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Chapter 1
THE ENTERIC NERVOUS
SYSTEM

1.1. Overview

The Enteric Nervous System (ENS) is a division of the Autonomic
Nervous System (ANS) located along the gastrointestinal tract, from the
esophagus until the anus, including also pancreas, gallbladder and biliary tree.
It integrates the informations about the state of gastroenteric tract in
coordination with Central Nervous System (CNS) with which is connected
through the afferent and efferent fibers of sympathetic and parasympathetic
systems (Furness, 2012) In particular, these fibers compose three different
pathways joining the ENS to distinct regions of CNS: the vagal pathway,
connecting the esophagus and the stomach directly to the medulla oblongata;
the sympathetic pathway, linking mainly the small and large intestine with the
thoracolumbar spinal cord; pelvic pathway, joining the rectum and the
lumbosacral defecation center (Figure 1.1). Nevertheless, the ENS actively
participates in regulating gut motility, fluid exchange with the lumen, local

blood flow and host-pathogen defense (Costa et al., 2000).
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Despite its extensive connections with CNS, the ENS is also capable of local
and autonomous activity without any input from the brain. This surprising
feature was observed for the first time in the beginning of XX century by a
pioneristic study of Bayliss and Starling. They showed that the peristaltic
reflexes in dog intestines persisted even after anesthesia or transection of gut
extrinsic nerves, advancing the hypothesis of an intrinsic nervous activity and
independent integration center (Bayliss and Starling, 1900). A few years later,
these findings were confirmed by similar studies (Langley and Magnus, 1905;
Trendelenburg, 1917). Currently, it is widely accepted that ENS is able to
regulate GI functions in absence of extrinsic neural connections as it includes
primary afferent neurons, interneurons and motor neurons necessary for reflex

circuitry (Furness et al, 2003). In fact, the ENS is considered as “second brain”



in our body characterized by specific functionality with promising clinical

implications (Gershon, 1999).

1.2. Cellular Organization and Localization

The ENS is composed of about 100-500 millions of enteric neurons (1 to 5
times more than the spinal cord) and a number up to 10 times more enteric glial
cells (EGCs) (Grundy and Schemann, 2007; Furness, 2012). These cellular
populations are organized into complexes structures, called ganglia, connected
to each other through interganglional fibres. They are divided mainly in two
classes: the submucosal plexus and myenteric plexus, located into strategic
regions of gastroenteric tract according to their functions (Figure 1.2).
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Figure 1.2. Anatomy of Enteric Nervous System (adapted from Furness JB, The
Enteric Nervous System (Blackwell, Oxford, 2006)).



The submucosal plexus, also called Meissner’s plexus, is composed by a
gangliated network lying within the submucosal layer, between the circular
muscle layer and the mucosa of the small and the large intestines. Then, it is
present only from the duodenum to the rectum displaying a prominent role in
the modulation of mucosal secretion and fluid exchange with the lumen
(Furness, 2012). The submucosal plexus is divided itself in three different
portions: the inner one (immediately under the intestinal mucosa), the outer
one, or Schabadasch’s plexus (crossing the bottom of the circular muscle layer)
and the intermediate one (between the previous plexi) (Hoyle and Burnstock,
1989; Timmermans et al., 2001). The myenteric plexus, also called Auerbach’s
plexus, extends between the longitudinal and the circular muscle layer
throughout the gastrointestinal tract, from the esophagus to the anal sphincter.
Because of its location, the myenteric plexus is normally involved in the
control of peristaltic movements and intestinal motility (Furness, 2012).

1.3. The Enteric Glial Cells

1.3.1. Discovery

Enteric glia was described for the first time by Dogiel in 1899 (Dogiel,
1899). His work was focused on the characterization of submucosal and
myenteric plexi using the blue methylene staining technique, in order to
classify enteric neurons and find a correlation between their structural and
functional features. But he also reported the presence of nucleated satellite
cells surrounding neurons within enteric ganglia. However, over the next fifty
years this observation was largely ignored. Using the Bielschowsky silver stain
method, in 1952 Stohr studied the structure of ENS classifying enteric glia as

Schwann cells, term adapted in “ganglionic Schwann cells” by Cook and



Burnstock (Stohr, 1952; Cook and Burnstock, 1976). The first studies focused
specifically on enteric glial cells were conducted by Gabella in the 70’s. He
recognized the unique nature of enteric glia and refused the previous
terminology because of their extensive branched processes surrounded by
single basement membrane (Gabella, 1972). His analysis illustrated the
characteristic structural features of this cellular population referring to it, for
the first time, with the label of “enteric glial cells” (Gabella, 1981).

Figure 1.3. Gross view of enteric glial cells projections into mucosa. S100B positive

cells are stained in white and nuclei are stained in green. Figure adapted from Liu et
al, 2013.

Enteric glial cells (EGCs) are located in close proximity to enteric neurons and,
within intestinal mucosa, they form a dense network that extend from the
lamina propria to the top of colonic crypts and intestinal villi getting in direct
contact with enteroendocrine cells, as observed in Figure 1.3 (Liu et al., 2013;
Bohorquez et al., 2014). Although enteric glial cells represent the largest
cellular population composing the ENS, the ratio between glia and neurons is
strongly dependent by species. For instance, it has been estimated that in
myenteric plexi this ratio can vary from 1:1 in mice untill 7:1 in human
(Gabella, 1984; Hoff et al., 2008). Moreover, their dimension can change from
myenteric to submucosal plexi. Indeed, myenteric glia is larger than their
submucosal counterpart (Hoff et al., 2008). Conversely, any significant

difference between age or gender was observed.



