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ABSTRACT

Introduction

Bergamot essential oil (BEO) is used in aromatherapy and as an additive
to food and drink to promote a citrus flavour. In animal models, BEO can
modulate the synaptic functions within the Central Nervous System.
However, 1t i1s not known if BEO can affect the functions of the
gastrointestinal tract, despite being widely used in the food industry.
BEO and its components linalool, limonene and linalyl-acetate were
therefore examined for their ability to influence neuromuscular

contractions of human and rat isolated colon.

Material and Methods

Human colon was obtained at surgery for bowel cancer following informed
consent; mucosa-free strips were cut parallel to the circular muscle. Rat
colon (Sprague-Dawley) strips were also cut as circular muscle
preparations. In most experiments, each strip was suspended between
platinum wire electrodes in tissue baths containing Krebs solution (5%
COz2 in Og; 37°C) under tension (1 or 2g of tension for rat and human
muscle strips, respectively) for recording of isometric contractions in

response to stimulation of cholinergic nerves using electrical field



stimulation (EFS) or to the application of exogenous stimulants of smooth
muscle contraction (acetylcholine (ACh), 5-hydroxytryptamine (5-HT),
substance P (SP) or KCIl). Cumulative concentration-response curves
were obtained for BEO (10 - 103 % v/v) and its major components
linalool, limonene and linalyl-acetate (109 - 10-4 M). The inhibition of the
amplitude of the contractions by each agent was expressed in percentage

terms as the mean + s.e.m of the numbers of patients or animals.

Results

In preliminary experiments, BEO and its components reduced
contractions of rat colon caused by ACh, 5-HT or SP. Subsequently
concentration-dependent inhibition of both KCl-evoked contractions and
neuronally-mediated contractions were demonstrated in response to BEO
or its components, with greater potency when tested on the latter. The
inhibitory effect of BEO on myogenic and neuronally-mediated
contractions was associated largely via the actions of linalool (apparent
plCs0 5.6 £ 0.4, n= 4 on KCl-evoked contractions; apparent pICso 6.7 + 0.2,
n = 4 on neuronally-mediated contractions) in human colon. Similar but
less potent activity of linalool was obtained in rat colon (apparent pICso
5.4 £ 0.3, n = 4 on KCl-evoked contractions; apparent pICs05.8 + 0.1 %, n

= 4 on neuronally-mediated contractions).



Conclusion

The results indicated that BEO, largely via the actions of linalool,
inhibited both human and rat enteric neurotransmission. Some species
differences were found in the ability of these substances to inhibit
neuronally-mediated contractions; the rank order in terms of potency
(apparent pICso) in human was: linalool > limonene >> linalyl acetate =
BEO, and in rat was: linalyl acetate > limonene = linalool >> BEO. Both
BEO and linalool were more potent in human muscle strips, acting at
least partly by directly inhibiting muscle contractility. These data provide
a potential mechanism for their use as a complementary treatment of

gastrointestinal diseases related to increased intestinal motility.
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CHAPTER 1

1.1 Bergamot essential oil

Bergamot (Citrus bergamia Risso et Poiteau) is a citrus fruit plant
belonging to the Rutaceae family. The fruit is slightly larger in size than
an orange but smaller than a grapefruit, with an ovoid shape, and
depending on its ripeness, has a green to yellow coloured rind (Figure 1).
It is grown almost exclusively along the southern coast of the Reggio
Calabria in Italy (Regional Law n. 41, 14 Oct 2002), primarily for its
essential oil, a product that is in great demand by the perfumery and
cosmetic industry, but also for pharmaceutical, food and confectionery
industries (Calapai and Delbo, 2011).

According to the Farmacopea Ufficiale Italiana (1991) bergamot
essential oil (BEO) is obtained by cold pressing of the epicarp and part of
the mesocarp of the ripe fruit.

The constituents of BEO can be separated into a volatile and non-
volatile fraction using high-performance liquid chromatography (Costa et
al., 2010, Donato et al., 2014). The volatile fraction represents 93%—96%
of total volume of the oil and consists of two classes of molecules i.e the
terpene hydrocarbons (e.g., d-limonene, B-bisabolene, y-terpinene, a-

pinene, B-pinene, sabinene, B-myrcene, terpinolene, and geranyl acetate)

13



and oxygenated derivatives (e.g. linalool, linalyl acetate, neral, geranial,
neryl acetate, and geranyl acetate). The non-volatile fraction (4%—7% of
total volume of o0il) contains coumarins and psoralens.

Within the volatile fraction, the most abundant compounds are
limonene (25.62%—53.19%), linalyl acetate (15.61%—40.37%), and linalool

(1.756%—20.26%) (Figure 1) (Melliou et al., 2009).

A
Yo

O
\ —
B

OH
\ —
C

Figure 1: Bergamot fruit.

Image of bergamot fruit and the structure of the main compounds present in

volatile fraction of BEO: (A) limonene, (B) linalyl acetate, (C) linalool.
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1.2 Traditional uses

Around 80% of the world’s population relies on the use of a traditional
medicine for their primary health needs (Ekor, 2013). However, such
practice 1s largely based on folklore and schools of traditional medicine
rather than evidence-based research.

As reported by the European Medicines Agency (EMA), the use of
BEO has long been known in traditional and folk medicine. Historical
data shows that BEO has been used since 1725 for a variety of symptoms,
such as mouth and skin infections, respiratory and urinary tract
infections, gonococcal infections, leucorrhoea, vaginal pruritis and fever
(Calapai and Delbo, 2011). An ointment containing a mixture of herbal
preparations, including BEO, has been used since 2008 (in Hungry) for
mitigation of symptoms (erythema, infiltration, parakeratosis, urticaria)
and for nursing of dry, pealing, squamosus skin in mild or moderate
psoriasis.

Primarily BEO is used as a topical agent (Calapai and Delbo, 2011)
to facilitate wound healing possibly because of its antiseptic,
anthelminthic antimicrobial and antifungal properties (Laird et al., 2012,
Sanguinetti et al., 2007). These actions have also been attributed to the
ability of the BEO phytocomplex to increase oxidative metabolism in

human polymorphonuclear leukocytes (Cosentino et al, 2014).
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BEO is also widely used as flavouring for drinks and food, however,
despite being used in the food and confectionery industry, almost nothing
is known about the potential of BEO to influence gastrointestinal

functions.

1.3 Preclinical studies

In recent years, animal studies, in vivo and in vitro, have shown an ability
of BEO to influence a range of different effects on neuronal and smooth
muscle functions; these studies have been restricted largely to studies
with models of central nervous system (CNS) and cardiovascular
functions.

In studies involving the CNS, the perfusion of BEO into the
hippocampus and the superfusion of BEO over hippocampal
synaptosomes, at low concentrations stimulated the release of excitatory
amino acids (such as glutamate) by a Ca2*dependent mechanism,
whereas at high concentrations the release was stimulated through a non-
Ca2*-dependent carrier mechanism (Morrone et al., 2007). However, the
molecular targets on the glutamatergic nerve endings leading to
exocytosis, or to the release of mediated glutamate transporter, remain to
be discovered (Morrone et al., 2007). In addition, the systemic
administration of BEO has been shown to cause a dose-dependent
reduction in brain damage induced by focal cerebral ischemia in rats

16



(Amantea et al., 2009). Under these experimental conditions, BEO did not
influence the levels of basal amino acids but reduced the levels of
excitatory amino acids in the penumbral region (Amantea et al., 2009).
Moreover, in the 1ischemic penumbra, an improvement of the
phosphorylation of protein kinase B (PKB or Akt), levels of the
prosurvival gene and of the downstream kinase GSK-3B was observed.
Therefore, it was suggested that the protection caused by BEO was the
result of its ability to increase the phosphorylation of Akt (Amantea et al.,
2009).

In a series of animal behaviour studies Rombola et al (2017, 2019)
showed the anxiolytic-like/relaxant effects of BEO in rats were different
to those of benzodiazepines, such as diazepam, because the anxiolytic
effects of BEO was associated with the maintenance of alertness in the
animals. This behaviour was reflected in the activity of the
electroencephalogram (EEG) in which the systemic administration of
BEO increased a wave frequencies (related to relaxation) and B waves
(associated with the alert and awake state) of the EEG (Rombola et al.,
2009). It was argued that both the behavioural and EEG data supported
the hypothesis that neurotransmitters systems (such us serotoninergic
neurotransmission), could be involved in the anxiolytic-like/relaxant
effects of bergamot oil (Rombola et al., 2009, 2017, 2019). In separate

studies, peripheral nociception (paw-licking/biting behaviour), induced by

17



local application of capsaicin (activating the transient receptor potential
vanilloid type-1 receptors located in C-fibers), was reduced by injection of
BEO (Sakurada et al., 2009). Both linalool and linalyl acetate were found
to be more potent than BEO in inhibiting the nociceptive response
(Sakurada et al., 2009). Further, the antinociceptive effect was prevented
by naloxone hydrochloride, suggesting that the phytocomplex or
monoterpenes acted through the opioid receptors (Sakurada et al., 2011).
In an animal model of chronic pain, characterized by partial ligature of
the spinal nerve, it was possible to observe an inhibition of allodynia by
BEO (Kuwahata et al., 2013).

Finally, it was found that the survival and proliferation of
neuroblastoma cells SH-SY5Y can be inhibit by BEO (Celia et al., 2013),
in which the monoterpenes limonene and linalil acetate have been shown
to play a central role (Russo et al., 2013).

Away from the nervous system, a study using the carrageenan-
induced rat paw oedema test, demonstrated an anti-inflammatory
activity of BEO (Karaca et al., 2007). Moreover, in the mouse aorta, BEO
induced vasorelaxation by an action on K™ and Ca2* channels (Kang et al.,
2013). Most notably, BEO induced hyperpolarization by activation of the
K*-channels, an effect partially inhibited by tetraethylammonium
chloride a K*-channels blocker (Kang et al., 2013). Furthermore, CaCls-

induced contractions of the aorta were suppressed in tissues pretreated
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with BEO, highlighting an ability to block membrane CaZ2*-channels
(Kang et al., 2013).

Finally, the studies described above also highlight the lack of clarity
into the molecular mechanisms by which BEO and its components can
exert activity. Probably, this is because of the complexity of the models
used to study their actions, most being whole-animal investigations. The
use of in vitro techniques, such as isolated tissue preparations, could
therefore be of great help in identifying one or more mechanisms of action.
Interestingly, in one study linalool has been found to inhibit ACh-induced
contraction in rat isolated duodenum and ileum (Blanco et al, 2013). In
this respect, tissues from the gastrointestinal tract provide useful models
with which to investigate the functions of BEO, since the ability of the
Enteric Nervous System (ENS) to control muscle contractility allows both
neuronal and muscle functions to be studied in the same tissue.

The general aspects of the methodology of isolated tissue
preparations includes the use of specific physiological solutions, suitably
oxygenated and maintained at a constant optimal temperature (Sanger
and Bennett, 1984). Pharmacological studies with isolated preparations
(qualitative assays and quantitative dosages of activity) have been of
great importance since the last century in the characterization of the
activity of compounds endowed with biological properties usable in

therapy (Edinburgh staff, 1968). With regards to the use of
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gastrointestinal (GI) preparations in vitro studies have been performed
using isolated segments (e.g. intact lengths of the intestine) or muscle
strips (obtained by cutting lengths of muscle approximately parallel to
the circular or longitudinal muscle) (Sanger and Bennett, 1984). An
important advantage is that such techniques make it possible to use
human preparations removed at surgery, thereby avoiding complications
arising from the use of animals with unknown species differences in bowel
functions and/ or response to BEO (Sanger et al., 2013).

In this study, rat and human isolated colon preparations have been
used to evaluate the actions of BEO and its components on muscle
contractions evoked by application of substances which directly evoke
muscle contraction and also by the use of electrical field stimulation of
the intrinsic neurons to cause muscle contraction. Based on the evidence
obtained by studies with CNS and cardiovascular models (see above) it
was hypothesised that BEO has the potential to interact with both the
enteric nervous system and the smooth muscle of the colon and that the
components of BEO will act similarly but with different potency and
efficacy. Together the data has the potential to give information on the
possible therapeutic use of BEO in the treatment of GI disorders, most
especially those thought to be associated with increased intestinal
motility such as the diarrhoea-predominant form of Irritable Bowel

Syndrome.
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CHAPTER 2

2.1 Enteric Nervous System

The Enteric Nervous System (ENS) is an extensive intrinsic nervous
system in the GI tract, extending from the oesophagus to the anal
sphincter. It controls all aspects of the GI function (Furness, 2012) such
as the regulation of GI motility, secretion and movement of transmucosal
fluid, local blood flow, nutrients management and the interaction with
the immune and endocrine system (Furness, 2006). The propagation and
mixing of the GI contents is determined by the activity of the muscular
layers, whose regulation is determined by the ENS. In particular, the
ENS dominates the control of motility of the small and large intestine
with the only exception of defecation control, in which the CNS has
control through the lumbo-sacral spinal cord centres (Furness, 2006).

A unique property of the ENS, compared to any other section of the
Peripheral Nervous System (PNS), is to maintain the functions of the GI
tract even in the absence of CNS input (Furness et al., 2014). Overall, the
ENS consists of a large number of neurons, from 200 to 600 million in
humans (the same number of human spinal cord neurons). These are
contained mostly within the myenteric plexus (Auerbach plexus, located

between the two smooth muscle layers) and the submucous plexus
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(Meissner's plexus, located in the submucosal tunic) (Furness, 2006)
(Figure 2). The myenteric plexus forms a continuous network around the
bowel and extending from the upper esophagus to the internal anal
sphincter, while, in the small and large intestine the submucosal plexus
is also present (Furness et al., 2014). The nerves fibres consist of axons
and dendrites projecting from the cell bodies of enteric neurons, axons
and terminals of extrinsic neurons that project to the gut wall and also

the glial cells (Furness et al., 2014).

