic inflammatory parameters. A-D) expression
levels of cytokines involved in inflammation, E) MPO activity (expressed as normalized
relative amount). DNBS was injected in mice colon at the dose of 120 mg/kg in CR; ABX-
treated mice received an antibiotic cocktail (ampicillin, streptomycin and clindamycin 1
mg/mL each) starting 14 days before the DNBS administration and for the whole length of the
experiment. Mice were killed three days after the DNBS administration. Data are expressed as
mean + SEM of 8 mice for each experimental group. Data were statistically analyzed using
two-way ANOVA followed by the Fisher’s LSD test. *p<0.05, **p<0.01 and ***p<0.001.
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Figure 50. Effect of DNBS administration in conventionally raised (CR), antibiotics- (ABX-)
treated and germfree (GF) mice on acylethanolamines (NAEs) levels in colonic tissues. DNBS
was injected in mice colon at the dose of 120 mg/kg in CR; ABX-treated mice received an
antibiotic cocktail (ampicillin, streptomycin and clindamycin 1 mg/mL each) starting 14 days
before the DNBS administration and for the whole length of the experiment. Mice were killed
three days after the DNBS administration. Data are expressed as mean + SEM of 8 mice for

each experimental group. Data were statistically analyzed using two-way ANOVA followed
by the Fisher’s LSD test. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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DNBS treatment had no significant effect on NAE levels in CR and ABX mice
(Figure 50). In contrast, the levels of AEA, OEA, LEA and DHEA were
significantly reduced by DNBS administration in GF mice (Figure 50). In
inflamed tissues, the levels of LEA and DHEA were significantly higher in GF
mice than in CR, while 13-HODE-EA was significantly higher in GF mice than
in CR and ABX mice (Figure 50).

Regarding acylglycerols levels, basal 2-AG levels were significantly
higher in GF mice than in ABX mice (no difference was observed with CR mice)
(Figure 51). In contrast, lower basal 2-LG levels were observed in GF and ABX
mice than in CR mice (Figure 51). In all groups, DNBS administration had no
significant effect on MAG levels (Figure 51). In inflamed tissues, levels of 2-LG
were significantly lower in ABX mice compared to CR, while levels of 13-

HODE-G were significantly higher in GF mice than in ABX mice (Figure 51).
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Figure 51. Effect of DNBS administration in conventionally raised (CR), antibiotics- (ABX-)
treated and germfree (GF) mice on 2-monoacylglycerols (MAGs) levels in colonic tissues.
DNBS was injected in mice colon at the dose of 120 mg/kg in CR; ABX-treated mice received
an antibiotic cocktail (ampicillin, streptomycin and clindamycin 1 mg/mL each) starting 14
days before the DNBS administration and for the whole length of the experiment. Mice were
killed three days after the DNBS administration. Data are expressed as mean + SEM of 8 mice

for each experimental group. Data were statistically analyzed two-way ANOVA followed by
the Fisher’s LSD test. *p<0.05, **p<0.01 and ***p<0.001.
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DISCUSSION

As previously reported, IBD and CRC are health problems that affect
millions of people worldwide and for which there are no effective treatments. A
plethora of recent studies have highlighted the involvement of gut dysbiosis in
the development of these pathologies (Pittayanon et al., 2020; Sultan et al., 2021).
Dysbiosis of the gut microbiota (altered composition of the gut microbiota) has
been demonstrated in patients with IBD and CRC (Lucas et al., 2017; Tilg et al.,
2018; Pittayanon et al., 2020; Sultan et al., 2021). The gut microbiota has also
been shown to mediate the effects of pharmacological, nutraceutical and dietary
interventions that have a positive impact on gut diseases (Wu et al., 2019a;
Fernandez et al., 2020; Gu et al., 2020).

The endocannabinoidome has been described as an “expanded
endocannabinoid system” and contains approximately 100 lipid mediators, 20
enzymes, and 20 receptors (D1 Marzo, 2020). This complex system is the target
responsible for the pharmacological effects of phytocannabinoids, active
molecules found in the plant Cannabis sativa (Di Marzo, 2020). In addition, a
close link between the eCBome and the microbiome (mBlome) has recently been
established, known as the eCBome-mBlome axis (Shen et al., 2021), which
appears to play a role in several physiological and physio-pathological functions,
including energy intake and processing (Sithag and D1 Marzo, 2022). Moreover,
the gut microbiota has been reported to influence, strongly and directly, eCBome
signalling in the small intestine and exploits eCBome signaling to exert some of
its physio-pathological functions (Manca et al., 2020).