1.3.2 Morphological and Molecular Composition

Similarly to the astrocytes into the CNS, enteric glial cells are star-shaped cells
composed by small cell bodies containing mainly nucleus with small
cytoplasmatic portion. The cell body cover about 1/10 of whole glial surface
(Hanani and Reichenbach, 1994). The remaining part is accounted by their
extensive branched processes tightening around neurons into enteric ganglia,
producing an extracellular space of about 10 nm (Cook and Burnstock, 1976).
It is relevant to point up that EGCs are also located close the interganglional
fibers as well as epithelial and endothelial cells (Gershon and Rothman, 1991;
Boesmans et al., 2015). Because of their high irregular morphology and
different localization, in 1994 EGCs have been classified in four different
subtypes based on structural similarities with astrocytes (Hanani and

Reichenbach, 1994) (Figure 1.4). Type I or “protoplasmic” gliocytes are star-

Type | Type 1l

Type 1l

Figure 1.4. Schematic illustration of different morphological types of enteric glial

cells. Figure adapted from Gulbransen and Sharkey, 2012.
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shaped cells characterized by short and irregular projections in a similar way
to protoplasmic astrocytes into CNS. Type II or “fibrous” gliocytes are found
into interganglionic fibers which explains their elongated and tapered shape.
Finally, type IIT or “mucosal” gliocytes are star-shaped cells with several long
processes extending along the intestinal mucosa. Type IV or “intramuscular”
gliocytes are elongated glia running the nervous fibers through intestinal
muscular layers. However, several evidences highlighted a marked molecular
and functional heterogeneity among different glial subpopulations, proposing
new essential criteria and parameters for a more complete and exhaustive
classification (Nasser et al., 2006; Costagliola et al., 2009).

Several molecular markers are widely used to study the EGCs (Figure 1.5).
The branched processes of enteric glia are mainly composed by gliofilaments
enriched in vimentin and glial fibrillary acid protein (GFAP) (Jessen and
Mirsky, 1980, 1985). Vimentin is predominantly expressed during the
development of enteric glia. Conversely, GFAP is a cytoskeleton protein
strongly expressed by mature enteric glia as well as astrocytes (Jessen and
Mirsky, 1980), in fact it is mostly used to investigate glial morphology. In this
regard, preclinc studies demonstrated the higher GFAP expression following
pro-inflammatory stimuli, such as lipopolysaccharide (LPS), according to what
observed in patients affected by inflammatory bowel diseases (von Boyen et
al., 2004; Rosenbaum et al., 2016; da Cunha Franceschi et al., 2017). S100B is
a calcium-binding protein present in the cytoplasm where can modulate the
calcium homeostasis (Zimmer et al., 1995; Heizmann et al., 2002). It can be
also released exerting a neurotrophic action, as largely observed in the CNS
(Marshak, 1990; Selinfreund et al., 1991; Heizmann et al., 2002). Although it
is expressed also by other cellular populations, including myofibroblasts and
oligodendrocytes (Arcuri et al.,, 2002; Hachem et al., 2005), S100B is
considered a specific glial marker for EGCs within intestinal and colonic wall
(Rahl, 2005). Sox10 belongs to SRY -related HMG-box family of transcription

factor. It is widely expressed by progenitors cells of enteric nervous system in
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the neural crest as well as differentiated enteric glia and displays a prominent
role in the gliogenesis, especially in the last phase of ENS development
(Kelsh, 2006; Bondurand and Sham, 2013). Conversely, differentiated neurons
do not express Sox10 protein. Sox10 is mainly used in research application for
nuclei staining and relative glial quantification, but it does not provide
informations about glial morphology. Although GFAP, S100B and Sox10
represent the most common glial markers, they are not co-expressed in the
whole enteric glial population, reminding the morphological heterogeneity
already described (Boesmans et al., 2015).

Figure 1.5. Interaction between enteric neurons (red) and enteric glial cells identified

with different specific markers (green). Scale bar: 25 um. Figure adapted from
Boesmans et al, 2013.
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1.3.3. Physiological Functions of EGCs

At first, EGCs were considered as cells responsible for neuronal mechanical

support (as suggested by their name, “glia” from the Greek yAia, “glue”) and

trophic functions. In the last decades, an active role displayed by this cellular

population in the intestinal homeostasis has been widely accepted, including

the interaction with immune system and the modulation of intestinal motility

and permeability as briefly described in Figure 1.6.
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Figure 1.6. Schematic representation of the main physiological functions displayed by

enteric glial cells. Figure adapted from Gulbransen and Sharkey, 2012.
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1.3.3.1. Support for Enteric Neurons

The supporting role in sustaining the integrity and the architecture of enteric
nervous system was the first function attributed to EGCs. As observed by
Gabella in 1990, EGCs firmly anchor on the surface of nerve fibers and ganglia
through their gliofilament, stabilizing the entire structure of ENS (Gabella,
1990). Besides their mechanical support, enteric glia is also involved in
homeostatic mechanisms of enteric neurotransmission supplying neurons with
precursors necessary for neurotransmitters such as L-arginine and glutamine
(via glutamine synthase), responsible for the synthesis of nitric oxide (NO) and
y-amino butyric acid (GABA), respectively (Jessen and Mirsky, 1983; Aoki et
al., 1991; Nagahama et al., 2001; Gulbransen and Sharkey, 2012). Moreover,
in physiological conditions antioxidants and growth factors are also provided
to the enteric neurons (von Boyen and Steinkamp, 2006; Abdo et al., 2010,
2012). Interestingly, EGCs maintain the enteric neurotransmission by
regulating the bioavailability of neuroactive compounds in the extracellular
milieu through specific surface enzymes and glial channels. For instance,
transporters for GABA (GAT-2) and oligopeptides are enzymes located on the
glial surface responsible for the removal of neuroactive substances (GABA and
vasoactive intestinal peptide VIP, respectively) from extracellular space
(Fletcher et al., 2002; Rihl et al., 2005). In addition, EGCs also express
ectonucleotidase, nucleoside triphosphate diphosphohydrolase 2 (eNTPDase2)
able to degradate of neuroactive compound nearby enteric neurons (Braun et
al., 2004; Lavoie et al., 2011). In a different way, glial potassium channels
prevent neuronal death caused by excitoxicity with consequent stabilization of
neurotransmission (Hanani et al., 2000; Costagliola et al., 2009), exerting
analogous effects of glutamine synthase also expressed by enteric glia because
of its ability to recue glutamate levels producing glutamine (Jessen and Mirsky,