Deep muscular plexus
Inner SMP

Longitudinal
muscle

Muscularis
mucosae Submucosal
artery

Figure 2: The organization of the ENS of human and medium-large
mammals.

The ENS is characterized by ganglionated plexuses, the myenteric plexus
and the submucosal plexus (SMP). Ganglia and plexuses that innervate

the longitudinal muscle, circular muscle, muscularis mucosae, intrinsic
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arteries and the mucosa are connected by nerve fibre bundles (Adapted

from Furness, 2006).

2.2 Types of enteric neurons

From the functional point of view, it is possible to distinguish three main
classes of neurons: a) intrinsic primary afferent neurons (IPANs) (also
referred to as intrinsic sensory neurons), b) interneurons and c)
motoneurones.

IPANs are connected to each other, with the interneurons and
directly with the motor neurons, while, the interneurons connect with
other interneurons and with the motor neurons (Furness et al., 2014). The
IPANs are large multi-axonal neurons (type II morphology) that respond
to chemical stimuli, mechanical distortion of mucosa or external
musculature. From 10 to 30 % of neurons in the submucosal and
myenteric plexus in the small and large intestine, are formed by cell
bodies of IPANSs, but these neurones are not present in the esophagus
(Furness, 2006).

Amongst the motor neurons are muscle motor neurons,
secretomotor neurons, secretomotor/vasodilator neurons, motor neurons
for enteroendocrine cells and for innervation of lymphoid follicles
(Furness et al 2014). Overall, it is possible to distinguish two types of
motor neurons, namely the excitatory and inhibitory motor neurons that
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innervate the longitudinal and circular smooth muscle and the
muscularis mucosae, and which are uni-axonal (Furness et al., 2014).
Their chemical mediators are the excitatory transmitters, acetylcholine
(ACh) and the tachykinins (TK), and the inhibitory transmitters, nitric
oxide (NO), wvasoactive intestinal peptide (VIP) and adenosine
triphosphate-like (ATP-like) (Furness et al., 2014). In all mammals the
circular muscle i1s mainly innervated by motor neurons that have the
circular soma in the myenteric plexus, and probably in the human the
circular muscle also has an innervation coming from the submucosal
plexus (Furness et al., 2014). The cell bodies of motor neurons that
innervate the longitudinal muscle are located in the myenteric plexus of
small mammals, but in larger mammals some motor neurons of the
longitudinal muscles have cell bodies in the external submucous plexus
(Timmermans et al., 1992).

The interneurons are distinguished in a type of interneurons with
oral (ascending) projections and two types of interneurons with anal
projection (descending) (Furness et al.,, 2014). The ascending
interneurons are cholinergic and participate in the local motor reflex; the
descending interneurons are of two types: a) descending interneurons
which synthesize ACh, NO or serotonin (5-HT); b) descending
interneurons that synthesize ACh and somatostatin and participate in

the conduction of the migrating motor complex (MMC) along the
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Iintestine. Some types of interneurons also have mechanoceptive
properties and contribute to relaxation reflex (Mongardi Fantaguzzi et
al., 2009).

Another class of enteric neurons is represented by secretory and
secretomotor/vasodilator neurons that regulate the transport of
electrolytes and water through the intestinal mucosa (Vanner and
Macnaughton, 2004).

An important non-neuronal component of the ENS is represented
by the enteric glial cells, which resemble the CNS astrocytes and in
analogy to the latter, not only contribute to create a protective
microenvironment, but can also play a functional role in the transfer
enteric information responding to a variety of neuroligands (Gulbransen

and Sharkey, 2014).

2.3 Enteric neurotransmissions

The main excitatory neurotransmitter released from the myenteric and
submucosal plexus is acetylcholine, which elicits contractions of the
gastrointestinal muscle and secretions through the activation of specific
muscarinic receptors (Hirota and McKay, 2006). The M; receptor is
present on epithelial cells and in the intestinal crypts, the M2 receptor
subtype on smooth muscle cells, the M2 and M4 subtypes are colocalized
on myenteric neurons expressing choline acetyltransferase (ChAT) and
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M3 subtype at the crypt and smooth muscle cells (Caulfield, 1993; Eglen
et al., 1996, Hirota and McKay, 2006: Khan et al., 2013).

In addition to ACh, tachykinins (TKs) such as substance P (SP),
neurokinin A and neurokinin B (NKa, NKg), are another class of
excitatory neurotransmitters released from both enteric plexuses. They
act at neurokinin (NK) receptors and can be released from the same
neurons that release ACh. In the rat colon NK; and NKbs receptors are
mainly located on the circular muscle and on the cell bodies in the lamina
propria (Appleyard et al., 2006).

Non-cholinergic non-adrenergic inhibitory neurotransmitters
(NANCs) are considered: NO, VIP and ATP are the most common
(Nishiyama et al., 2014). The release of NO generally causes muscle
relaxation through a reduction of the levels of cytoplasmic Ca2* and the
desensitization of the Ca?~dependent contractile apparatus (Kwon et al.,
2000). ATP and VIP, with different pathways, causes relaxation of muscle
cells (Waseda et al., 2005; Sandgren et al., 2003).

In mammals, about 95% of 5-HT is present in the intestine and
derives mostly from enterochromaffin cells, but also from mast cells (in
rodents) and myenteric serotonergic neurons, which are descending
interneurons that project to the submucosal plexus. The 5-HT released by
enterochromaffin cells activates the IPANs that initiate the motility of

the intestine, while the descending serotoninergic interneurons, which
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activate the inhibitory neurons, produce a tonic inhibition of the circular
smooth muscle and promote secretion (Mawe and Hoffman, 2013). Most
5-HT receptors are present in the gut and all of these are located within
the ENS, in motor neurons (5-HT1, 5-HT2, 5-HT3 and 5-HT4), on IPANSs
that influence intestinal sensitivity (5-HTs, 5-HT4 and 5-HT7) and on
smooth muscle (5-HT1, 5-HT2, 5-HT4, 5-HT7) (Sanger, 2008).

Dopamine (DA) is a neurotransmitter of the CNS, which acts as a
negative modulator of intestinal motility through stimulation of the
receptor families D; and Dsa. Activation of Dsa-like receptors causes an
inhibitory effect on the spontaneous activity of the circular colonic muscle,
while the activation of Di-like receptors reduces the release of ACh,
through a pathway involving enteric inhibitory neurotransmitters
(Martinucci et al., 2015). Both, D: and Ds-like receptors are present
within the GI tract (Auteri et al., 2016).

Another important enteric neurotransmitter is glutamate, whose
metabotropic and ionotropic receptors are present both on intrinsic and
extrinsic neurons. In particular, these receptors are located at the level of
the glial cells in the myenteric and submucosal plexus of the colon and in
the myenteric plexus of the small intestine (Filpa et al., 2016). Glutamate
also has an indirect excitatory action that is associated with the

activation of cholinergic neurons (Wiley et al., 1991) mediated by the
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activation of N-methyl-D-aspartate (NMDA) receptors (Giaroni et al.,
2003).

The gamma-aminobutyric acid neurotransmitter (GABA) is also
involved in the regulation of ENS, in fact GABAA and GABABg receptors
are present at presynaptic level and controlling the release of ACh in
intestinal smooth muscle (Auteri et al., 2014). Administration of GABA
at low concentrations seems to improve the release of ACh mainly
involving the GABAA receptor by increasing peristalsis; at high
concentrations it reduces the release of ACh by activating the decreasing
peristalsis of the GABAB receptor (Auteri et al., 2014).

Finally, the manner by which the Sympathetic Nervous System
interacts with the ENS and other systems of the GI tract should be noted.
These extrinsic neurons usually cause relaxation of the intestinal smooth
muscle through the release of noradrenaline which in turn acts at the a-
and B-adrenergic receptors. The B1, B2 and Bs receptors are present on the
interstitial cells of Cajal (ICC) of the small intestine, while the B; and B3
receptors are present on the colon ICC (Nasser et al., 2006). In the
myenteric plexus of rat and mouse, az receptors are widely distributed on
the neurons and enteric glia cells. Furthermore, a wide expression of B1
and Bz receptors is observed both in the myenteric plexus and in the

submucosal plexus (Nasser et al., 2006).
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CHAPTER 3

3.1 Irritable Bowel Syndrome

The correct functioning of the GI tract is essential to sustaining life,
however, GI tract disorders are common, affecting the mucosa,
musculature and neuronal innervation from the esophagus to the colon.
Abnormalities of GI function can lead to life-threatening diseases such as
chronic inflammatory bowel disease (IBD) or to conditions that seriously
affect quality of life, such as gastroesophageal reflux disease (GERD) and
irritable bowel syndrome (IBS) (Enck et al., 2016).

IBS is a functional GI disorder (not associated with structural or
biochemical abnormalities and detectable with current routine diagnostic
tools), characterised by abdominal pain and a disturbed bowel habit over
a period of at least three months, with a prevalence of approximately 11%
of the world population (Lovell et al., 2012; Enck et al., 2016). The
incidence of IBS decreases with advancing age (> 50 years) (Lovell et al.,
2012), i1s similar in children and adolescents compared to adults, and is
not necessarily carried through from childhood to the adult (Goodwin et
al., 2013), moreover, also the family aggregation has been reported (Saito

et al., 2010).
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Patients with IBS, in general, experience greater sensitization of
normal intestinal functions, whose symptoms are abdominal pain,
cramps, changes in intestinal habits and defecation disorders. All of these
symptoms can severely affect the quality of life of patients. Based on the
predominant symptoms, patients with IBS can be classified into
subgroups, i.e. those with constipation (IBS-C), diarrhea (IBS-D),
constipation mixed with diarrhea (IBS-M) and in an unsubtyped (IBS-U)

(Enck et al., 2016).

3.2 Aetiology and risk factors

The Aetiology remains largely unknown, however, psychic disorders
(Saito and Talley, 2008), genetic predisposition (Fukudo et al., 2011) and
environmental factors (Rahimi et al.,, 2009) may underlie the
manifestation of pathology. Numerous studies highlight the involvement
of the immune system in IBS, food antigens and bile acids, brain-intestine
axis (Enck et al., 2016). Moreover, it seems that increased epithelial
permeability is very important in the manifestation of post-infectious IBS
(in particular for IBS-D) (Bischoff et al.,, 2014). Based on clinical
observation, infectious gastroenteritis is a strong risk factor for IBS
development (Thabane et al., 2007). Moreover, the immunohistochemical
data of patients with IBS show greater infiltration of T cells and mast
cells in the mucosa of the small and large intestine (Barbara et al., 2011).
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The increase in bile acids (mainly present in the IBS-D subgroup)
influence the intestinal habit by accelerating the transit of the colon and
inducing diarrhea and visceral hypersensitivity (Valentin et al., 2015).
The gastrointestinal microbiota, considered as an ecosystem that inhabits
the entire GI tract, has a systemic influence on our health (Enck et al.,
2016). Evidence of an involvement of the altered composition of the
intestinal microbiota in IBS pathophysiology has accumulated (Rajili¢-
Stojanovicé et al., 2011). Anxiety and depression can determine abdominal
symptoms associated with an altered peripheral regulation of intestinal
function, alteration of signaling between the intestine and the brain
(Hungin et al., 2015; Enck et al., 2016). In addition, the same pathology
can result in mental disorders associated with feelings of shame, fear and

embarrassment (North et al., 2007; Drossman et al., 2009).

3.3 Current Treatment

Currently there is no curative treatment for IBS, and although a
substantial number of patients will experience spontaneous remission
over time, therapy is based only on symptom relief (Enck et al., 2016).
Treatment options usually include the combination of dietary and
pharmacological interventions aimed at managing the predominant
symptom and the main therapeutic classes are represented by compounds
belonging to antispasmodic, antidepressant, laxative, prokinetic,
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antidiarrheal and probiotic drugs (Enck et al., 2016). These include the
most recently introduced medications, namely the intestinal
secretagogues (Chloride channel type-2 inhibitors, Guanylate cyclase-C
receptor activators) and bile acid transporter inhibitors (Camilleri, 2012).
However, none of the available treatments can fully alleviate the complex
symptoms of IBS. Furthermore, the chronic use of these drugs may be
characterized by the appearance of numerous side effects. Over the years
all these problems have led patients with functional gastrointestinal
disorders to use of products of vegetable origin, and in particular natural
extracts obtained for example from Mentha piperita, Aloe vera, Curcuma
spp., Hypericum perforatum (Rahimi and Abdollahi, 2012, Chang, 2014,
Grundmann and Yoon., 2014). From Mentha piperita, a naturally-
occurring carminative herb, it is possible obtain peppermint oil which is
widely and commonly used in the traditional medicine to improve
symptoms related with various gastrointestinal disorders including IBS
(Ford et al., 2008; Alammar et al., 2019). This property of peppermint oil
has been linked with menthol, a principal component of the essential oil,
which blocks Ca?" channels in smooth muscle cells, thus producing
antispasmodic effect in the gut (Amato et al., 2014). Some studies have
also showed the ability of menthol to act on Transient Receptor Potential
(TRP) channels (a family of ion channels, Behrendt et al, 2004; Fothergill

et al., 2016; Paschke et al., 2017). This inhibitory effect and the natural
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origin makes peppermint oil a safe and effective therapy to improve
abdominal pain and global symptoms in IBS patients (Alammar et al.,

2019).
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AIM OF RESEARCH

BEO is widely used in traditional and complementary medicine for the
treatment of various disorders (Calapai and Delbo, 2011; Ni et al., 2013;
Section 1). However, a limited number of studies have examined the
rational basis for the use of BEO. The majority of published data has
indicated that BEO can produce neurobiological effects in animal models,
which originated, at least in part, from interference with the basic
mechanisms that regulate synaptic plasticity in both physiological and
pathological conditions in CNS (Morrone et al., 2007; Amantea et al.,
2009; Rombola et al., 2016; Rombola et al., 2019). In view of these
evidences, it 1s likely that the phytocomplex may show a potential activity
on the neurotransmission of the ENS. Furthermore, the study of Kang et
al. (2013), suggests that BEO may also act on intestinal smooth muscle to
cause relaxation, as observed in the mouse aorta. If BEO were found to
affect intestinal function in a potentially beneficial manner, BEO or a
constituent of BEO could therefore be useful as a complementary
treatment of intestinal diseases such as IBS, where the chronic use of
drugs is characterized by the appearance of numerous side effects, that
over the years have led patients to use products of natural origin (Rahimi

and Abdollahi, 2012; Grundmann and Yoon, 2014).
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In this regard, the purpose for this study was to investigate the
ability of BEO and its components to modulate intestinal functions. It was
hypothesised that BEO has the potential to interact with both the ENS
and the smooth muscle of the colon and that the different components of
BEO will act similarly but perhaps with different potency and efficacy.