In this thesis we have demonstrated that the existing link between eCBome
and the gut microbiota (¢CBome-mBlome axis) impacts on the development of

ulcerative colitis and colorectal cancer.
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Part I — Cannabidivarin (CBDV) counteracts chemically-induced ulcerative

colitis and microbiota dysbiosis in mice via TRPA1 activation

Although Cannabis use 1s a common practice in patients with IBD in USA
to relieve their symptoms (Izzo et al., 2015), our study is the first to show that
CBDV, the propyl analogue of one of the most studied phytocannabinoids
cannabidiol (Morales et al., 2017), exerts anti-inflammatory effects in an
ulcerative colitis mouse model Recently, CBDV has been investigated for its
potential use in the treatment of epilepsy. A double-blind, randomized, placebo-
controlled phase 2 trial showed that CBDV was well tolerated in patients with
inadequately controlled focal seizures (NCT02369471). In addition, a phase 2
clinical trial is currently in the recruitment phase to determine whether CBDV
has the necessary efficacy and safety to be used to treat autism spectrum disorders
in children (NCT03202303).

In this study, using two different models of chemically-induced ulcerative
colitis and an in vitro model using colonic biopsies from paediatric ulcerative
colitis patients, we have shown that CBDV exerts an anti-inflammatory effect on
the gut attenuating colon inflammatory parameters in all these models and this
effect involves the TRPA1 channel.

In the DNBS-induced ulcerative colitis model, we showed that CBDV
administered orally or intraperitoneally attenuated inflammation by: a) reducing
the colon weight/ colon length ratio in inflamed colonic tissue, a macroscopic
parameter of colon inflammation ; b) partially restoring the change in intestinal
permeability induced by DNBS administration; c) counteracting leucocyte
infiltration into colonic tissue through a reduction of MPO activity and MCP-1
expression (Krawisz et al., 1984; Grimm et al., 1996); d) decreasing the
histological damage of colonic epithelium and e) reducing levels of pro-
inflammatory cytokines. Administration of CBDV in the dose ranges evaluated

(0.3-30 mg/kg) did not show a full dose-response effect, with the stronger effect
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occurring at 3 mg/kg dose after oral administration. Interestingly, the oral dose of
3 mg/kg CBDV oral was about 70-fold lower than the dose that reduced the
severity of seizure in rodents (Hill et al., 2012). The lack of a full dose-response
curve is not uncommon for phytochemicals such as other phytocannabinoids
(Jamontt et al., 2010)); the lack of a dose-response curve is likely due to the multi-
target action of these compounds (Morales et al., 2017). Surprisingly, CBDV was
more active after oral gavage administration than after intraperitoneal injection.
Although it was not proven in this work, this result seems to suggest that a more
active metabolite of CBDV is produced after oral gavage, but not after
intraperitoneal administration.

The anti-inflammatory effect of CBDV has also been confirmed by a
second model of ulcerative colitis, namely DSS-induced colitis. Unlike DNBS,
which acts as a haptenizing agent, DSS exerts its inflammatory effect by
disrupting the mucosal barrier of the colonic epithelium, allowing bacteria to
enter the mucosal layer, thereby activating the innate immune response (Kiesler
etal., 2015). The fact that CBDV given by oral gavage at a 3 mg/kg dose reduced
inflammatory parameters (colon weight/colon length ratio, MPO, reduction of
pro-inflammatory cytokines and splenomegaly) even in the DSS-induced
ulcerative colitis model highlights the fact that CBDV has anti-inflammatory
properties.

Although the exact role of the gut microbiota in the pathogenesis of IBD
has not fully elucidated, changes in the composition of the gut microbiota have
been reported to be positively correlated with the development of IBD and
dysbiosis plays a crucial role in these diseases (Pittayanon et al., 2020; Sultan et
al., 2021).

Here, we showed that DNBS administration leads to a shift in bacterial
communities in the gut and that CBDV administration was able to partially
modify this DNBS-induced imbalance, particularly by reducing the presence of

Proteobacteria, a strain known to be associated with colonic inflammation
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(Nishida et al., 2018). CBDV increased the relative abundance of an u.g. of
Bacteroidales reported to contain members that play a role in gut homeostasis by
recruiting IL-6 producing lymphocytes and promoting gut barrier function (Kuhn
et al., 2018). We did not detect an increase in IL-6 in the inflamed mice treated
with CBDV, suggesting that the protective increase in some u.g. of Bacteroidales
can act through other mechanisms. This hypothesis is also supported by the
findings that some species present in the u.g. of Bacteroidales play an opposite
role in colonic inflammation (Dziarski et al., 2016). We also observed that DNBS
decreased the relative abundance of members of Clostridium cluster XIVa and
IV, which are known for their role in intestinal homeostasis; administration of
CBVD had a positive effect on the level of Clostridium aldense, which was
decreased by DNBS administration. These results show that CBDV caused a
partial reversal of DNBS-induced dysbiosis, although a causal effect of CBDV
administration cannot be assumed.

To understand the mechanism of action of CBDV we have investigated the
possible involvement of TRPAT, one of the CBDV targets (De Petrocellis et al.,
2011); in particular, CBDV is able to activate and then desensitize this receptor
(De Petrocellis et al., 2011). TRPA1 is a calcium-permeable channel of the TRP
family that has been reported to be involved in IBD via the release of substance
P (Engel et al., 2011; Bertin et al., 2014). Other TRPA1 agonists have been
reported to ameliorate experimental colitis via receptor desensitization (Kistner
et al., 2016), and pharmacological blockade or ablation has been reported to
ameliorates experimental colitis (Engel et al., 2011; Pereira et al., 2013;
Vermeulen et al., 2013).