1983; Kato et al., 1990). Neuroprotective properties just mentioned are well
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elucidated. Indeed, in 1998 Bush et al observed a marked neurodegeneration
into myenteric plexi after the specific deletion of GFAP+ cells using a
transgenic murine model (Bush et al., 1998). Later, several compounds have
been identified as glial mediators of neuroprotection such as 15-deoxy-A!214-
Prostaglandin J, (15dPGJ2), glial cells-derived neurothrophic factor (GDNF),
nerve growth factor (NGF) and neurothrophine 3 (Hoehner et al., 1996; von
Boyen and Steinkamp, 2006; Abdo et al., 2012).

1.3.3.2. Regulation of Neurotransmission

Enteric glia takes part actively in the modulation of neurotransmission,
beyond their ability to regulate the neurotransmitters bioavailability described
above. Indeed, EGCs expressed different receptors able to detect signaling
molecules released by enteric neurons triggering a neuron-glia
communication, as demonstrated by in vitro and in situ studies (Kimball and
Mulholland, 1996; Gomes et al., 2009; Gulbransen and Sharkey, 2009).
Although more investigations are necessary to explain the exact mechanisms
on the basis of this crosstalk, a large amount of neuroactive compounds
involved have been identified including ATP, norepinephrine (NE), glutamate,
thrombin, lipid signaling molecules, serotonin (5-HT), bradykinin, histamine
and endothelins (Kimball and Mulholland, 1996; Garrido et al., 2002;
Vanderwinden et al., 2003; Segura et al., 2004; Nasser et al., 2006, 2007;
Zhang et al., 2010; Boesmans et al., 2013). Interestingly, it has been described
that enteric glia respond to acetylcholine (ACh) and 5-HT released from enteric
neurons with an increase in intracellular calcium concentration inducing a
marked ATP release (Zhang et al., 2003; Boesmans et al., 2013). This process
can propagate into neighboring glial cells via Cx43 gap junctions resulting in
a modulation of neuronal activity in the ENS (McClain et al., 2014). To

confirm that, recent evidences showed that pharmacological inhibition or
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deletion of glial Cx43, preventing the diffusion of Ca?" response, reduce
neuronal activity and affect secretomotor intestinal functions in mice (McClain
etal., 2014; Grubisic and Gulbransen, 2017). These evidences strongly suggest
that EGCs can release gliotransmitters with which they communicate with
enteric neurons, modulating directly the gut functions in a complex and

synergic system.

Figure 1.7. Localization of Cx43 (magenta) on the enteric glial cells identified with

anti-GFAP antibody (green). Scale bar: 20 pm. Figure adapted from McClain et al,
2015.

1.3.3.3. Interaction with Immune System

EGCs actively participate in the defense of the intestinal mucosa trough a
close interaction with immune system. In the last years, it has been well
accepted how enteric glia can initiate and sustain inflammatory processes
following detrimental noxia. At the beginning of XXI century, in vitro studies
elucidated the ability of glial cells to produce IL-1f, TNFa and IL-6 after

16



immunological stimulation (Ruhl et al., 2001; Ruhl, 2005). The mechanisms
on the basis of IL-18 and TNFa release are still unclear, but it has been
demonstrated that EGCs express the receptor for IL-1p, responsible for glial-
derived IL-6 release that act in a negative feedback way on its own secretion
(Ruhl et al., 2001; Rihl, 2005). Moreover, enteric glia expresses the major
histocompatibility complex class Il (MHC I1) in disease states, confirming the
critical role displayed by EGCs in intestinal immune responses (Hirata et al.,
1986; da Silveira et al., 2011). In addition, toll-like receptors (TLRs) family is
expressed by enteric glia, especially TLR4, providing evidences that EGCs
recognize invading microbes and, then, trigger the inflammatory process
(Barajon et al., 2009; Esposito et al., 2014).

1.3.3.5. Intestinal Motility

In the last years, the hypothesis of enteric glia implication in the control of
intestinal motility has been investigated through evaluation of gastric emptying
and fecal transit in different models of glial ablation (Aubé et al., 2006; Rao et
al., 2017). Unlike neurons, enteric glia are not capable to generate action
potentials (Hanani et al.,
2000). Their excitability

is not mediated by

electricity  but by

calcium fluxes

nteric

glial cell transmitted to nearby

EGCsina

Figure 1.8. Schematic representation of Ca?* waves propagation between nearby

enteric glial cells. Figure adapted from Grubisic and Gulbransen, 2017.
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paracrine/autocrine manner releasing ATP and Ca?* through the Cx43 gap
junction (Zhang et al., 2003; Grubisic and Gulbransen, 2017) (Figure 1.8).
Recent studies demonstrated that glial excitability is necessary for intestinal
motility. Indeed, the ablation of Cx43 expressed by EGCs reduced the ex vivo
contraction of smooth muscles and in vivo intestinal motility and fecal transit
(McClain et al., 2014, 2015). Moreover, the same effect was observed
following neuronal activation induce by electric stimulation, suggesting that
decreasing in intestinal motility is importantly regulated by enteric glia
(McClain et al., 2014, 2015). Anyway, the precise mechanisms on the basis of
this modulation are not fully elucidated yet.