To test this hypothesis, it must be recognised that although the
basic functions of the GI tract are similar among different mammals,
major anatomical and functional differences exist between species
(Sanger et al., 2011). For example, rodents do not have the ability to
vomit, have a large cecum (degenerated in the appendix in humans) and
the colon is relatively short without presenting the arrangement of
longitudinal muscle in three discrete bands (taenia) (present in human
colon) (Sanger et al., 2011). Moreover, it i1s necessary to consider the
selection of positive genes during evolution, that have conferred specific
human variations that cannot be reproduced by animal models
(Vamathevan et al., 2008). Therefore, it is important that this study
investigates the activities of BEO in ex-vivo models using both rat and
human intestinal preparations, in order to highlight the translation value
and / or the presence of differences between species.

The research aims were:

35



1. To evaluate the effects of BEO on the contractile activity of rat
1solated jejunum, ileum and colon induced by different muscle
stimulants.

2. Determine if BEO and when tested separately, the constituents of
BEO, could modulate neuromuscular contractions evoked in rat colon
by electrical field stimulation of the intrinsic neurons, and to compare
such activity with the ability to modulate contractions of the colon
induced directly by potassium chloride (KCI).

3. Compare the actions of BEO and its individual constituents on the
neuromuscular contractions evoked by electrical field stimulation in

the human colon and on contractions evoked by KCI.
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MATERIALS AND METHODS

Human colon

Following ethical approval (REC 15/L.L0/2127), informed written consent
was obtained for use of macroscopically normal ascending and descending
colon (5—10 cm from tumour) from patients undergoing elective surgery
for non-obstructing bowel cancer (n= 8 females and n= 7 meals, median
age of 61, range of age it was between 43-81). No patient had previous
chemoradiotherapy or diagnosis of inflammatory bowel disease. Tissue
was immersed into Krebs solution (in mM: NaCl 118.3, KCI 4.7, MgS0Og4
1.2, KH2PO4 1.2, NaHCO3 25, D-glucose 11.1, CaCl: 2.5), pre-gassed with
95% 02 and 5% CO2 and within in 60-120 min after surgery was
transferred to the laboratory. The mucosa, muscularis mucosa and
submucosal plexus were removed by blunt dissection and discarded.
Muscle strips (~15 mm long and ~5 mm wide) were cut approximately
parallel to the circular muscle fibres. These were used immediately or
after overnight storage (~15 hours) at 4°C in fresh, pre-oxygenated Krebs

solution.
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Rat intestine

The animal experiments were carried out in accordance with the Italian
directives of the D.L.gs n. 26/2014 and UK Animal Scientific Procedures
Act (1986) and approved by UNICAL and QMUL ethics committee. All
efforts were made to minimize animal suffering and to use only the
number of animals necessary to produce reliable results.
Initial experiments were performed in Italy using tissue from male
Wistar rats (250-300 g, Charles River Italia Srl, IT). Subsequent
experiments were performed in the UK using Sprague-Dawley of both
sexes (150g, Charles River Laboratories, Margate, UK). All animals were
kept in a controlled temperature (22 + 1°C), humidity (55 + 10%) and 12-
h light-dark cycle. Both sexes were segregated in separate cages with food
and water provided ad libitum, and were used after a minimum of 6 days
of acclimatisation to their new environment since their arrival in the
animal unit.

The rats were sacrificed by exposure to 4% isoflurane air or to a
rising concentration of COgz followed by for cervical dislocation. The
jejunum, ileum and colon were excised and immersed in Krebs solution.
Each tissue was cleared of their intraluminal contents and cut into full
thickness strips along the longitudinal (UNICAL) or circular axis

(QMUL) (15 mm long and 5 mm wide).
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Experimental protocol

Human and rat muscular strips was mounted in 10 or 40 ml tissue baths
between platinum wire stimulation electrodes (15 mm in length, 10 mm
apart). Changes in muscle tension were recorded in milliNewtons (mN)
using an isometric transducer (MLT201/D, AD Instruments, Chalgrove,
United Kingdom) connected to an AcqKnowledge data acquisition system
version 3.8.1 (BIOPAC Systems Inc., CA, USA) on a personal computer
(Dell, UK, www.dell.com/uk). The stimulation electrodes were connected
to an STG2008 stimulator (Multi Chanel Systems, Reukingen, Germany).

15 min later, human and rat strips were stretched respectively by
20 mN and 10 mN and allowed to equilibrate for 60 min for fresh tissues
or up to 150 min for tissues stored during night, with periodic renewals
of Krebs solution (at 15 min intervals).

Pilot studies were first conducted using rat jejunum, ileum and
colon to look for any ability of BEO and its components to modulate
contractions evoked by exogenously applied ACh (106 M), 5-HT (10-8 M)
or SP (107 M). To obtain reproducible responses to use as control, these
substances (ACh, 5-HT and SP), were administrated and left in the tissue
baths for 5 min. After obtaining of 3 reproducible contractions, BEO (2.5
x 10°to 2.5 x 102 % v/v), linalool (2.5 x 106 M to 2.5 x 10* M), limonene
(2.5 x 106M to 2.5 x 103 M) and linalyl acetate (2.5 x 106 M to 2.5 x 103

M) were administered and left in the tissue baths for 15 min. At the end
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of this period ACh, 5-HT or SP were again administered and the height
of resulting contraction was compared with the height of contraction
obtained without any pre-treatment.

Subsequently, the effect of BEO and its components was studied for
an ability to modulate contractions evoked by electrical field stimulation
(EFS) or by KCI. EFS was applied with frequency of 5 Hz, pulse width 0.5
ms, for 10 s every 1 min at a voltage 10% higher than that required to
obtain maximal contractions (Broad et al, 2012). Each substance was
administered after at least 30 min in which the basic muscle tension and
the amplitude of the contractions evoked by EFS had become stable. The
muscle strips were used to obtain cumulative concentration-response
curves for BEO (from 106 to 103 % v/v), linalool (from 10° to 104 M),
linalyl acetate (from 102 to 10-4* M) and limonene (from 10-° to 104 M). The
intervals between administrations of substances (BEO, linalool, linalyl
acetate and limonene) were always of 15 minutes. Moreover, in order to
confirm the neurogenic nature of contractions and that these were due to
a release of acetylcholine, some tissues have been treated with the
neurotoxin and sodium channel blocker tetrodotoxin (10-¢ M) and with the
muscarinic receptor antagonist atropine (10-6M).

A submaximally-effective concentration of KCI1 (40-60 mM caused ~
40% of the maximum contraction) was used in both tissues, human and

rat colon. After at least 30 min in which the basic muscle tension and the
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amplitude of the spontaneous contractions had become stable, the
submaximally-effective concentration of KCI was applied. BEO (10-® to 10
3 % v/v) and linalool (107 to 10-* M) were administered cumulatively (at

intervals of 15 min) when KCl-evoked contraction became stable.

Substances

Atropine, acetylcholine chloride, carbamylcholine chloride, tetrodotoxin, (-
)-linalool and (R)-(+)-limonene were purchased from Sigma-Aldrich, IT
and UK, linalyl acetate was purchased from ThermoFisher scientific,
Geel-West, UK. The crude bergamot essential oil was used as it
represents the form marketed for personal human use and for therapeutic
use. BEO was kindly provided by “Capua Company1880 S.r.l.,” Campo
Calabro, Reggio Calabria (Italy) and chromatographic results on the
certificate of analysis confirm that the essential oil contained (R)-(+)-
limonene, ~48.6%; linalyl acetate, ~23.6%; (-)-linalool, ~5.5% of the total
volume (v/v) (see Appendix 1 for analysis certificate).

Acetylcholine (ACh), atropine (ATR) and tetrodotoxin (TTX) were
dissolved in distilled water, whereas the other drugs: BEO, (-)-linalool,
linalyl acetate and (R)-(+)-limonene, were dissolved dimethylsulphoxide
(DMSO). The total volume of the solvents added to the tissue baths did

not exceed 1% of the bath volume.
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Data analysis

To study the effects on the contractions evoked by ACh, 5-HT or SP, the
height of the contractions in the absence and in the presence of the tested
substances was measured. The changes obtained were expressed as a
mean percentage compared with control contractions.

To study the effects on neuronally-mediated contractions, the
amplitude at last 3 EFS-responses of each interval between doses was
measured. The changes obtained were expressed as mean percentage
compared with at last 3 contractions of each interval obtained in control-
responses tissues.

To study the effects on KCl-evoked contractions, the height of the
baseline tension at last 5 min of each interval between doses was
measured. The changes obtained were expressed as a mean percentage
compared with the height of the baseline tension of the last 5 minutes of
each interval obtained in control-responses tissues.

GraphPad PRISM 7.0 for Windows was used (Graph-Pad Software,
La Jolla, CA, USA). The cumulative concentration-effect curves in the
absence and presence of a tested substance were fitted by non-linear
regression to a four-parameter Hill equation (Equation 1). The
concentration-response data were plotted as the mean * standard error of
the mean (mean + s.e.m), n values represent the number of patients or

animals from whom tissues were used.
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To minimise potential desensitisation, only one muscle strip was
used per drug treatment from a given patient or animal.

pPECs0 and pICso show negative logarithm of concentration of a
substance that produces half of maximal contractile or inhibitory effect
obtained; Emax and Imax show the maximal contractile or inhibitory effect
obtained. However, it was not possible to obtain a very high concentration
in bath volume, for this reason, these values we can be defined as
apparent pICso and Imax.

E.. Basal

E = Basal + (Equation 1)
1 + 10 (LOgECs,-Log[A]) "+

The statistical significance of any difference between unpaired
data was determined using Student’s test (¢-test), and P<0.05 was

considered significant.

Tissue bath

Structurally, the bath is connected to a serpentine containing the
oxygenated physiologic solution. The wholes are surrounded by a jacket
in which water heated to 37-38°C circulates. The isolated preparation is
kept alive through the complete immersion in a heated physiological

solution that ensures a continuous supply of nutrients and oxygen.
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Furthermore, the isolated preparation is fixed at one end to the bottom of
the bath, and with the other end i1s connected to the transducer. The
transducers used were isometric that measured the variations in force.
Each transducer is connected to an amplifier whose purpose is to improve
the signal, increasing or decreasing the intensity of the signal to
guarantee an easy interpretation of the signals (Edinburgh staff, 1968).

The intestinal preparations are suspended in the tissue bath under 1-2 g
of tension (respectively for rat and human tissue) to facilitate the
initiation of the spontaneous muscular activity (Sanger and Bennett,

1984).

Electrical stimulation of autonomic nerves

The electrical field stimulation (EFS) generate a nerve response in muscle
strips (Sanger and Bennett, 1984). The electrodes are positioned on the
sides of the strips and stimulate only a small part, causing a response
capable of propagating (Sanger and Bennett, 1984).

In this research, the EFS was used following parameters: frequency 5
Hz, pulse width 0.5 ms, for 10 s every 1 min (Cellek et al., 2006; Broad et
al., 2012). The choice of these parameters was determined on the basis of
previous studies, which demonstrated how this type of electrical
stimulation 1s associated with reproducible and long-lasting responses
(about 150 min) (Cellek et al., 2006; Broad et al., 2012). Furthermore,
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these parameters of EFS are associated with the neuronal release of
mediators such as ACh, TKs and NO which can determine the formation
of three different shapes of EFS-evoked contractions in human isolated
circular muscle of colon (Cellek et al., 2006). These contractions have been
classified into monophasic response (release of ACh during EFS), biphasic
response (nitrergic relaxation during EFS followed by cholinergic
contraction after termination of EFS) and triphasic response (cholinergic
contraction and nitrergic relaxation during EFS, and a tachykininergic

contraction after EFS) (Cellek et al., 2006).
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RESULTS 1

I.I Effect of BEO on acetylcholine-evoked contractions

in jejunum, ileum and colon of rat

Administration of ACh (10-¢ M) elicited a contraction in isolated jejunum,
ileum and colon of rat. Pre-treatment with ATR (106 M) for 15 min
completely inhibited this response highlighting the involvement of
muscarinic receptors (Figure 3). Application of BEO (2.5 x 10 to 2.5 x 10
3 % v/v) resulted in a concentration-dependent decrease in the height of
the contraction elicited by ACh (10-¢ M) (Figure 3). The rank order in
terms of Imax for the various tissue was: ileum > jejunum > colon. Table 1

summarizes all Inax obtained in each tissue.
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Figure 3
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Figure 3: Effect of BEO on ACh-evoked contraction in jejunum,

ileum and colon of rat.