In our experiments, DNBS administration caused a significant increase in
TRPA1, whereas CBDV administration in DNBS-treated mice completely
counteracted this effect; moreover, two other members of TRP channel family,
TRPV1 and TRPV2, known to be target of CBDV and involved in colitis (De
Petrocellis et al., 2011; Bertin et al., 2014; Issa et al., 2014), were not modified
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in their expression by CBDV administration, suggesting a possible involvement
of TRPA1 in CBDV mechanism of action.

This hypothesis was supported by the use of a selective TRPA1 antagonist
HCO030031 (Berrout et al., 2017). Interestingly, co-administration of CBDV and
HC030031 in DNBS-treated mice reduced the anti-inflammatory effect of CBVD
as measured by MPO activity. At the dose used in this work (30 mg/kg),
HCO030031 had no anti-inflammatory effect per se (data not shown). On the other
hand, a higher dose of HC030031 (300 mg/kg) is reported to be protective against
experimental colitis (Engel et al., 2011). These results suggest that the effect of
CBDYV on DNBS-induced colitis in mice depends on the presence of TRPA1 and
probably acts by desensitising this channel, which is overexpressed in DNBS-
treated mice.

IBD is at increasing incidence in the adult population as well as in

paediatric patients (Malaty et al., 2010), who exhibit a more aggressive form of
the disease and a more rapid course compared to adults (Levine, 2009). We have
shown that TRPA1 is overexpressed in biopsies from UC paediatric patients
compared to control tissues, a condition that has also been observed in mouse
tissues. This suggests that our results could be generalised to UC paediatric
patients, which would have a potential therapeutic benefit.
Finally, using an in vitro system for culturing colonic biopsies (Petito et al.,
2016), we showed that incubation with CBDV in UC paediatric patient biopsies
lowered IL-1PB levels compared to untreated biopsies, suggesting a possible
therapeutic effect of CBDV in paediatric patients as well.

In conclusion we have shown that the phytocannabinoid CBDV attenuates
intestinal inflammation in mice via a mechanism likely involving TRPA1. This
effect was also associated with changes in the composition of the gut microbiota,
which may contribute to the beneficial effect of CBDV in IBD. The effect of

CBDV was also seen in biopsies from paediatric patients. This suggests a possible
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clinical application of CBDV, as it is already therapeutically effective at very low

doses after oral administration and can attenuate inflammation.
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Part II — Combined administration of cannabidiol (CBD) and fish oil (FO)
counteracts chemically-induced ulcerative colitis and microbiota dysbiosis
in mice

It has already been discussed that the use of Cannabis in IBD patients for
symptom relief is widespread, but the clinical studies are still unclear and
controversial (Kienzl et al., 2020). On the contrary, several preclinical studies,
including the study I conducted in the first year of my PhD, have shown that
phytocannabinoids exert anti-inflammatory effects in models of IBD (Borrelli et
al., 2009; Romano et al., 2013; Pagano et al., 2016; Pagano et al., 2019).

Fish oil (FO) is a natural source of numerous n-3-polyunsaturated fatty acids
(PUFAs) that have been suggested as a potential complementary treatment for
IBD, although clinical data are still controversial (Marton et al., 2019).

In this study, we have shown that inactive doses of FO and CBD in
combination exert an anti-inflammatory effect in the DSS- and DNBS-induced
ulcerative colitis models.

First, we showed that oral administration of FO has a moderate anti-
inflammatory effect reducing several inflammatory parameters that are increased
by DSS administration (colon weight/colon length ratio, DAI score and MPO
activity), with a maximum effect between 50 and 75 mg/mouse doses.

In contrast, oral administration of CBD in a dose range of 0.3-10 mg/kg did not
improve the increase in DSS-induced inflammatory parameters (colon
weight/colon length ratio, body weight loss, DAI score and MPO activity).

Subsequently, we demonstrated that oral concomitant administration of an
inactive dose of FO (20 mg/mouse) with inactive doses of CBD (0.3-10 mg/kg)
resulted in a reduction in the inflammatory parameters increased by DSS
administration, with the maximum response achieved with CBD at the 1 mg/kg
dose; in particular, this combination reduced the colon weight/colon length ratio,

MPO activity (marker of leukocyte infiltration) and DAI score, but not body
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weight loss. Of note, co-administration of an active dose of FO (75 mg/mouse)
with CBD (0.3-30 mg/kg) elicited an even greater effect in reducing
inflammatory parameters, with the maximum effect achieved at CBD 1 mg/kg
dose.