1.3.3.6. Modulation of Intestinal Epithelial Barrier

Similarly to astrocytes into CNS and their ability to modulate brain blood
barrier permeability, enteric glia represent one of the most key regulator of
intestinal barrier functions. In particular, mucosal enteric gliocytes (type I1)
are mainly located in the intestinal mucosa (up to 0.5-2 um from the epithelial
cells) where they can modulate permeability, cellular differentiation and
proliferation via releasing several factors (Liu et al., 2013; Neunlist et al.,
2013) (Figure 1.9).

Intestinal Permeability. The first evidence of the direct involvement of
EGCs in maintaining of intestinal barrier architecture and, consequently, in the
modulation of permeability was reported by Bush in 1998. This pioneristic
study showed that the total ablation of enteric glia in transgenic mice induce a

fulminant jejuno-ileitis with significative loss in mucosal integrity suggesting
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Figure 1.9. Schematic representation of the main soluble factors released by enteric
glia responsible for the modulation of intestinal epithelial barrier homeostasis. Figure
adapted from Neunlist et al, 2012.

an essential role of EGCs in intestinal homeostasis and contribution in
mechanisms underlying inflammatory bowel disease (Bush et al., 1998). A
significative increase of paracellular permeability in absence or before of
inflammatory processes was also observed in models of less severe glial
ablation (Aubé et al., 2006; Arrieta et al., 2009). The most important glial
mediator of this effect has been identified in the S-nitrosoglutathione (GSNO)
(Savidge et al., 2007; Flamant et al., 2011). During inflammatory conditions,
the release of this nitric oxide donor by enteric glia is directly associated with
a significative reduction in paracellular permeability related to a marked
increase in tight junctions protein expression, including zonula occludens 1
(Z0-1) and occludin (Savidge et al., 2007; Flamant et al., 2011). Among the

proposed mechanism for these effects, it is well established that GSNO
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protects intestinal integrity by reducing CDC42 which has a crucial role in
cytoskeleton assembly and bacterial invasion (Flamant et al., 2011). Recently,
it has been showed that 15-hydroxyeicosatetraenoic acid (15-HETE)
contribute in intestinal barrier permeability (Pochard et al., 2016). This
metabolite of arachidonic acid is released by enteric glia in pathological
conditions, such as Crohn’s disease, and exerts protective effects reducing
intestinal permeability through AMPK inhibition and ZO-1 expression
(Pochard et al., 2016). Interestingly, the same negative modulation glia-
mediated in permeability was observed following different pro-inflammatory
stimuli, for instance cytokines cocktail (TNFa, IL-1p and IFNy),
lipopolysaccharide (LPS) or nitric oxide exposure (MacEachern et al., 2011,
Xiao et al., 2011; Cheadle et al., 2013).

Cellular Proliferation and Differentiation. Enteric glia has also a
consistent antiproliferative action mainly mediated by releasing transforming
growth factor-B1 (TGF-B1) and 15-deoxy-A12,14-prostaglandin J2 (15dPGJ2)
(Neunlist et al., 2007; Bach-Ngohou et al., 2010). The mechanisms on the basis
of these factors is different and do not include any apoptotic process. Indeed,
TGF-B1 inhibits intestinal epithelial proliferation interfering with the cell
cycle. It is well accepted that this factor downregulates G1/S cyclins and
cyclin-dependent kinases expression and, conversely, upregulates cyclin-
dependent kinases inhibitors, mediating a synergic effect in blockade the cell
cycle (Neunlist et al., 2007). In a different way, the lipidic mediator 15dPGJ2
exerts its antiproliferative effect with a peroxisome proliferator-activated
receptor (PPAR)-y-dependent mechanism (Bach-Ngohou et al., 2010). It is
also interesting to highlight that these effects are associated with a significant
promotion of cellular differentiation. Indeed, recent evidences in vitro showed
that EGCs are able to modulate the expression of genes controlling cell-to cell
and cell-to-matrix adhesion toward a general increase in intestinal epithelial
cells differentiation (Van Landeghem et al., 2009).
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Mucosal Healing. The impact of enteric glia on the modulation of intestinal
epithelial barrier has been observed in the mucosal repair after different kind
of barrier injury. An elegant study in 2011 demonstrated that the conditional
ablation of enteric glia in transgenic mice is related to a marked worsening in
damage DSS-mediated and delaying of tissue healing from ulcerations induced
by diclofenac (Van Landeghem et al., 2011). This statement was confirmed by
in vitro analysis showing that EGCs increased intestinal epithelial wound
healing and spreading. The main responsible for this activity is represented by
the soluble factor pro-epidermal growth factor (proEGF) which is released by
EGCs and contribute to epithelial restitution in a EGFR-dependent manner
(Van Landeghem et al., 2011). Recently, another lipidic mediator secreted by
enteric glia has been observed to participate in epithelial repair (Coquenlorge
etal., 2016). 11-B prostaglandin F2 (11pPGF2a) is a metabolite of arachidonic
acid involved in intestinal epithelial barrier healing and spreading through the
activation of PPARy and DP2 receptors, as observed in isolated EGCs/Caco2

co-culture studies (Coquenlorge et al., 2016).
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1.3.4. Pathological Functions

A growing concept in gastroenterology is the active role of ENS in the
gastrointestinal pathophysiology. In particular, a large amount of evidences
demonstrated the direct involvement of enteric glia in the initiation and
propagation of intestinal inflammatory processes and related pathologies, such

as ulcerative colitis and Chron’s disease.
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Figure 1.10. Schematic representation of enteric glia involvement with related glial
meditars in both intestinal healthy and inflammatory conditions. Figure adapted from
Neunlist et al, 2014.