Panels show the effect of BEO on ACh-evoked contraction: (A) jejunum,
(B) ileum and (C) colon of rat. Each point represents the mean of 4 rats.
Vertical lines show standard error of mean. *=P<0.05 shows the
statistical significance between the concentrations of BEO tested on ACh-
contraction versus ACh-contraction control (¢-tests). BEO= bergamot

essential oil, ACh= acetylcholine, ATR= atropine.
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I.I1 Effect of linalool, linalyl acetate and limonene on
acetylcholine-evoked contractions in jejunum, ileum

and colon of rat

The actions of three constituents of BEO, linalool, linalyl acetate and
limonene were evaluated and compared on contractions evoked by ACh.
The administration of single constituents (2.5 x 106 M, 2.5 x 105 M, 2.5 x
104 M) resulted in a concentration-dependent decrease in the height of
ACh-contractions (106 M) (Figure 4). Linalool showed the maximum
inhibition in all types of tissues, particularly, the rank order in terms of
Imax for the various tissues was: jejunum > ileum > colon. Linalyl acetate
started to show an inhibition of cholinergic contraction from 2.5x10-> M in
ileum and jejunum, but did not show effects statistically significant in
colon (Figure 4). The rank order in terms of Imax for the tissues was:
jejunum >> ileum. The last constituent tested, limonene, produced a
small inhibition with the highest concentration tested (2.5 x 103 M),
however, this was not statistically significant in any tissues (see Figure

4). Table 1 summarizes all Imax obtained in each tissue.
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Figure 4
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Figure 4: Effect of the components of BEO on ACh-evoked

contraction in jejunum, ileum and colon of rat.

Panels show: (A) jejunum, (B) ileum and (C) colon of rat. Each point
represents the mean of 4-5 rats. Vertical lines show standard error of
mean. *=P<0.05 shows the statistical significance between the
concentrations of linalool, linalyl acetate and limonene tested on ACh-
contraction versus ACh-contraction control (¢-tests). ACh= acetylcholine,
ATR= atropine, lin= (-)-linalool, lin-ac = linalyl acetate, lim= (R)-(+)-

limonene.
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Table 1: Maximum inhibition (Imax) of ACh-evoked contraction in

jejunum, ileum and colon of rat.

Rat
Jejunum Ileum Colon

Imax (%) n Imax (%) n Imax (%) n
BEO 98.2+1% 4 99.3+0.3* 4 95+12.3% 4
Linalool 99.8+0.2* 5 99.4+0.1* 5 97.5+1% 5
Linalyl 95+2.5% 4 392.3+11.5%F 4 6.4+3.9% 4

acetate
Limonene 2.3+1.3F 4 2.3+1.3F 4 25.8+13.3F 4

Each point represents the mean and standard error of the mean of n
animals. *=P<0.05 shows the statistical significance between the highest
concentration of BEO, linalool, linalyl acetate and limonene tested on
ACh-contraction versus ACh-contraction control (¢-tests). ¥ = shows the

apparent Imax. BEO = bergamot essential oil, ACh= acetylcholine
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I.IIT Effect of linalool on 5-HT and SP-evoked

contraction in rat colon

From previous experiments, we started to see that linalool was the most
active component of BEO. To observe whether linalool showed specific or
non-specific activity, it was tested on contractions evoked by substances
(5-HT (108M) and SP (10-"M)) other than ACh. However, repeated
exposures of the muscle to a given concentration of 5-HT or SP did not
produce reproducible responses in ileum and jejunum, so it was not
possible to obtain results. In the colon it was possible to obtain responses
to repeated exposures to 5-HT and SP. In these experiments, linalool (2.5
x 106 M and 2.5 x 10® M, 2.5 x 10* M) resulted in a concentration-
dependent reduction in the height of the 5-HT- and SP-induced
contractions (Figure 5). The maximum inhibition of 5-HT- and SP-

responses (Imax) obtained is showed in Table 2.

53



Figure 5

A)

% Conmtaction

5-HT10%m

B)

% Contraction

Figure 5: Effect of linalool on 5-HT and SP-evoked contraction in

rat colon.

Panels (A) and (B) show respectively the effect of linalool on 5-HT and SP-

evoked contraction. Each point represents the mean of 3 or 4 rats. Vertical
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lines show standard error of mean. *=P<0.05 shows the statistical
significance between the concentrations of linalool tested on 5-HT- and
SP-contraction versus 5-HT- and SP-contraction control (¢-tests). SP=

substance P, 5-HT= serotonin, lin= (-)-linalool.

Table 2: Maximum inhibition (Imax) of linalool on 5-HT and SP-

evoked contraction in rat colon.

Colon
5-HT SP
Imax n Imax n
linalool 92.3 + 3.2 %* 4 94.2 +£ 2.3 %* 3

Each point represents the mean and standard error of the mean of 3 or 4
animals. *=P<0.05 shows the statistical significance between the highest
concentrations of linalool tested on 5-HT- and SP-contraction versus 5-HT-

and SP-contraction control (¢-tests). SP= substance P, 5-HT= serotonin.
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RESULTS I1I

II.I Neuronally-mediated contractions in human and

rat colon

After first obtaining consistent responses EFS elicited monophasic
contractions of 8.3 + 0.5 mN (n=4) in human and 6.9 £ 0.7 mN (n=8) in rat
colon.

Time-matched vehicle controls were without effect (human: 1 + 3.7
% inhibition, n= 3; rat: 5.9 + 2% inhibition, n=4). However, in the presence
of TTX (10 M) the resulting amplitude of EFS-contraction was 0.1 £ 0.3
mN (n=4) in human and was of 0.5 + 0.3 mN (n=4) in rat, with an
inhibition respectively equal to 97.9 + 0.5 % (P<0.05) (n=4), and to 96.6 +
4.2% (P<0.05) (n=4). In presence of ATR (106 M) the resulting amplitude
was 0.4 = 0.1 mN with an inhibition equal to 98.6 = 0.3% (P<0.05) (n=4)
in human, and was 0.1 + 0.8 mN (amplitude) with an inhibition of 97.2 +

1.7% (P<0.05) (n=4) in rat (Figure 6).
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Figure 6
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Figure 6: Effect of TTX and ATR on EFS-evoked contraction in

human and rat colon.

The representative contraction evoked by EFS before and after
administration of TTX or ATR is showed in panel (A) for human and in
panel (B) for rat colon. Panels (C) and (D) show the amplitude of EFS-
contractions respectively for human and rat colon. Each point represents
the mean of n patients and animals: control n= 4, TTX n= 4, ATR=n=4
in human; control n= 8, TTX n= 4, ATR n= 4 in rat. Vertical lines show
standard error of mean. EFS (frequency 5 Hz, pulse width 0.5 ms, for 10
s every 1 min). *=P<0.05 shows the statistical significance between the
concentrations of TTX and ATR tested on EFS-contraction control (i-
tests). Control= distilled water, TTX= tetrodotoxin, ATR= atropine, EFS=

Electrical Field Stimulation.
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II.II' Effect of BEO on neuronally-mediated

contractions in human and rat colon

In time-matched, vehicle-controlled studies, comparing the EFS-evoked
contractions between the beginning and at the end of the experiment, no
statistically significant difference were observed (P>0.05) (Figure 7).

For the human colon, cumulative application of BEO (10-6-10-3 %
v/v) reduced the amplitude of EFS-evoked contractions in a concentration-
dependent manner, the activity being consistently observed between 10-°
to 102 % v/v. In these experiments, the results obtained using ascending
and descending colon were combined; similar activity was observed when
using either of these tissues (a statistical comparison was not appropriate
given the low numbers of tissues used from each region) (see Figure 7 for
combined results and Table 3 for the singular results obtained in
ascending and descending colon). Overall, the apparent pICso was 3.8 +
0.3 and the highest concentration tested showed an apparent Imax of 55.8
+ 4.2%, (P<0.05) (n = 5) (Figure 7 and Table 3).

In proximal and distal colon of the rat, application of the highest
tested concentration of BEO inhibited the EFS-evoked contractions with
an apparent pICso=4 £+ 0.3, and an apparent Ina= 56.3 £ 2.2, (P<0.05) (n
= 4) (Figure 7 and Table 4). No statistical difference was observed

between the proximal and distal colon (P>0.05).
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Figure 7: Effect of BEO on EFS-evoked contractions in human
and rat colon.
(A-D) show the experimental records illustrating the

pharmacology of responses to BEO in human and rat isolated colon: (A)
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human descending colon, (B) human ascending colon, (C) rat proximal
colon and (D) rat distal colon. Panels (E) and (F) show concentration—
response curves for BEO, respectively, from combined data obtained in
human ascending and descending and in rat proximal and distal colon.
Each point represents the mean of n patients or animals: DMSO (n= 4 in
human and n= 5 in rat); BEO in human, n=5 (of which n= 2 ascending
and n= 3 descending colon); BEO in rat, n=8 (of which n= 4 proximal, n=
4 distal colon). The cumulative concentration-effect were fitted by non-
linear regression to a four-parameter Hill equation. Vertical lines show
standard error of mean. EFS (5 Hz, pulse width 0.5 ms, for 10s every 1
min). BEO= bergamot essential oil, DMSO= dimethylsulphoxide, EFS=

Electrical Field Stimulation. * P<0.05 versus control (¢-tests).

I1.IIT Effect of linalool, linalyl acetate and limonene on
neuronally-mediated contractions in human and rat

colon

In human colon, administration of linalool, linalyl acetate or limonene
(109-104 M), resulted in a concentration-dependent inhibition of EFS-
evoked contractions (Figure 8 to see combined results and Table 3 to see
all singular results obtained in ascending and descending colon).
However, this effect was greater for linalool showing an apparent pICso=
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6.7+ 0.2 and an apparent Imax= 76.8 + 6.9%, (P<0.05) (n=4) (Figure 8 and
Table 9). The inhibitory effect of linalyl acetate had an apparent pICso=
4.4 + 8 and an apparent Inmax= 53.3 = 2.9, (P<0.05) (n= 4) (Figure 8 and
Table 3). The lowest activity was observed for limonene with an apparent
pICs0= 5.5+ 0.2, apparent Imax= 27.5 + 4.3%, (P<0.05) (n=3) (Figure 8 and
Table 3). In general, similar activity was observed in the ascending and
descending colon, although the n-values for each region were too small for
a meaningful statistical comparison (Figure 8 and Table 3).

Inhibition of EFS-meditated contraction was also observed in the
rat isolated colon, where again, linalool was the most effective of the
compounds (Figure 9 to see combined results, and Table 4 to see all
singular results obtained in proximal and distal colon). In particular,
linalool showed the following apparent pICso= 5.8 + 0.1 and apparent
max= 75.3 £ 1.9, (P<0.05) (n= 4) (Figure 9 and Table 4). Linalyl acetate
gave an inhibitory effect equal to apparent pICso= 7+ 0.2 and an apparent
Imax= 49.5 + 1.7%, (P<0.05) (n=4). Limonene, also in this case, showed the
lowest inhibitory effect with an apparent pICso= 6.1 + 0.3, and apparent
Imax= 24.7 £ 1.5%, (P<0.05) (n=4) (Figure 9 and Table 4). Similar activity,
without any statistical significance (P>0.05) was observed in proximal

and distal colon (Figure 9 and Table 4).
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Figure 8: Effect of components of BEO on EFS-evoked contractions

in human colon.

Panels (A) and (B) show experimental records illustrating the
pharmacology of responses to linalool, linalyl acetate and limonene in: (A)
human ascending colon (B) human descending colon.

Panel (C) shows the concentration-response curves determined by

linalool, linalyl acetate and limonene. Each point represents the mean
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and standard error of the mean of n patients: DMSO n= 4 (n= 2 ascending
and n= 2 descending colon), BEO n= 5 (n= 2 ascending and n= 3
descending colon); linalool n= 4 (n= 2 ascending and n= 2 descending
colon); linalyl acetate n= 4 (n= 2 ascending and n=3 descending colon);
limonene n= 3 (n= 2 ascending and n= 3 descending colon). The
cumulative concentration-effect were fitted by non-linear regression to a
four-parameter Hill equation. Vertical lines show standard error of mean.
EFS (5 Hz, pulse width 0.5 ms, for 10 s every 1 min). lin= (-)-linalool, lin-
ac= linalyl acetate, lim = (R)-(+)-limonene, DMSO= dimethylsulphoxide,

EFS= electrical field stimulation. * P<0.05 versus control (¢-tests).
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Table 3: Apparent pICso and apparent Imax for the inhibition of

EFS-evoked contractions in human colon.

Control
(DMSO)

BEO

Linalool

Linalyl
acetate

Limonene

Ascending
apparent apparent
pICso Linax (%)
46+1.4

4.7+0.3 59.1 £ 6.6
6.3+0.3 88.8+5.4
4.7+ 0.6 58.4+0.4
5.2+0.3 30.6+5.3

Human
Descending
apparent | apparentImax
pICso (%)
3.2+3.2
3.1+0.6 53.1+11.3
6.8+ 0.2 64.8 + 3.2
6.3+0.3 48.4 + 0.2
5.9 21.4

Ascending+Descending

apparent

pICso

3.8+0.3

6.7+0.2

44+8

55+0.2

apparent
Tmax (%)

3.9+£2.7

55.8+ 4.2%

76.8+ 6.9%

53.3 £ 2.9%

27.5 + 4.3%

Each point represents the mean and standard error of the mean

of n

patients, *=P<0.05 shows the statistical significance between the highest

concentrations of BEQO, linalool, linalyl acetate and limonene tested on EFS-

contraction versus EFS-contraction control (¢-test). BEO

essential oil; DMSO= dimethylsulphoxide.
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Figure 9
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Figure 9: Effect of BEO and its main components on EFS-evoked

contractions in rat colon.