In another experiment, we demonstrated the efficacy of the combination of
CBD (1 mg/kg) plus FO (20 mg/mouse) at two different time points of DSS-
induced inflammation, namely in the acute phase (day 8, d8) and in the remission
phase (day 14, d14) (Emge et al., 2016). Specifically, during the peak of
inflammation (d8), the combination of CBD (1 mg/kg) and FO (20 mg/mouse)
significantly reduced pro-inflammatory cytokine levels (IL-1p and IL-6) and
intestinal permeability increased by DSS administration, and increased levels of
[L-10, an anti-inflammatory cytokine, which were reduced by DSS
administration. The same effect was present in the remission phase (d14).

Due to bidirectional communication via the gut-brain axis, it has been
reported that patients with IBD may experience symptoms of common mental
disorders such as anxiety and depression (Barberio et al., 2021; Hu et al., 2021).
There is a high prevalence of anxiety and depression symptoms in patients with
IBD, with up to one third of patients affected by anxiety symptoms and one
quarter affected by depression symptoms (Barberio et al., 2021; Hu et al., 2021).
The prevalence was also increased in patients with active disease: half of these
patients met criteria for anxiety symptoms and a third met criteria for depressive
symptoms. It has also been shown that these mental disorders can lead to a high
risk of relapse and poor treatment adherence in patients with IBD (Barberio et al.,
2021; Hu et al., 2021). For this reason, in this work we also investigated whether
the combination of CBD and FO can reduce behavioral disturbances in DSS-
treated mice. Consistent with the literature (Emge et al., 2016), the DSS-treated
mice in our experiments showed signs of anxiety and decreased recognition

memory. In our experiments, the combined administration of CDB plus FO did
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not improve DSS-induced behavioral impairment in mice at d8, i.e., when the
behavior impairment is maximal (Emge et al., 2016).

DSS administration affected only a few phyla, families, genera and species on d8
in this study, suggesting that the gut microbiota does not play an important role
in DSS-induced colitis under these experimental conditions on d8. However, at
d14, during the recovery phase, several taxa were altered, suggesting that bacteria
may play a role in the recovery phase rather than at the peak of inflammation.

In our experimental design the combination of CBD (1 mg/kg) plus FO (20
mg/mouse) in DSS-treated mice resulted in similar changes in several taxa as in
healthy mice (without DSS), suggesting that the anti-inflammatory effect of the
combination CBD plus FO could be dependent on its effect on gut microbiota
composition. In other words, some of these changes may have enhanced the effect
of CBD plus FO and some may have counteracted it.

Among these changes, the Firmicutes:Bacteroidetes ratio was increased by DSS
only during the recovery phase (d14); this parameter has been reported to be
increased in experimental models of IBD as well as in human IBD patients
(Manichanh et al., 2012; Santoru et al., 2017). CBD or FO alone, as well as co-
administration of CBD plus FO, counteracted this increase, suggesting that the
anti-inflammatory effect may have been enhanced by this effect, but was not
dependent on it (as the drugs have no effect on inflammation when administered
alone).

Interestingly, the combination of CBD+FO (1 mg/kg + 20 mg/mouse) reduced
the relative abundance of a small number of bacterial families (Marinifilaceae at
d8 and Desulfovibrionaceae and Ruminococcaceae at d14) and one genus
(Odoribacter at d8) in DSS-treated mice, all of which have been previously
shown by others to be modified either in patients with IBD or their preclinical
models (Morgan et al., 2012; Berry and Reinisch, 2013; Yang and Yang, 2018;
Zhai et al., 2019a; Zhai et al., 2019b).
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The Desulfovibrionaceae family has been reported to be increased in IBD patients
(Berry and Reinisch, 2013), while Ruminococcaceae are increased in UC patients
but decreased in patients with CD (Morgan et al., 2012; Alam et al., 2020). They
have been shown to play a role in IBD in preclinical studies. For example, the
increase in Desulfovibrionaceae in DSS-treated mice was counterbalanced by
treatment with the prebiotic Bifidobacterium breve (Yang and Yang, 2018). On
the other hand, others reported that both Desulfovibrionaceae and
Ruminococcaceae in DSS-treated mice were reduced by gentamicin
administration, resulting in an improvement in DAI score and inflammation (Zhai
et al., 2019b). The data reported in this paper are counterintuitive given our
results. On the other hand, Marinifilaceae were increased in inflamed mice,
consistent with the significant decrease in this family by CBD plus FO at d8,
which was associated with a decrease in inflammation (Zhai et al., 2019b).
Moreover, the relative abundances of Marinifilaceae and Ruminococcaceae were
reduced in rats fed high levels of monounsaturated fatty acids concomitant with
a prevention of DSS-induced inflammation (Fernandez et al., 2020).

The genus Odoribacter has been described as a producer of SCFAs (short-chain
fatty acids), which are thought to have anti-inflammatory effects (Morrison and
Preston, 2016; Adak and Khan, 2019); this genus is also found reduced in CD and
UC patients (Morgan et al., 2012). However it is reported to be increased by DSS
(Wei et al., 2019) and in azoxymethane and DSS-induced colitis associated with
colorectal cancer (Song et al., 2018). Here, we showed that although the relative
abundance of this genus was not affected by DSS, it was reduced by treatment
with CBD plus FO, which could ecither contribute to or inhibit its anti-
inflammatory effect.