1.3.4.1. Morphological and Functional Changes

Changes in the number of EGCs are associated to inflammatory bowel
diseases, diverticular disease, Chagas disease and pathology not directly
related to gastrointestinal tract, such as type Il diabetes or Parkinson’s disease
(Cornet et al., 2001; Wedel et al., 2010; da Silveira et al., 2011; von Boyen et
al., 2011; Devos et al., 2013; Stenkamp-Strahm et al., 2013). The nature of

these alteration can vary depending on the single pathology and is usually
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studied by GFAP and S100 immunoreactivity. We can assume that, globally,
glial density is reduced in the diseases course with due exceptions. For
instance, a significant decrease in GFAP protein expression was observed in
non-inflamed areas from patients with Crohn’s disease, but not in ulcerative
colitis (Cornet et al., 2001; von Boyen et al., 2011). Conversely, the inflamed
regions of both inflammatory bowel diseases are characterized by high GFAP
levels, although less pronounced in Chron’s disease (Cornet et al., 2001; von
Boyen et al., 2011). Similar results were provided for Chagas disease but with
a decreased S100B immunoreactivity (da Silveira et al., 2011). Actually, it is
not surprising this difference between the glial markers expression because of
their cellular localization, as explained above. Nevertheless, it is clear a greater
expression of glial markers in inflamed tissues in comparison with non-
inflamed regions. In support of this statement, several evidences showed a
marked sensitiveness of EGCs to proinflammatory stimuli (Figure 1.11). The

exposure to TNFa or IL-1f, as well as bacterial lipopolysaccharide (LPS),

induce S100B and GFAP protein expression, also in autocrine way by release

A

Figure 1.11. Difference in S100B immunoreactivity (red) between enteric glia in

absence of proinflammatory challenge (A) and activated-EGCs during inflammation

(B).
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of glial endothelin-1 (von Boyen et al., 2004; Cirillo et al., 2009; von Boyen
and Steinkamp, 2010). Interestingly, these morphological alterations in glial
phenotype are reflected in functional changes represented by expression of
receptors and enzymes and glial proliferation (Nasser et al., 2007; Joseph et
al., 2011). Furthermore, in vivo and in vitro studies showed an increase in glial
activity through the upregulation of early gene c-Fos in both submucosal and
myenteric plexi and translocation of signal transducer and activator of
transcription 5 (STAT-5) in cultured enteric glia following IL-1p and TNFa.
application, respectively (Tjwa et al., 2003; Rehn et al., 2004). In addition to
cytokines, other proinflammatory mediators can modulate glial activity.
Thrombin is capable to activate the glial protease-activated receptors (PARs)
resulting in a marked Ca?* responses and contributing to inflammatory process
(Garrido et al., 2002). Moreover, EGCs are very responsive to extracellular
purines, released and less hydrolyzed during inflammation (Wynn et al., 2004;
Lomax et al., 2005). All these findings support the evidence that enteric glia
can detect inflammatory extracellular substances and, in response, promote and
participate actively to inflammatory processes. No less importantly, these
functional abnormalities also translate in the loss of neuroprotective and
physiological actions of enteric glia inducing, among other effects, a
significative neuronal death in pathological conditions.

A recent lipidomic study highlighted a marked reduction in different
polyunsaturated fatty acids (PUFAs) metabolites produced by enteric glia
isolated from Crohn’s disease patients in comparison with healthy subjects
(Coquenlorge et al., 2016). At the same time, EGCs have lost their ability to
modulate tissue healing and intestinal permeability in these patients,
suggesting that these metabolites are responsible, at least in part, for glial
activity. In particular, the arachidonic acid 11pPGF2a has been associated with

impaired effect of enteric glia in Crohn’s disease.
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1.3.4.2. Interaction with Immune System

Currently, the concept of an important cross-talk between enteric glia and
immune system has been hypothesized and largely recorded. One of the most
interesting observations describes EGCs as antigen presenting cells (APC) able
to evoke immune cells during inflammation. Not for nothing, enteric glia
express inducible major histocompatibility complex (MHC) class Il receptor
on the cellular surface in Crohn’s disease and in Chagas disease with the
costimulatory proteins CD80 and CD86 (Koretz et al., 1987; da Silveira et al.,
2011). In support, in vitro evidences also showed an increasing of glial MHC
class Il peptides and intercellular adhesion molecules 1 (ICAM-1) expression
(Hollenbach et al., 2000). Consistently, these data are related to a high
lymphocyte density nearby. Moreover, in inflammatory conditions mast cells
are recruited by enteric ganglia and degranulated mast cells result often in
contact with EGCs and S100 positive nerve fibers (Bassotti et al., 2011).

It is worth noting that enteric glia is able to detect invading bacteria because
of the expression of Toll-like receptor 4 (TLR-4). The binding with bacterial
LPS activates a signaling cascade inducing downstream the transcription of
different genes encoding for proinflammatory cytokines and regulators. An
elegant study by Esposito in 2014 demonstrated that glial TLR-4 is
overexpressed in human colonic tissues isolated from patients affected by
ulcerative colitis as well as in DSS-treated mice. Interestingly, this
upregulation is tightly associated with a marked phosphorylation of p38
MAPK, ERK, JNK and NF-kB activation, identifying a possible mechanism
on the basis of enteric glia response following detrimental noxia (Esposito et
al., 2014).
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Figure 1.12. Co-expression of S100B (red) and TLR-4 (green) on enteric glia. Nuclei
were stained with Hoechst (blue). Figure adapted from Turco et al, 2013. Scale Bar:

40 pm.