Panels (A) and (B) show experimental records illustrating the
pharmacology of responses to linalool, linalyl acetate and limonene in: (A)
proximal colon (B) distal colon. Panel (C) shows the concentration—
response curves determined by linalool, linalyl acetate and limonene.
Each point represents the mean of n animals: DMSO n= 4 (of which n=2

proximal and n= 2 distal colon), BEO, linalool, linalyl acetate and
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limonene n= 8 (of which n= 4 proximal and n= 4 distal colon). The
cumulative concentration-effect were fitted by non-linear regression to a
four-parameter Hill equation. Vertical lines show standard error of mean.
EFS (5 Hz, pulse width 0.5 ms, for 10 s every 1 min). lin= (-)-linalool, lin-
ac= linalyl acetate, lim= (R)-(+)-limonene, DMSO= dimethylsulphoxide,

EFS= Electrical Field Stimulation. * P<0.05 versus control (¢-tests).
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Table 4: Apparent pICso and apparent Imax for the inhibition of

EFS-evoked contractions in rat colon.

Control
(DMSO)

BEO

Linalool

Linalyl

acetate

Limonene

apparent

pICso

4.2+0.2

5.8+0.2

6.8+0.3

59+0.3

Proximal

apparent
Tnax (%)

6.8+ 4.7

60.8 + 3.49*

77.8 +1.3%

44.5 + 2.2*

25.2+2.1%

apparent

pICso

4.1+0.1

5.8+0.2

7+£0.3

6.4+0.4

Rat

Distal

apparent Imax
(%)

49+3.5

53.7 + 2.4*

69.4 + 3*

49.7 + 3%

23.1+2.2*

Proximal+Distal
apparent | apparent Imax n
pICso (%)
5.9+ 2.7 5 (3 rats)
4+0.3 56.3 + 2.2* 8 (4 rats)
5.8+0.1 75.3 £1.9% 8 (4 rats)
7+0.2 49.5+1.7* 8 (4 rats)
6.1+0.3 24.7 + 1.5% 8 (4 rats)

Each point represents the mean

and standard error of the mean of n

animals, *=P<0.05 shows the statistical significance between the highest

concentrations of BEO, linalool, linalyl acetate and limonene tested on

EFS-contraction versus EFS-contraction control (¢-tests). BEO=bergamot

essential oil; DMSO= dimethylsulphoxide.
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II.IV Myogenic KCl-evoked contractions in human and

rat colon

Preliminary cumulative concentration-effect curves for KCl1 (from 20 mM
to 120 mM) showed that 40-60 mM KCI caused ~ 40% of the maximum
contraction (Figure 10 and 11). These submaximally-effective
concentrations were then used for all subsequent experiments to evaluate
the actions of BEO and linalool.

Application of KCI (40-60 mM) caused a contraction, the amplitude
of which declined slowly but in an approximately constant manner
(Figure 10 and 11). In human colon the pECs0=1.9 + 1.1 (n= 4) (Table 5),

and in rat colon the pECs0= 1.2 £ 0.9 (n=4) (Table 7).

II.V Effect of BEO and linalool on submaximally-

effective concentration of KCl in human and rat colon

In time-matched vehicle control experiments for both the human and rat
colon, the contraction induced by KCl (40-60 mM) at the beginning and at
the end of the experiment was not statistically significantly different
(P>0.05) (Figure 10 and 11). The Imax= 3.2 + 3.3 %: n= 4 in human; Imax =
0.9+ 5.1 %; n=4 in rat.

The effect of BEO (10-5-10-3 % v/v) and its constituent linalool (10-7-

104 M) was examined for their ability to relax the muscle strips pre-
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contracted with KCl (40-60 mM). Overall, the results obtained from
human and rat experiments showed that cumulative application of BEO
and linalool caused a concentration-dependent inhibition of the KCI-
induced contraction, with a greater sensitivity in human tissues than in
rat tissues.

In human colon, the apparent Imax=37.5 + 4.2 % (P<0.05) for BEO,
with an apparent pICso= 4.4 = 0.3 (n= 4) (Figure 10 to see the combined
results and Table 6 to see all singular results obtained in ascending and
descending colon). Linalool was more potent than BEO showing an
apparent Imax=53.8 + 4.6%, (P<0.05), and an apparent pICso= 5.6 + 0.4,
(n=4) (Figure 10 and Table 6 ). Similar activity was found in ascending
and descending human colon.

In rat colon application of BEO determined an apparent Inax— 26.3
+ 3.8%, (P<0.05), and an apparent pICso= 4.1+ 0.5 (n=4) (Figure 11 to see
combined results and Table 8 to see all singular results obtained in
proximal and distal colon). The results obtained using linalool indicate a
better efficacy and potency compared with BEO, in particular the
apparent Imax was 36.1 + 4.8%, (P<0.05), and the apparent pICso was 5.4
+ 0.3 (n=4) (Figure 11 and Table 8). Statistically significant difference
(P<0.05) was found in the effect produced by linalool between proximal
and distal colon. In proximal colon the apparent Imax was 47.6+ 2.3% and

the apparent pICso was 5.6 £ 0.2 (n=4), while, in distal colon the apparent
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Imax was 21.7 £ 1% and apparent pICso was 4.8 = 0.2 (n=4). No statistical

difference was observed in the apparent Imax and pICso of BEO between

proximal and distal colon (P>0.05) (Table 8).
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Figure 10: Effect of BEO and linalool on contraction evoked by

submaximally-effective concentration of KCl in human colon.

Panels (A) and (B) show experimental records illustrating the
pharmacology of responses to BEO and linalool in (A) ascending and (B)
descending human colon. Panel (C) show the concentration—response
curve for KC1 (20mM to 120mM; n= 4 of which n= 2 ascending and n= 2
descending colon). Using submaximally-effective concentrations of KCl
(40-60 Mm), panel (D) shows the concentration—response curve for BEO
(n= 4 of which n= 2 ascending and n= 2 descending), and panel (E) shows
the concentration—response curve for linalool (n= 4 of which n= 2
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ascending and n= 2 descending). Each point represents the mean of n
patients. Vertical lines show standard error of mean of results combined
from ascending and descending colon. BEO= bergamot essential oil; lin=

(-)-linalool, DMSO= dimethylsulphoxide. * P<0.05 versus control (t-tests).

Table 5: Comparison of pECs¢ for KCl in human colon.

Human
Ascending Descending Ascending+Descending
pECso n pPECso n pPECso0 n
KCl1
2+1.4 2 1.8+0.7 2 1.9+1.1 4

Each value represents the mean and standard error of the mean of n

patients.
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Table 6: Apparent pICso and apparent Imax for the inhibition of
contraction evoked by submaximally-effective concentration of

KCl in human colon.

Human
Ascending Descending Ascending+Descending
apparent apparent n apparen apparent n apparent apparent n
pIC50 Imax (%) t pICso Imax (%) pIC50 Imax (%)
Control - 6.41+6.3 2 - 0.2+0.1 2 - 3.2+3.3 4
(40-60mM KC1)

BEO 4.4+0.8 38.8 £19.6 2 4.5+0.2 36.1+£2.9 2 4.4+0.3 37.5+4.2% 4
linalool 5.3+0.2 58.9+4.3 2 5.9+0.5 52.3+4.2 2 5.6+0.4 53.8 + 4.6* 4

Each value represents the mean and standard error of the mean of n
patients, *=P<0.05 shows the statistical significance between the highest
concentrations of BEO or linalool tested on KCl-contraction versus KCl-

contraction control (¢-tests). BEO= bergamot essential oil; control= KCI

40-60mM.
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Figure 11
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Figure 11: Effect of BEO and linalool on contraction evoked by

submaximally-effective concentration of KCl in rat colon.

Panels (A) and (B) show experimental records illustrating the
pharmacology of responses to BEO and linalool in (A) proximal and (B)
distal rat colon. Panel (C) shows the concentration—response curve for
KCI1 (20mM to 120mM; n=8 of which n=4 proximal and n=4 distal). Panel
(D) shows the concentration—response curve for BEO (n=8 of which n=4
proximal and n=4 distal) and panel (E) shows the concentration—response
curve for linalool (n=8 of which n=4 proximal and n= 4 distal). Each point
represents the mean and standard error of the mean of n animals.

Vertical lines show standard error of mean. BEO= bergamot essential oil;
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lin= (-)-linalool, DMSO= dimethylsulphoxide. * P<0.05 versus control (-

tests).

Table 7: Comparison of pECso for KCI in rat colon.

Rat
Proximal Distal Proximal + Distal
pECso n PECso n pPECso n
KCl1
1.3+0.5 2 1.1+0.6 2 1.2+0.9 4

Each value represents the mean and standard error of the mean of n

animals.
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Table 8: Apparent pICso and apparent Imax for the inhibition of

contraction evoked by submaximally-effective concentration of

KCl in rat colon.

control

(40-60mM KC1)

BEO

linalool

apparent

pICso

44+04

5.6+0.2

Proximal

apparent Imax
(%)

1.4+0.73

32.8 + 3.2%

47.6 + 2.3*

Rat

apparent

pICso

3.7+0.4

4.8+0.2

Distal

apparent Imax
(%)

0.6+5.6

19.9 +£ 5.5%

21.7+ 1%

Proximal + Distal

apparent

pICso

41+05

5.4+0.3

apparent Imax
(%)

09+5.1

26.3 + 3.8%

36.1 +4.8%

8 (4 rats)

8 (4 rats)

8 (4 rats)

Each value represented the mean and standard error of the mean of n

animals, *=P<0.05 shows the statistical significance between the highest

concentrations of BEO or linalool tested on KCl-contraction versus KCl-

contraction control (¢-tests). BEO=bergamot essential oil; lin= (-)-linalool,

control = KCI 40-60mM.
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DISCUSSION

Preliminary experiments: The inhibitory effect of BEO and its
constituents in jejunum, ileum and colon of rat

Initially BEO and its major constituents were examined on the various
regions of the rat intestinal tract (jejunum, ileum and colon) to identify
the presence of any pharmacological activity. In these experiments the
contractions induced by ACh, were inhibited by BEO in a concentration-
dependent manner and abolished by the highest concentration tested in
all three regions of the rat intestine examined. A comparison of the
inhibitory effects of the individual constituents showed that linalool was
equieffective in all type of tissues tested with an ability to also inhibit SP
and 5-HT contractions in rat colon. However, linalyl acetate was only
effective in the jejunum and ileum, and limonene was inactive. Overall,
these data supported the hypothesis that BEO has an inhibitory effect in
the intestinal tract, but it was not possible to highlight a potential action

on enteric neurotransmission.

Inhibition by BEO and its constituents of neuronally-mediated
contractions in human and rat colon
Preliminary experiments showed that the protocol of EFS evoked

predominantly cholinergically-mediated contractions in both human and
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rat colon (prevented by tetrodotoxin or by atropine). The application of
BEO or its constituents inhibited these contractions in a approximately
concentration-dependent manner in both regions of human and rat colon.
Some species differences were noted. Thus, in the human colon, linalool
was the most potent (apparent pICso 6.7) and effective (maximum of
76.8% 1inhibition) inhibitor of neuromuscular function, although whilst
linalool remained the most efficacious inhibitor of neuromuscular
function in the rat colon (maximum of 75.3% inhibition), the potency of
linalyl acetate (pICso 7; maximum inhibition of 49.5%) was greater
(linalool pICso 5.8).

Since it was not possible to know if BEO or its components inhibited
the EFS-evoked contractions by an action on the enteric neurons
themselves or by an ability to directly inhibit muscle contraction,
additional experiments were performed to evaluate the effects of BEO and
linalool on muscle contractions evoked by KCI. Thus, the application of
KCl1 produced depolarization of the muscle with subsequent contraction
caused by an increase of intracellular [Ca2'] (Karaki et al., 1997). Also in
this case linalool was the most potent and efficacious inhibitor of KCI-
induced contractions, compared to BEO with greater sensitivity in human
(pIC50=5.6, Imax= 53.8 human colon; pICs50=5.4, Imax= 36.1 rat colon). A
statistically significant difference was found only in the effect induced by

linalool on proximal and distal rat colon. Together, these data suggested
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that although there is a potential ability of BEO and its constituents to
inhibit enteric nerve function, it is difficult to distinguish such activity
from a direct ability of these substances to act directly on smooth muscle

cells.

Comparisons between the actions of BEO and those of its
constituents.

In the first phase of the research, BEO caused a concentration-
related maximal inhibition of the ACh-induced contraction of all three
regions of the rat intestine examined i.e. the jejunum, ileum and colon.
The results obtained by testing its constituents, showed that linalool was

the most effective at inhibiting the ACh-evoked contractions.

In human and rat colon application of BEO or its constituents
inhibited neuronally mediated contractions in a concentration-dependent
manner. Observing the inhibition produced by its constituents, linalool
was the most effective at inhibiting the EFS-evoked contractions, which

were predominantly cholinergically-mediated.