The species Akkermansia muciniphila is thought to have a protective role in
inflammation and has been reported to be elevated in mouse models of IBD,
mediating the effects of various treatments (Bian et al., 2019; Li et al., 2019; Zhai
et al., 2019a; Zhang et al., 2019). However, in other models, 4. muciniphila has

131



been shown to increase intestinal inflammation (Seregin et al., 2017), so the exact
role of this bacterium in DSS-induced colitis is still unclear. In our model, 4.
muciniphila was increased by DSS administration only at d14, suggesting that
this effect could potentially represent an adaptive and protective mechanism
interfering with the resolution of inflammation. Importantly, this effect also
became statistically significant with a combination of per se ineffective doses of
FO and CBD and with the single treatments, at d8. This bacterial species may
therefore be partly involved in the beneficial effects of the FO+CBD combination
on DSS-induced inflammation.

We also detected Parabacteroides goldsteinii, which has been attributed a
protective role in intestinal inflammation and obesity (Chang et al., 2019; Wu et
al., 2019b). P. goldsteinii was increased in DSS-treated mice during the recovery
phase (d14), which again may be an adaptive protective mechanism. Accordingly,
this increase was already observed at d8 after simultaneous treatment with the
anti-inflammatory combination of FO and CBD (but also in the single
treatments).

Finally, we confirmed the efficacy of non-active doses of CBD+FO in a
second model of ulcerative colitis namely DNBS-induced colitis. In this model,
the dose of FO, previously active in the DSS model, i.e., 75 mg/mouse, was
ineffective and did not cause a reduction in monitored inflammatory parameters
(colon weight/colon length ratio, intestinal permeability, IL-1f levels and MPO
activity); similarly, oral administration of CBD in the dose range of 0.3-30 mg/kg
was completely ineffective, which is consistent with findings in the literature
(Schicho and Storr, 2012; Pagano et al., 2016). Administration of FO (75
mg/mouse) in conjunction with ineffective doses of CBD resulted in a significant
reduction in inflammatory parameters (colon weight/colon length ratio and MPO
activity) at a dose of 1 mg/kg, confirming the synergistic effect of CBD and FO
also in this model of UC. Furthermore, plasma and colonic levels of CBD in mice

pretreated with FO showed no increase in CBD concentration compared to mice
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receiving CBD alone, refuting the hypothesis that FO might increase the oral
bioavailability of CBD.

It is known that the effects of non-euphoric phytocannabinoids such as

CBD are due to their interaction with the endocannabinoid system (D1 Marzo,
2020). CBD can, indeed, increase endocannabinoid levels by inactivating FAAH,
one of the NAEs metabolising enzymes. However, the plasmatic concentration
required to inhibit this enzyme and thus increase NAESs is very high and difficult
to achieve in humans (De Petrocellis et al., 2011).
Nevertheless, it has recently been suggested that the n-3 PUFAs present in FO
owe part of their beneficial effects to the interaction with the endocannabinoid
system (Batetta et al., 2009; de Bus et al., 2019). In light of these data, we
investigated whether alteration of endocannabinoidome mediators by co-
administration of CBD+FO could explain their synergistic effects. Unfortunately,
neither CBD alone (30 mg/kg) nor the combination CBD plus FO (30 mg/kg+75
mg/mouse) altered the levels of endocannabinoidome mediators. Surprisingly,
administration of FO (75 mg/mouse) altered the levels of endocannabinoidome
mediators in colonic tissue increasing 2-AG and PEA levels, both known for their
anti-inflammatory effects in experimental colitis (Borrelli et al., 2009), but FO
did not alter the levels of NAEs or MAGs derived from n-3 PUFAs.
Unfortunately, these results do not provide information on the possible
involvement of lipid mediators in the potentiating effect of FO on CBD.

In conclusion, we have shown that oral CBD, when co-administered with
inactive or minimally active doses of FO in the DSS mouse model of colitis,
exerts an anti-inflammatory effect even at relatively low doses; both FO and
CBD, alone or in combination, can also affect the gut microbiota in mice, an
effect that seems to explain, at least in part, their anti-inflammatory activity;
finally, the possible involvement of endocannabinoidome mediators in the

mechanism of this synergy is still unclear.
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Part II1 - TRPMS channel deletion reduces murine colon carcinogenesis and

modifies gut microbiota composition

Colorectal cancer (CRC) is the most common malignancy of the
gastrointestinal tract worldwide (Malvezzi et al., 2018; Siegel et al., 2021). The
gut microbiota has been shown to play a crucial role in the development of CRC
(Lucas et al., 2017). Several hypotheses have been put forward in the scientific
community to understand the role of the gut microbiota in the initiation and
development of colorectal cancer. In particular, two hypotheses are most widely
accepted: the presence of bacteria capable of causing DNA damage by releasing
toxins into intestinal epithelial cells (alfa-bug hypothesis), and the transition from
a microbial community containing pro-inflammatory bacteria (driver bacteria) to
one containing taxa capable of promoting tumor growth (passenger bacteria)
(Cheng et al., 2020).