1.3.4.3. The Role of S100B in inflammation and cancer

S100B belongs to Ca?*/Zn?* binding protein family and represents the main
glial mediator involved in inflammatory responses. It is physiologically
localized at cytoplasmatic and/or nuclear level in both nervous and non-
nervous tissues. In the brain, astrocytes release S100B which can exert
opposite effects depending upon its concentrations. At nanomolar
concentrations, S100B acts as a neurotrophic factor, promoting neuronal
survival and astrocytes proliferation (Zimmer et al., 2005; Bramanti et al.,
2010; Chow et al., 2010). Conversely, at micromolar concentrations has toxic
effects with important implications in neurodegenerative diseases, including
Alzheimer’s disease and Down syndrome (Griffin et al., 1989; Van Eldik and
Griffin, 1994). In the gut, a tight association between high levels of S100B and



the severity of inflammatory states has been described. Actually, S100B is
considered a specific enteroglial marker and behaves similarly to what
observed in the CNS. More specifically, S100B effects are mediated by
activation of membrane receptor for advanced glycation end products (RAGE)
through the S100B accumulation on the extracellular portion of the receptor
(Schmidt et al., 2001; Adami et al., 2004; Cirillo et al., 2009). The activation
of RAGE induces different reactions at the intracellular level: lipids
peroxidation and p38 mitogen-activated protein kinase (p38-MAPK)
phosphorylation. Lipoperoxidation increases cellular oxidative state with a
massive production of reactive oxygen species (ROS) (Esposito et al., 2006;
Capoccia et al., 2015a). The phosphorylation of p38-MAPK triggers the
nuclear translocation of transcription factor nuclear factor-xB (NF-kB),
responsible for the transcriptions of genes encoding for proinflammatory
mediators and cytokines, including iNOS and COX-2 (Esposito et al., 2006;
Capocciaetal., 2015a). In view of the above, the causality between high levels
of S100B and NO release in inflammatory states has been reported in different
gut pathologies. Indeed, a significant increase in S100B mRNA and protein
expression associated with the extent of iINOS expression has been shown in
duodenal mucosa of patients with celiac disease as well as in rectal mucosa of
ulcerative colitis patients (Esposito et al., 2007; Cirillo et al., 2009). Moreover,
in the same studies the exposure to micromolar concentration of exogenous
S100B induced a massive release of NO in healthy tissue (Esposito et al., 2007;
Cirillo et al., 2009). Along this line, an elegant in vitro study demonstrated that
an inflammatory stimulus represented by LPS and IFNy, increase S100B
protein expression and release on isolated human EGCs, associated with a
significative increment of iINOS expression and nitrite release (Cirillo et al.,
2011). To confirm whether S100B is crucial for the inflammatory response,
effects on iNOS expression and nitrite production were reduced in presence of
RAGE antibody and S100B antibody (Cirillo et al., 2011). More recently, in a

model of secretory diarrhea HIV-1 Tat-induced, a marked neuroinflammation
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mediated by EGCs was observed. The activation of enteric glia resulted in a
significative increase in GFAP, S100B and iNOS expression with a massive
release of S100B and nitrite (Esposito et al., 2017). All the effects were
abolished inhibiting glial activity with lidocaine administration (Esposito et al.,
2017). Taken together, these data highlighted the pivotal role of EGCs in
intestinal inflammatory processes whose activity is principally mediated by
S100B.

lipoperoxidatiy
IxB . S100B

iNOS, IL-6, COX-2
Proinflammatory Antiapoptotic
effect effect

Figure 1.13. Schematic representation of mechanisms underlying the proinflammatory

and anti-apoptotic effect of S100B protein.

Over the past decades it has been demonstrated a close relationship between
chronic inflammatory states and colon cancer (Quante et al., 2013; Garcia et
al., 2014). Indeed, intestinal inflammation is considered the earliest step in the
adenoma-carcinoma sequence because of its ability to promote a pro-malignant
microenvironment (Quante et al., 2013; Garcia et al., 2014). For instance, the

production of ROS during inflammatory process induces genetic mutations
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exceeding the control of p53 via apoptosis. Under these circumstances, S100B
may make a large contribution in cancer promotion associated to chronic
inflammation. Actually, S100B generates an overwhelming genomic
instability due to ROS production and induces NF-kB activation, that
contribute to carcinogenesis acting as protooncogene. Moreover, S100B is able
to inhibit p53 protein functions. It interacts with the C-terminus of p53
preventing its tetramerization, phosphorylation protein kinase C-mediated and
transcriptional activity (Delphin et al., 1999; Fernandez-Fernandez et al.,
2008). Although studies concerning the involvement of S100B in colorectal
cancer are still missing, several evidences support this statement for different
malignancies, including melanoma and glioma (Lin et al., 2004; Capoccia et
al., 2015b). It is currently used as biomarker in the diagnosis and prognosis of
melanoma where it results overexpressed (Andres et al., 2004; Weide et al.,
2012). Similarly, S100B upregulation was associated with early relapse and
liver metastasis after curative resection in patients affected by colorectal cancer
(Hwang et al., 2011; Huang et al., 2012). Based on this background, S100B
may display an essential role in the promotion of colitis-associated colon
cancer and, consequently, may be a possible molecular target of intervention

in the prevention of this pathology.

1.3.4.3. The Role of PGE: in inflammation and leaky gut

Prostaglandin E2 (PGEy) is a bioactive lipid produced by enteric glia in
pathological condition exerting several biological effects associated with
inflammation and cancer. PGE; belongs to the prostanoid family and is
synthesized by sequential reactions operated by different enzymes. In the first
place, free fatty acids, including arachidonic acid, are produced by

phospholipases, enzymes responsible for the hydrolysis of membrane
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Figure 1.13. Schematic representation of PGE;, synthesis. Figure adapted from
Clasadonte et al, 2011.