From the results obtained, it was very likely that the inhibitory
effect of BEO was mediated by linalool, despite this constituent
accounting for ~5.5 % volume of BEO (see Appendix 1). Furthermore,

observing the inhibition produced by linalyl acetate and limonene, and
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considering their percentage volumes of ~23.6 % (linalyl acetate) and
~48.6 % (limonene) contained in the total volume of BEOQ, it is possible to
suggest that both linalyl acetate and limonene are not the main
pharmacologically active components of the phytocomplex (Appendix 1).
It 1s, however, difficult to obtain a more precise analysis of the
contributions made by the individual constituents contained within BEO
without knowledge of the actual weights / volume of the constituents
within the BEO extract, from which molar concentrations might be
calculated. Whereby, it was not possible to directly relate the effective
molar concentration of the constitutes obtained from the experiments

with those present in the BEO.

Mechanisms of action of BEO and its constituents

Returning to the first part of the experiments, linalool was able to inhibit
the contractions evoked by ACh, 5-HT and SP. ACh acted on the M3
receptor, SP acted on the NK; and NK3 receptors and 5-HT acted on the
5HT:2 receptor (Prins et al., 1997; Tsukamoto et al., 1997; Mule et al.,
2000; Anderson et al., 2014). These receptors are G protein-coupled
receptors (Gg11) which, following the binding with the ligand, determine
the activation the second messengers, inositol trisphosphate (IP3) and
diacylglycerol (DAG) (Barrett et al., 2019; Birdsall et al., 2019; Andrade

et al., 2019). IPs activate its receptor on endoplasmic reticulum and
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mitochondria determining the release of Ca2" in the cytosol and
consequently the muscle contraction (McFadzean and Gibson, 2002;
Sarna, 2010). DAG active the protein kinase C (PKC) that phosphorylates
other proteins involved in the cellular function (McFadzean and Gibson,
2002; Sarna, 2010). Therefore, these results suggest that linalool could
act on the receptor or on the pathway of Ggi1 protein. However, the
contraction evoked by KCI is initiated by depolarization of the muscle
fibres with consequent opening of the L-type Ca2* channels. The resulting
increase of [Ca2'] intracellular causes a contraction (Karaki et al., 1997).
BEO and linalool showed an inhibitory effect on the contraction induced
by KCI, suggesting an ability to act directly on smooth muscle cells. In a
study conducted with tissue bath technique (Kang et al., 2013), BEO (10
2to 2 x101 v/v %) gave vasorelaxation of mouse aorta. Kang et al (2013)
suggested that the vasorelaxation might be due to an ability of BEO to
induce hyperpolarization by activation of K*-channels, an effect partially
inhibited by tetraethylammonium chloride a K*-channel blocker.
Furthermore, the CaClz induced contraction suppressed in the tissues
pretreated with BEO, highlighting a block of membrane CaZ2*-channels
(Kang et al., 2013).

Although i1t seems likely that in their ability to inhibit
neuromuscular contractions a major activity of BEO and its constituents

was to act directly at the smooth muscle to cause muscle relaxation, it

93



remains a possibility that BEO or its constituents might also directly
inhibit enteric nerve function. In this activity the potency of BEO and its
constituents appeared to be greater than that measured when tested
against the KCl-evoked contractions. It is difficult to know with any
certainty if such differences reflect the differences in types of assay or if
this indicates at least some additional ability to directly inhibit neuronal
functions.

Vatanparast et al. (2017) suggested that the inhibitory action of
linalool (10 M) in central neurons of Caucotachea atrolabiata was
exerted mainly on voltage-gated Na*-channels. The involvement of Na*
lon was also supported by another study, which investigated the
pharmacological effects of linalool on various voltage-gated current in
olfactory receptor cells of rat, where linalool (3 x10-3 M, ICs0 5.6 x 10-* M)
showed a better inhibition of Na* current compared with other ions
currents (Narusuye et al., 2005). It is interesting to note that the
concentrations of BEO and linalool in the previous studies, although
slightly higher in some cases (Narusuye et al., 2005; Kang et al., 2013)
and probably due to the different experimental models used, are very
similar to the concentrations used in this study. Together, these data
raise the possibility that in the rat and human colon, in addition to a
direct inhibitory action on smooth muscle function, BEO and its

constituents may inhibit the voltage-gated Na*-channels within the ENS.
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Thus, in summary, it is possible understand that BEO mainly
through linalool could be able of acting on different targets, highlighting
an ability to influence Na*, Ca2* and K* intracellular levels (Narusuye et
al., 2005; Kang et al., 2013; Vatanparast et al., 2017) (see below Figure
12). In nerve cells, it 1s known that the increase in the intracellular levels
of the Na' ion is fundamental for initiating the genesis of an action
potential, which in turn determines an intracellular increase in the Ca?*
lon to guarantee the fusion of synaptic vesicles on the presynaptic
membrane. It follows that a reduction in the intracellular levels of Na*
(due to the action of linalool on the voltage-dependent Na* channels)
(Narusuye et al., 2005; Vatanparast et al., 2017), reduces the possibility
of generating action potential and consequently release of
neurotransmitters, including acetylcholine (Cellek et al., 2006).

In muscle cells, linalool may act on Kt*-channels and block the
membrane voltage-gated Ca2* channels, producing relaxation given by
hyperpolarization and by reduction of intracellular [Ca%*] fundamental in
the interaction between actin and myosin filaments (Okamura et al.,
1993; Kang et al., 2013). Moreover, even if with limited evidence, it is also
possible that linalool may inhibit the G protein-coupled receptors (Gq/11),
blocking the contractile response that would ensue. Further studies are
needed to confirm the action on the Na*, K*, CaZ* channels and on the

receptor or on the Gq/11 protein pathway (Figure 12).
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potential

synaptic
- - vesicle
-

Figure 12: Summary diagram of sites of action.
The picture shows the junction between an enteric neuron (top right) and
a smooth muscle cell (top left). Magnification (bottom right) shows
membrane targets of smooth muscle cells. The black crosses show the
potential targets (Na*, K, Ca2* channels and the receptor or the Gga1

protein pathway) inhibited by BEO mainly through the linalool.
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Species differences and similarities

The present study demonstrates the ability of BEO and particularly
linalool, one of major constituents of BEO, to inhibit human colon
neuromuscular contractile activity evoked by EFS and mediated
predominantly via activation of cholinergic neurons. Broadly, similar
activity was also observed when using EFS to evoke predominantly
cholinergically-mediated contractions of rat isolated colon. Nevertheless,
small differences suggested species differences in mechanisms of action,
where the rank order in terms of potency (apparent pICsp) in human was:
linalool > limonene >> linalyl acetate = BEO, and in rat was: linalyl
acetate > limonene = linalool >> BEO. However, in both species, in terms
of efficacy (apparent Imax) linalool was the most efficacious (rank order in
human and rat colon was: linalool >> BEO = linalyl acetate >> limonene).

Together, these data suggest that the ability of BEO and its
constituents to inhibit neuronally-mediated contractions of the rat colon
are similar to those for the human colon. However, the marked differences
in potency, compared with the human colon, suggest less dominance of
linalool in the overall inhibitory activity of BEO and greater contributions

by other constituents of this oil in rat colon.
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Limitations

The present research has helped to increase knowledge about BEO,
exploring its effect in a new area, the GI tract; however, still many
questions remain unanswered. The experimental models made it possible
to demonstrate an ability of BEO and its constituents to inhibit human
and rat colon motility, but while the action on the smooth muscle was
1dentified with certainty, it was not possible to do so with the action at
the level of the ENS. The main limitation of this research is therefore
associated with not being able to isolate the effects observed in the ENS
from those on smooth muscle.

A further limitation is that for the human colon the technique uses
only the muscle tissue, with mucosa removed. This avoids the presence of
endogenous interfering substances, released from mucosal or submucosal
surfaces (Sanger and Bennett, 1984). The likelihood that an action of BEO
or linalool on mucosal functions interfering with the present findings 1is,
however, minimal. Thus, broadly similar data were obtained using rat
colon, in which the mucosa was left intact. Nevertheless, further
experiments are needed to ascertain if BEO could directly affect epithelial
absorptive and secretory functions (using Ussing chambers) or substance
release from endocrine cells within the epithelial layer.

The use of human intestinal tissue represents an important

advantage of this technique. Thus, demonstrating the effectiveness of
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BEO and linalool in human tissue, increases the possibility in obtaining
beneficial actions with BEO in patients suffering from intestinal
disorders characterized by a high contractile activity. Further research is

needed.

Clinical implications

Smooth muscle relaxants can be used to relieve symptoms in patients
with intestinal disease such us IBS. IBS is a chronic, functional
gastrointestinal syndrome characterized by relapsing abdominal pain
and altered bowel habits, with either predominant symptoms of diarrhea
and constipation (Schmulson and Drossman, 2017). Currently, a natural
remedy, peppermint oil, is widely used in complementary treatment to
improve symptoms in patients with IBS (Ford et al., 2008: Alammar et
al., 2019). Peppermint oil gives an antispasmodic action associated with
its main component menthol, which blocks the Ca?* influx by actions on
the L-type Ca?" channels (Amato et al., 2014). In this study, it was
observed that linalool is the main antispasmodic component of BEO. It is
interesting to observe that both menthol and linalool are monoterpenes.
Some studies have compared the effects on Transient Receptor Potential
(TRP, a family of ion channels) channels caused by menthol with those

obtained from structurally similar substances, including linalool
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(Behrendt et al., 2004; Fothergill et al., 2016, Paschke et al., 2017). It
appears that only relatively high concentrations of linalool are needed to
activate human (10* M or mouse (6.7+2.0 x 10-3M) TRPMS8 (Behrendt et
al., 2004; Paschke et al., 2017) and to induce a transient increase in short
circuit current through TRPA1 in mouse isolated duodenum but not colon
mucosa (10* and 3 x 10* M)(Fothergill et al., 2016). From the
observations made above, we cannot know if the concentration of linalool
contained in the concentrated bergamot oil is such as to guarantee an
action on the TRPM8 and TRPA1l receptors. Furthermore, in the
hypothesis of an administration of BEO in the GI tract, an important
factor to consider would be the dilution that would reduce the
concentration of linalool and could make it difficult to have a strong action
on the TRP channels.

Therefore, when compared with linalool, menthol has greater
potency at TRPMS8 and TRPA1, which on the whole could help improve
the inhibitory effect. Nevertheless, it is still likely that BEO or linalool,
even if without potent ability to interact with TRP channels, may be new
candidates among the natural complementary remedies useful for
improving symptoms of IBS, notably where there is an increase in
intestinal motility like IBS-D, but also in mixed and unsubtyped

conditions (IBS-M, IBS-U).
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CONCLUSIONS

In conclusion, the results obtained confirm the hypothesis that BEO,
largely through the actions of linalool, can inhibit cholinergically-
mediated contractions of the human and rat colon, at least partly by
acting directly to relax smooth muscle contractility. Consequently, this
research supports the use of BEO to promote 'gastrointestinal health',
demonstrating potentials benefits in the complementary treatment of
intestinal diseases related to increased muscle movement. Further
studies are needed to clarify the still poor known mechanism of action and
in particular, the possibility that BEO or linalool may act at sites other

than calcium or potassium channels.

101



APPENDIX 1

CERTIFICATO AMALISI CONSEGNA
| Fornitore:CAPU - CAPLIA 1880 |Pm|nm 1BEMT-56 - Olie

| SRL Essenriole of Bergamotts S .
Oreling 1 Rif.C.A.C.n% o
: Suantitd cons, 1874 Letre: 1800398 -
- e Data arrive merce! 000084 - Call m®:
11/02/2701 8
Rae 22
I.;_ Analisi fchimica fisiche
| Analisl richieste Strumesto Bisultate
!""Pq_u-l:-spr.clﬁm a 20 Asnfen Basr 0.5708
v Rotomone aitea | 8 20 Asten Fasr Tangt o
14e
| Indice dirifrazicne 0 20 Anton Poar 1.4606
ine
| Lirea Ch LAMEDA 25 0.55 u
; LAMEDA EZ 201 o
Perssdi  Feedee o ]
2. Analisi Cromatografiche
[ [ee Clarws 500 n'1 KEY PEAKS 5|
Slarws 500 n"1 Lirmanene |48, 61
Ed Autosystem XL 13/00098 finalaia [s.5F
4 Autaspstem Az lmalile 259 .60
| 1 Birzbhodane 047
Fralati DEHFP assente
WCHIEALITA™

[ (-} linalalo 99.6% (+)linakobe 0.4%
{«} ac linalile 959 8% (=) ac linalile 0.2%
FUROCUMARIME: Bergaptens 2345 ppm, bergamotting 2702 0ppm

| €CP: | alrerazione csmica

Data analisi:11/02/ 2018 Firma cperatore: _ GA_

3,  Valutazione olfattiva, Mote
|Giulirio oifattivac | Ok |

[Tccr |alteraziane argansletieea

4.  Vaolutazione all'utilizze, Mate
Prodette conferme. X

| Lihfizzabile doge 0 sequente tratisments
| Prodiadte nen confiorme | Solerlsne propostar

G o e o)

iData valutazione globale: 11/01/2018 Firma DI&: MM

102



BIBLIOGRAPHY

Alammar N, Wang L, Saberi B, Nanavati J, Holtmann G, Shinohara
RT, Mullin GE. (2019) The impact of peppermint oil on the

irritable bowel syndrome: a meta-analysis of the pooled clinical

data. BMC Complement Altern Med. 19(1):21.

Amantea D, Fratto V, Maida S, Rotiroti D, Ragusa S, Nappi G, Bagetta
G, Corasaniti MT. (2009) Prevention of Glutamate Accumulation
and Upregulation of Phospho-Akt may Account for
Neuroprotection Afforded by Bergamot Essential Oil against
Brain Injury Induced by Focal Cerebral Ischemia in Rat. Int. Rev.

Neurobiol. 85: 389-405.