TRPMS8, a member of the thermo-TRP channels family, is the main
receptor involved in cold sensation (Clapham, 2003). It can be activated by cold
(8-28 °C) and is enhanced by compounds that provide a cooling sensation, such
as menthol and icilin (Clapham, 2003). TRPMS8 was first discovered in the
prostate, but is also widely expressed in sensory neurons (Clapham, 2003). Its
role in carcinogenesis is being studied primarily in prostate cancer, where
androgen-dependent overexpression of TRPMS appears to be required for cancer
cell survival (Zhang and Barritt, 2004), and TRPMS has been proposed as a
prognostic marker for prostate cancer (Zhang and Barritt, 2006). Abnormal
expression of TRPMS& has also been found in many other cancers such as
pancreatic cancer (Yee et al., 2012), gastric cancer (Xu et al., 2021a), breast
cancer (Chodon et al., 2010) and melanoma (Kijpornyongpan et al., 2014). In
preclinical in vitro studies, it has been shown that either activation (by increasing

cytosolic Ca** levels) or antagonization/desensitization (by decreasing cytosolic
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Ca*" levels) of TRPMS can affect in vitro cell growth and/or survival of cancer
cells (Li et al., 2009; Okamoto et al., 2012; Yee, 2015).

In addition, the C. sativa constituent cannabigerol, which unselectively binds and
antagonizes TRPMS (De Petrocellis et al., 2011), has previously been shown to
reduce Caco-2 cell viability in vitro and tumor number in mice in an experimental
model of sporadic colorectal cancer (Borrelli et al., 2014). Finally, a recent study
has shown that abnormal TRPMS expression is present in CRC patients with liver
metastases (Liu et al., 2021).

In this study, using an experimental colorectal cancer model and a genetic
approach, we have demonstrated i) a role of TRPMS in the development of
colorectal cancer and i1) a possible involvement of the gut microbiota in its effect;
in particular, TRPMS appears to influence the development of colorectal cancer,
at least in part, through an effect on the composition of the gut microbiota.

We demonstrated that genetic deletion of Trpm8 reduces the susceptibility
of mice to develop sporadic colorectal cancer: indeed, knockout mice developed
a lower number of tumors compared to wild-type; furthermore, Trpm8~~ mice
treated with AOM did not lose weight after AOM administration compared to
wild-type mice treated with AOM. This result is consistent with our previous
experiment in which the TRPMS antagonist cannabigerol reduced the number of
tumors in the same experimental model (Borrelli et al., 2009).

The genetic deletion of Trpm8 also affected the gut microbiota. First, we
showed that the relative abundance of some families differed significantly
between wild-type and Trpm8” mice even in healthy mice (under basal
conditions); among them, the family Burkholderiaceae, which has been shown to
correlate positively with the development of colorectal cancer (Oresta et al.,
2020), was below the detection level in the knockout mice. The
Deferribacteraceae and Marinifilaceae families have been reported to be over-
represented in DSS-induced colitis (Zhang et al., 2017; Xu et al., 2021b) and
Deferribacteraceae is also elevated in mice fed a high-fat diet enriched with n-
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6PUFAS, a diet reported to exacerbate ulcerative colitis, one of the best-known
risk factors for CRC (Selmin et al., 2021); notably, Marinifilaceae is detected at
lower abundance in Trpm8” mice than in wild-type mice, while
Deferribacteraceae remained completely undetected. All these data suggest that
genetic deletion of Trpm8 reduces the presence of bacterial families positively
involved in the development of colorectal cancer.

In our experimental model of colorectal carcinoma, administration of
AOM resulted in changes in gut microbiota composition in both genotypes, but
the microbiota of Trpm8~ mice responded differently to AOM administration
than that of wild-type mice. Specifically, we observed a reduction in the
Ruminococcaceae and Lachnospiraceae families, previously reported to be
reduced in experimental carcinogenesis (Wang et al., 2020; Yu et al., 2020), in
wild-type mice but not in knockout mice at week five. These two families have
been shown to be protective against CRC by producing short-chain fatty acids
(SCFAs) such as propionic acid and/or butyric acid, key metabolites that regulate
gut homeostasis (Vital et al., 2017; Choi et al., 2021); therefore, resistance to
alterations in these families in Trpm8” mice, but not in wild type, may be
involved in the reduced susceptibility of knockout mice to develop AOM-induced
tumors. Of note, Ruminococcaceae was significantly lower in healthy Trpm8~"
mice than in wild-type, whereas no differences were observed in
Lachnospiraceae between wild-type and Trpm8~~ mice.