phospholipids. Then, membrane-released arachidonic acid is oxidized in
unstable product, PGG; which is reduced in PGH; by the same enzyme, called
cyclooxygenase (COX). The inducible isoform is COX-2 and is highly
expressed by several tissue following proinflammatory and mitogenic stimuli
(Wang and Dubois, 2006). Finally, PGH., can be converted in different
prostaglandin by specific terminal synthases. Specifically, PGE: is produced
by microsomal PGE synthase-1 (mPGES1), mPGES2 and cytosolic PGE
synthase (cPGES) (Jakobsson et al., 1999; Wang et al., 2005b). While
MPGES2 and cPGES are constitutively expressed, during inflammation

mPGES1 is highly induced in association with COX-2 to generate high
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temporary concentrations of PGE, (Murakami et al., 2000). Beside to classic
inflammatory activity acting as vasodilator and pyrogenic agent, PGE; interact
with immune system enhancing the resolution of inflammation and tissue
repair. For instance, PGE; inhibits the synthesis of IL-2 cytokine and the
relative receptor expression by T cells counteracting their proliferation and
activation (Kalinski, 2012). Similarly, cytotoxic activities of natural Killer
(NK) and activated T cells are abolished by the prostanoid as well as the
production of the chemokine CCL19 responsible for attracting naive T cells in
the site of infection (Martinet et al., 2010; Muthuswamy et al., 2010). In the
gut, several evidences in vivo demonstrated the protective role of PGE; in
support of barrier permeability and integrity. Indeed, it has been reported that
genetic deletion of mMPGES1 in mice induce the presence of spontaneous
colonic ulcerations underlying the key role displayed by PGE; in mucosal
homeostasis and wound repair (Nakanishi et al., 2011). Accordingly, another
study showed that the absence of mPGES1 in KO mice resulted in marked
severity of ulcerative colitis starting from day 1 of dextran sodium sulfate
(DSS) administration, due to a higher sensitiveness to DSS treatment in
comparison with wild type mice (Hara et al., 2010). It has been hypothesized
that PGE; may protect the mucosal integrity by the interaction with EP4
receptor. Indeed, EP4 agonist administration prevent mucosal damage DSS-
induced and, along this line, a worsening of intestinal injury and barrier
integrity after DSS administration in EP4 deficient mice has been observed
(Kabashima et al., 2002). Among the other mechanism proposed, PGE;
mediates tissue repair and epithelial regeneration through the activation of the
PI3K/Akt pathway and the Wnt cascade as well as the transactivation of
epidermal growth factor receptor (EGFR) (Buchanan et al., 2003; Castellone
etal., 2005). Interestingly, these mechanisms are also responsible for epithelial
proliferation and colon cancer promotion suggesting a prominent role of PGE;
in the colon tumorigenesis. This statement is supported by several researches

using different animal models. Direct evidences showed that the administration
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of PGE: in rats induces cellular proliferation and reduces apoptotic processes
resulting in a marked increase in colon cancer incidence and multiplicity
(Kawamori et al., 2003; Wang et al., 2005a). Furthermore, less production of
PGE; due to genetic deletion of mMPGES1 in Apc-mutant mice is associated
with a persistent suppression of tumor growth (-66%) and adenomas formation
(-95%) (Nakanishi et al., 2008). Along this line, Nakanishi et al. evaluated the
impact of MPGESL1 gene deletion in A/J mice which are more sensitive to colon
carcinogenesis. mMPGES1 KO mice showed a significative decrease in colon
cancer multiplicity (-80%) and incidence (-90%) compared to wild type
animals (Nakanishi et al., 2011). The data from all these studies converge on
the consistent contribution of PGE; in inflammation as well as in promoting of
pro-malignant microenvironment that leads to tumorigenic drift. Interestingly,
COX-2 protein expression and PGE: release are markedly induced by S100B
after enteric glia activation in pathological condition (Esposito et al., 2007;
Cirillo et al., 2009). Hence, it can be assumed that PGE: act as glial mediator
in modulating mucosal integrity and permeability by mediating a “leaky gut”
condition that underlies the majority of gut pathologies, including
inflammatory bowel disease and colon cancer. Nevertheless, evidences about
the role of specific glial-derived PGE; because of the ubiquitarian expression
of the prostanoid. Although more investigations are necessary, targeting PGE;
production by controlling mPGES1 or COX-2 expression and/or by
modulating enteric glia activity may represent a promising strategy in the

management of gut pathologies.

1.4. Aim of the study

The present research is focused on providing new insights in the

pathophysiological functions of enteric glia identifying novel molecular target
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for the intervention of gastrointestinal disorders. Specifically, we focused on
the role of two different glial mediators: S100B and PGE,. S100B is a calcium-
binding protein physiologically release by EGCs acting as neurotrophic factor.
An aberrant production of S100B represents a key step in several intestinal
diseases, including ulcerative colitis, celiac diseases and melanoma. However,
evidences about the implication of S100B in colon cancer outcome are still
missing. On the other hand, PGE:; is a bioactive lipid belonging to prostanoid
family exhibiting different actions in intestinal inflammation, tissue repair as
well as colon cancer. Although the involvement of PGE; in the homeostasis
and pathological conditions of gastrointestinal tract is well established, any
investigations about PGE; as glial mediator have been reported yet.

In this scenario, the present study aimed to:

i) elucidate the role of S100B in ex vivo culture of human colorectal cancer;

i) evaluate the impact of glial-derived PGE; on intestinal functions in both
physiological and pathological conditions in mPGES1-S100B-deleted mice.
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Chapter 2
THE ROLE OF S100B ON
HUMAN COLON CANCER

2.1 Introduction

Colorectal cancer (CRC) is the third most common cancer in men and the
second in women throughout the world (Ferlay et al., 2015; Aran et al., 2016).
Almost 55% of colorectal cancer cases occurred in more developed countries
representing one of the leading cause of malignancy worldwide (Marley and
Nan, 2016). Elegant reports, over the past decades, have recognized that
accumulating genetic mutations in epithelial stem cells are crucial in the multi-
step cascade of events leading to colon carcinogenesis (Barker et al., 2009;
Zeki et al, 2011). Interestingly, an increased incidence of colon
adenocarcinoma has been observed in patients affected by inflammatory bowel
diseases, such as ulcerative colitis, suggesting that an intestinal long-standing
state of inflammation may be an agent of epithelial cell mutations leading to
CRC (Freeman, 2008; Jess et al., 2012). Actually, it has been recognized that
the production of reactive oxygen species (ROS) during chronic inflammation
is able to induce genetic mutations, that may be repaired by p53-dependent cell
cycle checkpoint, preventing the replication of mutated cells. From these
perspectives, the overwhelming genomic instability promoted by chronic
inflammatory states and able to exceed the control of p53 protein, appears to
be the fundamental step in the progression of colonic neoplastic lesions
(Schwitalla et al., 2013).