Amato A, Liotta R, Mule F. (2014) Effects of menthol on circular smooth
muscle of human colon: analysis of the mechanism of action. Eur

J Pharmacol. 740: 295-301.

Anderson Jr, C. D., Kendig, D. M., Al-Qudah, M., Mahavadi, S., Murthy,

K. S., & Grider, J. R. (2014). Role of various kinases in muscarinic

103


https://www.ncbi.nlm.nih.gov/pubmed/?term=alammar+and+peppermint+oil
https://www.ncbi.nlm.nih.gov/pubmed/25046841
https://www.ncbi.nlm.nih.gov/pubmed/25046841

M3 receptor-mediated contraction of longitudinal muscle of rat

colon. dJournal of Smooth Muscle Research, 50,103-119.

Andrade R, Barnes NM, Baxter G, Bockaert J, Branchek T, Butler A,
Cohen ML, Dumuis A, Eglen RM, Géthert M, Hamblin M, Hamon
M, Hartig PR, Hen R, Hensler J, Herrick-Davis K, Hills R, Hoyer
D, Humphrey PPA, Latté KP, Maroteaux L, Martin GR,
Middlemiss DN, Mylecharane E, Neumaier J, Peroutka SJ, Peters
JA, Roth B, Saxena PR, Sharp T, Sleight A, Villalon CM, Yocca
F. 5-Hydroxytryptamine receptors (version 2019.4) in the
IUPHAR/BPS Guide to Pharmacology Database. IUPHAR/BPS
Guide to Pharmacology CITE. 2019; 2019(4). Available

from: https://doi.org/10.2218/gtopdb/F1/2019.4

Appleyard CB, Morales M, Percy WH. (2006) Regional variations in
neurokinin receptor subtype contributions to muscularis mucosae

and epithelial function in rat colon. Dig Dis Sci. 51: 506-16.

Auteri M, Zizzo MG, Amato A, Serio R. Dopamine induces inhibitory

effects on the circular muscle contractility of mouse distal colon

104


https://doi.org/10.2218/gtopdb/F1/2019.4

via D1- and D2-like receptors. (2016) J. Physiol. Biochem. DOI

10.1007/s13105-017-0566-0.

Auteri M, Zizzo MG, Mastropaolo M, Serio R. (2014) Opposite role played
by GABAA and GABAB receptors in the modulation of peristaltic
activity in mouse distal colon. FEuropean Journal of

Pharmacology. 731: 93-99.

Barbara G, Cremon C, Carini, G, Bellacosa L, Zecchi L, De Giorgio R, ...
& Stanghellini, V. (2011). The immune system in irritable bowel

syndrome. Journal of neurogastroenterology and motility, 17(4),

349.

Barrett J, Canning B, Coulson J, Dombrowsky E, Douglas SD, Fong TM,
Heyward CY, Leeman SE, Remeshwar P. Tachykinin receptors
(version 2019.4) in the ITUPHAR/BPS Guide to Pharmacology
Database. IUPHAR/BPS Guide to Pharmacology CITE. 2019;

2019(4).Available from: https://doi.org/10.2218/gtopdb/F62/2019.4.

105


https://doi.org/10.2218/gtopdb/F62/2019.4

Behrendt HJ, Germann T, Gillen C, Hatt H, & dJostock R (2004).
Characterization of the mouse cold-menthol receptor TRPMS8 and
vanilloid receptor type-1 VR1 using a fluorometric imaging plate

reader (FLIPR) assay. Br J Pharmacol., 141, 737-745

Birdsall NJM, Bradley S, Brown DA, Buckley NdJ, Challiss R,
Christopoulos A, Eglen RM, Ehlert F, Felder CC, Hammer R,
Kilbinger HJ, Lambrecht G, Langmead C, Mitchelson F,
Mutschler E, Nathanson NM, Schwarz RD, Tobin AB, Valant C,
Wess J. Acetylcholine receptors (muscarinic) (version 2019.4) in
the IUPHAR/BPS Guide to Pharmacology Database.
IUPHAR/BPS Guide to Pharmacology CITE. 2019; 2019(4).

Available from: https://doi.org/10.2218/gtopdb/F2/2019.4.

Bischoff SC, Barbara G, Buurman W, Ockhuizen T, Schulzke JD, Serino
M, ... & Wells, J M (2014). Intestinal permeability—a new target
for disease prevention and therapy. BMC gastroenterology, 14(1),

189.

106


https://doi.org/10.2218/gtopdb/F2/2019.4

Blanco MA, Colareda GA, van Baren C, Bandoni A L, Ringuelet, J, &
Consolini, AE (2013). Antispasmodic effects and composition of the
essential oils from two South American chemotypes of Lippia alba.

Journal of ethnopharmacology, 149(3), 803-809.

Broad J, Mukherjee S, Samadi M, Martin JE, Dukes GE & Sanger GdJ
(2012). Regional- and agonist-dependent facilitation of human
neurogastrointestinal functions by motilin receptor agonists. Br J

Pharmacol., 167, 763-774.

Calapai G and Delbo M. (2012) Committee on Herbal Medicine Products
(HMPC), European Medicine Agency. Assessment report on Citrus

bergamia Risso et Poiteau, aetheroleum, EMA/HMPC/56155/2011.

Camilleri, M. (2012). Pharmacology of the new treatments for lower
gastrointestinal motility disorders and irritable bowel syndrome.

Clinical Pharmacology & Therapeutics, 91(1), 44-59.

107



Caulfield MP. Muscarinic receptors—characterization, coupling and
function. Pharmacol Ther 58: 319-379, 1993. d01:10.1016/0163-

7258(93)90027-B.

Celia C, Trapasso E, Locatelli M, Navarra M, Ventura CA, Wolfram
dJ, Carafa M, Morittu VM, Britti D, D1 Marzio L, Paolino D. (2013)
Anticancer activity of liposomal bergamot essential oil (BEO) on

human neuroblastoma cells. Colloids Surf. B Biointerfaces 112:

548-553.

Cellek S, John AK, Thangiah R, Dass NB, Bassil AK, Jarvie, EM, ... &
Sanger, GJ (2006). 5-HT4 receptor agonists enhance both
cholinergic and nitrergic activities in human isolated colon

circular muscle. Neurogastroenterology & Motility, 18(9), 853-861.

Chang FY (2014). Irritable bowel syndrome: the evolution of multi-
dimensional looking and multidisciplinary treatments. World

journal of gastroenterology: WJG, 20(10), 2499.

108


https://www.ncbi.nlm.nih.gov/pubmed/?term=Celia%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trapasso%20E%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Locatelli%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Navarra%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ventura%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolfram%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolfram%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carafa%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Morittu%20VM%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Britti%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Di%20Marzio%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24099646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paolino%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24099646

Cosentino M, Luini A, Bombelli R, Corasaniti MT, Bagetta G, Marino,F.
(2014) The essential oil of bergamot stimulates reactive oxygen

species production In human polymorphonuclear leukocytes.

Phytother. Res. 28: 232—239.

Costa R, Dugo P, Navarra M, Raymo V, Dugo G, & Mondello L (2010).
Study on the chemical composition variability of some processed
bergamot (Citrus bergamia) essential oils. Flavour and fragrance

journal, 25(1), 4-12..

Donato P, Bonaccorsi I, Russo M, & Dugo P (2014). Determination of new
bioflavonoids in bergamot (Citrus bergamia) peel oil by liquid
chromatography coupled to tandem ion trap—time-of-flight mass

spectrometry. Flavour and fragrance journal, 29(2), 131-136.

Drossman DA, Chey WD, Johanson JF, Fass R, Scott C, Panas R, & Ueno
R (2009). Clinical trial: lubiprostone in patients with constipation-
associated irritable bowel syndrome-results of two randomized,
placebo-controlled studies. Alimentary  pharmacology &

therapeutics, 29(3), 329-341.

109



Edinburgh staff. (1968). Pharmacological Experiments on Isolated

Preparations, Edinburgh: Churchill-Livingstone

Eglen RM, Hegde SS, Watson N. Muscarinic receptor subtypes and

smooth muscle function. Pharmacol Rev 48: 531-565, 1996.

Ekor M (2013). The growing use of herbal medicines: issues relating to

adverse reactions and challenges in monitoring safety. Front

Pharmacol. 4: 177.

Enck P, Aziz Q, Barbara G, Farmer AD, Fukudo S, Mayer EA, Niesler B,
Quigley EM, Rajili¢-Stojanovié¢ M, Schemann M, Schwille-Kiuntke
J, Simren M, Zipfel S, Spiller RC. (2016) Irritable bowel syndrome.

Nat Rev Dis Primers. d0i:10.1038/nrdp.2016.14.

Filpa V, Moro E, Protasoni M, Crema F, Frigo G, Giaroni C. (2016) Role
of glutamatergic neurotransmission in the enteric nervous system

and brain-gut axis in health and disease. Neuropharmacology.

111: 14-33.

110


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ekor%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24454289
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3887317/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3887317/

Ford AC, Talley NdJ, Spiegel BM, Foxx-Orenstein AE, Schiller L, Quigley
EM, et al. (2008) Effect of fibre, antispasmodics, and peppermint
oil in the treatment of irritable bowel syndrome: systematic review

and meta-analysis. BM.J. 337:a2313.

Fothergill LJ, Callaghan B, Rivera LR, Lieu T, Poole DP, Cho HJ, Bravo
DM, & Furness JB (2016). Effects of food components that activate
TRPA1 receptors on mucosal ion transport in the mouse intestine.

Nutrients 8(10), pii: E623.

Fukudo S, Kanazawa M. (2011) Gene, environment, and brain-gut

Interac-tions in irritable bowel syndrome. J Gastroenterol Hepatol.

3: 110-115.

Furness JB. (2006) The Enteric Nervous System. Blackwell Publishing,

Oxford.

Furness JB. (2012) The enteric nervous system and
neurogastroenterology. Nat. Rev. Gastroenterol. Hepatol. 9: 286-
294.

111



Furness, JB, Callaghan BP, Rivera L.R, Cho HdJ. (2014) The enteric
nervous system and the gastrointestinal innervation: integrated

local and central control. Adv. Exp. Med. Biol. 817: 39-71.

Giaroni C, Zanetti E, Chiaravalli A.M, Albarello L, Dominioni L, Capella
C, Lecchini S, Frigo G. (2003) Evidence for a glutamatergic
modulation of the cholinergic function in the human enteric
nervous system via NMDA receptors. Eur. J. Pharmacol. 476: 63-

69.

Goodwin L, White PD, Hotopf M, Stansfeld, SA, Clark C. (2013) Life
course study of the etiology of self-reported irritable bowel
syndrome in the 1958 British birth cohort. Psychosom. Med. 75:

202-210.

Grundmann O. and Yoon SL. (2014) Complementary and alternative
medicines in irritable bowel syndrome: an integrative view. World

J Gastroenterol. 20: 346-62.

112


https://www.ncbi.nlm.nih.gov/pubmed/?term=Grundmann%20O%5BAuthor%5D&cauthor=true&cauthor_uid=24574705
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoon%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=24574705
https://www.ncbi.nlm.nih.gov/pubmed/24574705
https://www.ncbi.nlm.nih.gov/pubmed/24574705

Gulbransen BD, Sharkey KA. (2012) Novel functional roles for enteric glia
in the gastrointestinal tract. Nat. Rev. Gastroenterol. Hepatol. 9:

625-632.

Hirota CL. and McKay DM. (2006) Cholinergic regulation of epithelial ion

transport in the mammalian intestine. 149: 463-479.

Hungin AP, Becher A, Cayley B, Heidelbaugh J.J, Muris JW, Rubin
G, Seifert B, Russell A, De Wit NdJ. (2015) Irritable bowel

syndrome: an integrated explanatory model for clinical practice.

Neurogastroenterol. Motil. 27: 750-763.

Kang P, Suh SH, Min SS, Seol GH. (2013). The essential oil of Citrus
bergamia Risso induces vasorelaxation of the mouse aorta by
activating K* channels and inhibiting Ca?" influx. J Pharm

Pharmacol 65: 745-749.

Karaca M , Ozbek H , Him A, Tutiincii M , Akkan HA, Kaplanoglu A.
(2007) Investigation of anti-inflammatory activity of bergamot oil.
Eur J Gen Med 4:176-179.

113


https://www.ncbi.nlm.nih.gov/pubmed/?term=Hungin%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Becher%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cayley%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heidelbaugh%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Muris%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rubin%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rubin%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Seifert%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=Russell%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25703486
https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Wit%20NJ%5BAuthor%5D&cauthor=true&cauthor_uid=25703486

Karaki H, Ozaki H, Hori M, Mitsui-Saito M, Amano K, Harada K,
Miyamoto S, Nakazawa H, Won K.J, Sato K. (1997) Calcium
movements, distribution, and functions in smooth muscle.

Pharmacol Rev. 49: 157-230.

Khan MR, Anisuzzaman AS, Semba S, Ma, Y, Uwada J, Hayashi H,
Suzuki Y, Takano T, Ikeuchi H, Uchino M, Maemoto A, Ushikubi
F, Muramatsu I, Taniguchi T. (2013) M1 is a major subtype of
muscarinic acetylcholine receptors on mouse colonic epithelial

cells. J. Gastroenterol. 48: 885—896.

Kuwahata H, Komatsu T, Katsuyama S, Corasaniti MT, Bagetta G,
Sakurada S, Sakurada T, Takahama K. (2013) Peripherally
injected linalool and bergamot essential oil attenuate mechanical
allodynia via inhibiting spinal ERK phosphorylation. Pharmacol.

Biochem. Behav. 103: 735—741.