We also observed a reduction in Peptostreptococcaceae in wild types but not in
Trpm8&”~ mice (week 13). Peptostreptococcaceae is significantly lower in patients
with ulcerative colitis (one of the main risk factors for the development of CRC)
than in healthy subjects (Chen et al., 2014).

Erysipelotrichaceae was significantly increased in both wild-type and knockout
mice, with no statistically significant difference between the two genotypes. It is
worth noting that this family is positively correlated with tumorigenesis in the

colon and that its presence is increased in CRC patients (Yang et al., 2020).
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In our study, Akkermansiaceae was increased in both wild-type and knockout
mice at week five, with no statistically significant difference between the two
genotypes. Akkermansia muciniphila is largely studied for its role in mucous
regulation in intestinal epithelial cells. It is reported that 4. muciniphila can both
degrade the protective intestinal mucous layer, allowing the invasion of other
bacteria, and stimulate mucous production. Previous studies have shown that 1)
this bacterium is increased in mice with prostate cancer (Huang et al., 2021), ii)
administration of 4. muciniphila exacerbates the development of colorectal
cancer in mice (Wang et al., 2022), and iii) there is a high increase in the
abundance of Akkermansia in CRC patients stools (Weir et al., 2013).
Burkholderiaceae levels were undetectable in knockout mice, except at week 13,
while their abundance was constant in wild type. This family is associated with
an increased risk of colorectal (Yang et al., 2019), laryngeal (Wang et al., 2019)
and bladder cancers (Oresta et al., 2020). These data suggest involvement of this
family in the protective effect of Trpm8~~ mice.

Finally, the relative abundance of Lactobacillaceae showed a sudden reduction
(observed as early as week five) in wild-type mice, but a delayed reduction in
Trpm8&”~ mice, which was not apparent until week thirteen; Lactobacillaceae is
one of the best-known families of probiotics that play an important role in
maintaining gut homeostasis (Youssef et al., 2018); reduction in their abundance
is reported in CRC, while their administration has a protective effect on the
development of CRC (Zou et al., 2018); thus, delayed reduction in Trpm8 mice
may exert a protective role against AOM-induced CRC here.

Given these data, we can conclude that mice with a genetic deletion of
Trpm8 1) develop a lower number of tumors in the AOM model of colorectal
cancer, i1) have a different gut microbiota composition than wild-type mice, and
i1i1) show different changes in gut microbiota composition in response to AOM
treatment than wild-type mice. The different bacterial community between wild-

type and knockout mice, as well as the different changes in the composition of
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the gut microbiota in response to AOM treatment, may be, at least partly,
responsible for the reduced susceptibility of knockout mice to the development
of AOM-induced sporadic colorectal cancer. These findings support the existence
of a relationship between the endocannabinoidome and the gut microbiota which

may have an impact on the development of colorectal cancer.
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Part IV — Gut microbiota impairment modulates endocannabinoidome

mediator levels in healthy and inflamed mice

Our previous studies seem to show that the relationship between the
eCBome and the gut microbiota influences the development of IBD. To confirm
this hypothesis, we decided to investigate whether the absence of gut microbiota
(known to influence the development of IBD) triggers changes in the eCBome in
healthy and DSS-induced ulcerative colitis mice.

In this study, using two methods to affect the mice gut microbiota
(antibiotic cocktail and germfree status), we showed that the absence of gut
microbiota reduces inflammation in the DNBS-induced model of ulcerative
colitis, which is likely the result of altered eCBome signalling. Indeed, germfree
mice have elevated levels of eCBome mediators, which are known to have an
anti-inflammatory effect.

In the DNBS-induced model, all groups treated with the phlogogen
developed intestinal inflammation, as shown by the macroscopic parameters of
colon inflammation, i.e., colon weight/ colon length ratio, body weight loss and
DAI score. Germfree mice treated with DNBS showed lower levels of
inflammation compared to mice from the CR and ABX groups, as the colon
weight/colon length ratio was significantly lower and the increase in DAI score
was slower during the three days of observation. Looking at microscopic
parameters of inflammation, DNBS treatment did not increase expression levels
of pro-inflammatory cytokines in germfree mice. Although not always in a
significant manner, increases in [L-1f, IL-6 and TNFa were observed after DNBS
treatment in CR and ABX mice. Similarly, MPO activity increased in DNBS-
treated CR mice, but not in ABX and GF mice. Of note, basal levels of MPO
activity were higher in germfree mice than in CR and ABX mice. Basal
expression levels of the major anti-inflammatory cytokine IL-10 were

significantly lower in germfree mice compared to CR and ABX mice; DNBS
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administration did not alter IL-10 levels in all groups. Our results are partially
consistent with the results of another paper in which inflammation was induced
in ABX-treated and germfree mice with the phlogogen DSS (Hernandez-
Chirlaque et al., 2016). The results of Hernandez-Chirlaque et al. showed that
germfree mice developed minimal colonic inflammation, while ABX-treated
mice developed milder inflammation compared to CR mice. More specifically,
DSS-treated germfree mice did not differ from CR mice in terms of weight loss
and showed no increase in IL-1P levels and MPO activity (comparable to our
results). However, the authors found similar basal MPO activity in germfree and
CR (our results showed higher MPO activity in germfree mice). Surprisingly,
Hernandez-Chirlaque et al. reported that DSS-treated germfree mice had
increased levels of TNFa (in contrast to our results) and lower levels of IL-10
(comparable to our results) compared to CR.

Analysis of the levels of eCBome mediators in the colon of mice revealed
that eCBome lipid mediators had different levels depending on the status of the
gut microbiota and responded differently to colon inflammation in germfree mice
than in CR and ABX-treated mice. At the basal level, i.e., in non-inflamed mice,
germfree mice had significantly higher levels of NAEs such as
oleoylethanolamide (OEA), linoleoylethanolamide (LEA),
docosahexaenoylethanolamide (DHEA) and 13-
hydroxyoctadecadienoicethanolamide (13-HODE-EA) compared to CR and
ABX-treated healthy mice; an increasing trend was also seen in AEA levels, but
not statistically significant. OEA has been reported to exert anti-inflammatory
effects in experimental colitis (Lama et al., 2020; Otagiri et al., 2020), while LEA
is able to inhibit NF-kB signalling and thus exert anti-inflammatory effects
(Ishida et al., 2013). DHEA, synthesised by NAPE-PLD from the n-3 PUFA
DHA, has been reported to have a strong anti-inflammatory effect, even stronger
than AEA (de Bus et al., 2019). Thus, the higher levels of anti-inflammatory

mediators in germfree mice could at least partially explain the lower production
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of pro-inflammatory cytokines, and this effect could be explained as a
compensatory effect of the endocannabinoidome due to the absence of the gut
microbiota.

Regarding MAGs, 13-HODE-EA and 13-HODE-G are produced in human
neutrophils and eosinophils by the metabolization of LEA by 15-lipooxygenase
(15-LOX), but their biological activity is still unclear (Archambault et al., 2021;
Tinto et al.,, 2021). Interestingly, DNBS-treated germfree mice had higher
concentrations of LEA and 2-LG metabolites, i.e., 13-HODE-EA and 13-HODE-
G respectively, and this increase is paired with the reduction of LEA and LG in
DNBS-treated mice compared to healthy germfree mice, suggesting that high
concentrations of 15-LOX metabolites (13-HODE) are produced in the
inflammatory process as consequence of a higher concentration of the precursors
under healthy conditions. In addition, further analyses are needed to unravel the
metabolic pathways underlying these differences, especially the altered levels of
the newly identified 13-HODE derivatives.

In summary, we have shown that mice raised in germfree conditions
develop a lower degree of inflammation in the experimental model of DNBS-
induced ulcerative colitis, whereas mice with a depletion of the gut microbiota
achieved by ABX treatment do not show this effect. The lack of gut microbiota
and the resulting differential development of the gut immune system in germfree
mice 1s followed by a compensatory effect on mediators of the
endocannabinoidome, which may explain the lower susceptibility of the germfree
mice to develop ulcerative colitis. In a nutshell, we demonstrate that the
relationship between the gut microbiota and the endocannabinoidome affects the

development of colon inflammation.
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GENERAL CONCLUSIONS

IBD and CRC are health problems affecting millions of people worldwide

which lack of effective treatments. Links have been established between the
onset/progression of these pathologies and gut dysbiosis; indeed, gut microbiota
plays a crucial role in intestinal homeostasis. Moreover, a recently described
expanded endocannabinoid system, known as “endocannabinoidome”, is
considered to have pivotal roles in immune response and a close connection with
the gut microbiota, known as eCBome-mBlome axis.
The evidence reported in this PhD thesis highlights that the functional interaction
between endocannabinoidome and gut microbiota impacts on the development of
inflammatory bowel disease and colorectal cancer. Briefly, through the
manipulation of the eCBome and gut microbiota, using receptor ligands,
enzymatic inhibitors, receptor genetic deletion and gut microbiota depletion we
showed that:

- Cannabidivarin exerts anti-inflammatory activity in preclinical models of
ulcerative colitis, acting via TRPA1 channel, with concomitant changes in
gut microbiota composition.

- A combination of inactive doses of fish oil and cannabidiol exerts an anti-
inflammatory effect in in preclinical models of ulcerative colitis, with
changes in gut microbiota that seem to explain, at least in part, this effect.

- Genetic deletion of Trpm8 is associated to changes in gut microbiota
composition that, at least in part, may be responsible for the low
susceptibility in colon carcinogenesis.

- The absence of gut microbiota in germfree mice has an effect on the
endocannabinoidome signalling in the colon that seems to be responsible

for the reduced inflammation in the preclinical model of ulcerative colitis
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In conclusion, this PhD thesis contributes to elucidate the physiopathological role
of the eCBome-mBlome axis in IBD and CRC and thus may offer novel future

pharmacological opportunities for the prevention and cure of these diseases.
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