Kwon SC, Ozaki H, Karaki H. (2000) NO donor so dium nitroprusside
inhibits excitation-con-traction coupling in guinea pig Taenia coli.

Am J Physiol Gastrointest Liver Physiol. 279: 1235—-1241.

114


https://www.ncbi.nlm.nih.gov/pubmed/?term=Karaki%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ozaki%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mitsui-Saito%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Amano%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harada%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Miyamoto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakazawa%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Won%20KJ%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sato%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9228665
https://www.ncbi.nlm.nih.gov/pubmed/9228665

Laird K, Armitage D, Phillips C. (2012) Reduction of surface
contamination and biofilms of Enterococcus sp. And

Staphylococcus aureus using a citrus-based vapour. . Hosp.

Infect. 80: 61-66.

Lovell RM, Ford AC. (2012) Global prevalence of and risk factors for
irritable bowel syndrome: a meta-analysis. Clin. Gastroenterol.

Hepatol. 10: 712-721.

Martinucci I, Blandizzi C, De Bortoli N, Bellini M, Antonioli L, Tuccori
M, Fornai M, Marchi S, Colucci R. (2015) Genetics and
pharmacogenetics of aminergic transmitter pathways in

functional gastrointestinal disorders. Pharmacogenomics. 16: 523-

39.

Mawe GM. and Hoffman JM. (2013) Serotonin Signaling in the
Gastrointestinal Tract: Functions, dysfunctions, and therapeutic

targets. Nat Rev Gastroenterol Hepatol. 10: 473—486.

115


https://www.ncbi.nlm.nih.gov/pubmed/25916523
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4048923/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4048923/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4048923/

McFadzean, I., & Gibson, A. (2002). The developing relationship between
receptor-operated and store-operated calcium channels in smooth

muscle. British journal of pharmacology, 135(1), 1-13.

Melliou, E.; Michaelakis, A.; Koliopoulos, G.; Skaltsounis, A.L.; Magiatis,
P. (2009). High quality bergamot oil from Greece: Chemical
analysis using chiral gas chromatography and larvicidal activity

against the West Nile virus vector. Molecules, 14, 839-849.

Mongardi Fantaguzzi C, Thacker M, Chiocchetti R, Furness JB. (2009)
Identifiation of neuron types in the submucosal ganglia of the

mouse 1leum. Cell Tissue Res. 336: 179-189.

Morrone LA, Rombola L, Pelle C, Corasaniti MT, Zappettini S, Paudice
P, Bonanno G, Bagetta G. (2007) The essential oil of bergamot
enhances the levels of amino acid neurotransmitters in the
hippocampus of rat: Implication of monoterpene hydrocarbons.

Pharmacol. Res. 55: 255-262.

116



Mule F, D'angelo S, Tabacchi G, & Serio, R (2000). Involvement of
tachykinin NK2 receptors in the modulation of spontaneous
motility in rat proximal colon. Neurogastroenterology and motility:
the official journal of the European Gastrointestinal Motility

Society, 12(5), 459-466.

Narusuye K, Kawai F, Matsuzaki K, Miyachi E. (2005) Linalool
suppresses voltage-gated currents in sensory neurons and

cerebellar Purkinje cells. J. Neural. Transm. 112: 193-203.

Nasser Y, Ho W, Sharkey K. (2006) A distribution of Adrenergic Receptors
in the Enteric Nervous System of the Guinea Pig, Mouse, and Rat.

The journal of comparative neurology. 495: 529-553.

Ni CH, Hou WH, Kao CC, Chang ML, Yu LF, Wu CC, Chen C. (2013) The
anxiolytic effect of aromatherapy on patients awaiting ambulatory
surgery, a randomized controlled trial. Evid. Based Complement.

Altern. Med.

117



Nishiyama K, Azuma YT, Shintaku K, Yoshida N, Nakajima H, Takeuchi
T. (2014) Evidence that Nitric Oxide Is a Non-Adrenergic Non-
Cholinergic Inhibitory Neurotransmitter in the Circular Muscle of
the Mouse Distal Colon: A Study on the Mechanism of Nitric

Oxide-Induced Relaxation. Pharmacology. 94: 99-108.

North CS, Hong BA, Alpers DH. (2007) Relationship of functional
gastroin-testinal disorders and psychiatric disorders: implications

for treat-ment. World J Gastroenterol. 14: 2020—7.

Okamura H, Fujitani B, Furukawa K, Une T, Nukuda T, Komiya M,
Kurokawa M. (1993) Pharmacologic properties of a novel Ca2+
entry blocker, AJ-2615, in vitro. J Cardiovasc Pharmacol. 22: 804-

9.

Paschke M, Tkachenko A, Ackermann K, Hutzler C, Henkler F, Luch A.
Activation of the cold-receptor TRPMS8 by low levels of menthol in

tobacco products. Toxicology Letters 271 (2017) 50-57

118


https://www.ncbi.nlm.nih.gov/pubmed/7509897
https://www.ncbi.nlm.nih.gov/pubmed/7509897

Prins NH, Briejer MR, & Schuurkes JA (1997). Characterization of the
contraction to 5-HT 1in the canine colon longitudinal

muscle. British journal of pharmacology, 120(4), 714-720.

Rahimi R, Abdollahi M. (2012) Herbal medicines for the management of
irritable bowel syndrome: A comprehensive review World oJ

Gastroenterol. 7: 589-600.

Rahimi R, Nikfar S, Rezaie A, Abdollahi M. (2009) Efficacy of tricyclic
antide-pressants in irritable bowel syndrome: a meta-analysis.

World J Gas-troenterol. 13: 1548-1553.

Rajilié-Stojanovi¢c M, Biagi E, Heilig HG, Kajander K, Kekkonen RA,
Tims S, De Vos WM. (2011) Global and deep molecular analysis of
microbiota signatures in fecal samples from patients with irritable

bowel syndrome. Gastroenterology. 141: 1792—1801.

Rombola L, Amantea D, Russo R, Adornetto A, Berliocchi L, Tridico L,
Corasaniti MT, Sakurada S, Sakurada T, Bagetta G. (2016)
Rational Basis for the Use of Bergamot Essential Oil in

119



Complementary Medicine to Treat Chronic Pain. Mini Rev. Med.

Chem. 16: 721-728.

Rombola L, Corasaniti MT, Rotiroti D, Tassorelli C, Sakurada S, Bagetta
G, Morrone LA. (2009) Effects of systemic administration of the
essential oil of bergamot (BEO) on gross behaviour and EEG power

spectra recorded from the rat hippocampus and cerebral cortex.

Funct. Neurol. 24: 107-112.

Rombola L, Scuteri D, Adornetto A, Straface M, Sakurada T, Sakurada S,
Mizoguchi H, Corasaniti MT, Bagetta G, Tonin P, Morrone LA.
(2019) Anxiolytic-Like Effects of Bergamot Essential Oil Are
Insensitive to Flumazenil in Rats. Evid Based Complement

Alternat Med. do1: 10.1155/2019/2156873.

Rombola L, Tridico L, Scuteri D, Sakurada T, Sakurada S, Mizoguchi H,
Avato P, Corasaniti MT, Bagetta G, Morrone LA. (2017) Bergamot
Essential Oil Attenuates Anxiety-Like Behaviour in Rats.

Molecules. 22: 614.

120


https://www.ncbi.nlm.nih.gov/pubmed/31485242
https://www.ncbi.nlm.nih.gov/pubmed/31485242

Russo R, Ciociaro A, Berliocchi L, Cassiano MG, Rombola L, Ragusa
S, Bagetta G, Blandini F, Corasaniti MT. (2013) Implication of
Iimonene and linalyl acetate in cytotoxicity induced by bergamot

essential oil in human neuroblastoma cells. Fitoterapia. 89: 48-57.

Saito YA and Talley NdJ. (2008) Genetics of irritable bowel syndrome. Am

J Gas-troenterol. doi: 10.1111/3.1572-0241.2008.02048.x.

Saito YA, Petersen GM, Larson JJ, Atkinson EdJ, Fridley BL, De Andrade
M, Locke GR, Zimmerman JM, Almazar-Elder AE, Talley Nd.
(2010) Familial aggregation of irritable bowel syndrome: a family

case—control study. Am. J. Gastroenterol. 105: 833—-841.

Sakurada T, Kuwahata H, Katsuyama S, Komatsu T, Morrone LA,
Corasaniti MT, Bagetta G, Sakurada S. (2009) Intraplantar
injection of bergamot essential oil into the mouse hindpaw: Effects
on capsaicin-induced nociceptive behaviors. Int. Rev. Neurobiol.

85: 237-248.

121


https://www.ncbi.nlm.nih.gov/pubmed/?term=Russo%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ciociaro%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Berliocchi%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cassiano%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rombol%C3%A0%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ragusa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ragusa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bagetta%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Blandini%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/?term=Corasaniti%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=23707744
https://www.ncbi.nlm.nih.gov/pubmed/23707744

Sakurada T, Mizoguchi H, Kuwahata H, Katsuyama S, Komatsu T,
Morrone LA, Corasaniti MT, Bagetta G, Sakurada S. (2011)
Intraplantar injection of bergamot essential oil induces peripheral
antinociception mediated by opioild mechanism. Pharmacol.

Biochem. Behav. 97: 436-443.

Sandgren K, Lin Z, Fex Svenningsen A, Ekblad E. (2003) Vasoactive
intestinal peptide and nitric oxide promote survival of adult rat

myenteric neurons in culture. J. Neurosci. Res. 5: 595-602.

Sanger GJ & Bennett A. (1984) Techniques for studying gastrointestinal
motility in vitro. In Eds. Bennett A & Velo G. Mechanisms if
Gastrointestinal Motility and Secretion. Plenum press. New York.

13-3.

Sanger GdJ, Broad J, Kung V, Knowles CH. (2013) Translational
neuropharmacology: the use of human isolated gastrointestinal

tissues. British Journal of Pharmacology. 168: 28—43.

122


https://www.ncbi.nlm.nih.gov/pubmed/?term=Sandgren%20K%5BAuthor%5D&cauthor=true&cauthor_uid=12749024
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=12749024
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fex%20Svenningsen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12749024
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ekblad%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12749024

Sanger GdJ, Holbrook JD, Andrews PLR. (2011) The translational value of
rodent gastrointestinal functions: a cautionary tale. Trends

Pharmacol Sci. 32: 402—409.

Sanger GdJ. (2008) 5-Hydroxytryptamine and the gastrointestinal tract:

where next? Trends Pharmacol Sci. 9:465-71.

Sanguinetti M, Posteraro B, Romano L, Battaglia F, Lopizzo T, De Caroli
E, Fadda G. (2007) In vitro activity of Citrus bergamia (bergamot)
oil against clinical isolates of dermatophytes. J. Antimicrob.

Chemother. 59: 305—-308.

Sarna, S. K. (2010, November). Colonic motility: from bench side to
bedside. In Colloquium Series on Integrated Systems Physiology:
From Molecule to Function (Vol. 2, No. 1, pp. 1-157). Morgan &

Claypool Life Sciences.

Schmulson MdJ and Drossman D. (2017) What Is New in Rome IV. J

Neurogastroenterol Motil. 23: 151-163.

123


https://www.ncbi.nlm.nih.gov/pubmed/19086255
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5383110/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5383110/

Thabane M, Kottachchi DT, Marshall JK. (2007) Systematic review and
meta-analysis: the incidence and prognosis of post-infectious

irritable bowel syndrome. Aliment. Pharmacol. Ther. 26: 535—544.

Timmermans JP, Adriaensen D, Cornelissen W, Scheuermann DW.
(1997) Structural organization and neuropeptide distribution in
the mammalian enteric nervous system, with special attention to
those components involved in mucosal reflexes. Comp Biochem

Physiol, 118A: 331-340.

Tsukamoto, M. S. S. K., Sarna, S. K., & Condon, R. E. (1997). A novel
motility effect of tachykinins in normal and inflamed
colon. American Journal of Physiology-Gastrointestinal and Liver

Physiology, 272(6), G1607-G1614.

Valentin, N., Camilleri, M., Altayar, O., Vijayvargiya, P., Acosta, A.,
Nelson, A. D., & Murad, M. H. (2016). Biomarkers for bile acid
diarrhoea 1in functional bowel disorder with diarrhoea: a

systematic review and meta-analysis. Gut, 65(12), 1951-1959.

124



Vamathevan JJ, Hasan S, Emes RD, Amrine-Madsen H, Rajagopalan D,
Topp SD et al. (2008). The role of positive selection in determining
the molecular cause of species differences in disease. BMC Evol

Biol 8: 273. d01:10.1186/1471-2148-8-273.

Vanner S, Macnaughton WK. (2004) Submucosal secretomotor and

vasodilator reflexes. Neurogastroenterol. Motil. 16: 39-43.

Vatanparast J, Bazleh S, Janahmadi M. (2017) The effects of linalool on
the excitability of central neurons of snail Caucasotachea

atrolabiata. 192:33-39. doi: 10.1016/j.cbpc.2016.12.004.

Waseda K, Takeuchi T, Ohta M, Okishio Y, Fujita A, Hata F, Takewaki
T. (2005) Participation of ATP in nonadrenergic, noncholinergic
relax-ation of longitudinal muscle of Wistar rat je-junum. J.

Pharmacol. Sci. 97: 91-100.

Wiley JW, Lu YX, Owyang C. (1991) Evidence for a glutamatergic neural

pathway in the myenteric plexus. Am. J. Physiol. 261: 693-700.

125


https://www.ncbi.nlm.nih.gov/pubmed/?term=Vatanparast%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27939722
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bazleh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=27939722
https://www.ncbi.nlm.nih.gov/pubmed/?term=Janahmadi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=27939722