In this composite scenario, among the cellular populations composing the

enteric nervous system (ENS), the enteric glial cells (EGCs) has been recently
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discovered as a key cellular element in the gut homeostasis maintenance as
well as in the triggering and perpetuating of gut inflammation, intestinal barrier
permeability and epithelial cells proliferation (Cornet et al., 2001; Aubé et al.,
2006; Neunlist et al., 2007; Capoccia et al., 2015). In particular, EGCs react to
different external stimuli acting as antigen-presenting cells (APC) and thus
releasing specific signaling molecules and cytokines. Among these factors,
S100B belongs to a multigene family of diffusible Ca*?/Zn*2-binding proteins
and it is physiologically and specifically expressed by EGCs in the gut
(Esposito et al., 2007; Cirillo et al., 2009, 2011b). S100B represents an
intriguing glial mediator because of its dual activity in mediating inflammation
and cellular proliferation. Indeed, at micromolar concentration, S100B
accumulates at the level of Receptor for Advanced Glycation End products
(RAGE) and activates RAGE/NF-kB pathway that is accompanied by ROS
production. Downstream the protooncogene NF-kB can move in the nucleus
promoting the transcription of proinflammatory cytokines (including IL-6) and
mediators (iNOS and COX-2) which are crucial in the inflammatory response
but also in the pathogenesis of colorectal cancer (Heizmann et al., 2002;
Romano et al., 2016). Additionally, S100B is able to inhibit the activity of
tumor suppressor p53 protein (Lin et al., 2001). In fact, S100B binds p53
through a protein-protein interaction forming a complex that prevents p53
tetramer formation and, consequently, its transcriptional activity aimed at
regulating cell cycle (Delphin et al., 1999; Fernandez-Fernandez et al., 2008).
The final proliferative effect contributes importantly to carcinogenic process,
as already seen in melanoma (Lin et al., 2004, 2010; Yoshimura et al., 2013).
Starting from this background, it can be assumed that S100B may be a
promising molecular target in the treatment of colorectal cancer. Indeed, it is
already used as biomarker in the diagnosis and prognosis of melanoma and its
involvement in other malignancies is under study. Nevertheless, evidences

about the contribution of S100B in the colon cancer outbreak are still missing.
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Therefore, we aimed at investigating the role of entero-glial derived S100B
protein in ex vivo culture of human colon cancer providing information about
the S100B/p53 interaction as potential therapeutic strategy for the treatment of
the pathology.
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2.2 Materials and Methods

Experimental Design

Biopsy specimens of peritumoral and tumoral areas from 8 patients
diagnosed with colon cancer (5 women; mean age 47 years) has been used for
the experiments. None of the patients had familiar history of colon cancer,
hence all the cancers were considered as sporadic. Patients were diagnosed
with left (3 patients, 1 woman) and sigmoid (5 patients, 4 women) sporadic
colon cancer with no evidence of lymph nodes or distant metastasis and/or
local invasion at pre-operative staging (T1 or T2, NO, M0). As positive
controls, we collected four mucosal biopsies from the recto-sigmoid region of
8 patients with diagnosed UC (5 women; mean age 47 years) undergoing
colonoscopy for relapse of rectal bleeding. All patients had proven histological
diagnosis of UC with a MAYO 2 score at endoscopy and none of them had
dysplastic modifications at routine histopathological examination. Four recto-
sigmoid biopsies form 8 otherwise control subjects (2 women; mean age 50
years) undergoing colonoscopy for colon cancer screening, served as controls.

Human colonic specimens were used for the experiments and were divided
in the 4 groups, as follows: 1) control group comprising colonic specimens
collected from 8 control undergoing colonoscopy for colon cancer screening
(2 women; mean age 50 years); 2) peritumoral group comprising surgical
specimens of peritumoral areas collected from 8 patients diagnosed with colon
cancer (5 women; mean age 47 years); 3) UC group comprising surgical
colonic specimens collected from 8 patients diagnosed with ulcerative colitis,
(5 women; mean age 47 vyears); 4) tumoral group comprising surgical
specimens of tumoral areas collected from 8 patients diagnosed with colon

cancer (5 women; mean age 47 years). All patients received and signed an
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informed consent and all procedures were approved by the ethical committee
of the University of Naples “Federico II”.

Surgical specimens were cut in thin slices (400 um) using a Vibratome
VT1200 (Leica Microsystem) to get organotypic culture in according to the
procedure described by Vaira et al (Vaira et al., 2010). Specimens were rapidly
washed in ice-cold sterile 1X PBS, orientated and immobilized using
cyanoacrylate glue. Slicing speed was optimized depending on tissue type and
density: 0.03-0.08 mm/s for inflamed tissue and 0.01-0.08 mm/s for normal
tissue. Vibration amplitude was set at 2.95-3.00 mm. Then slices were cultured
on specific organotypic inserts with FBS-supplemented Dulbecco Modified
Eagle’s Medium (DMEM) at 37°C in 5% CO2/95% for 24h. In another set of
experiments, control group whole-mount specimens were exposed to S100B at
increasing concentrations (0.005, 0.05, 0.5 and 5 uM). At the end of
experiments, surnatants were collected and specimens were homogenized to

perform biochemical analysis as described below.

Western Blot

Whole-mount specimens were homogenized in ice-cold hypotonic lysis
buffer to obtain cytosolic extracts; thus, protein concentration was determined
using Bio-Rad protein assay kit (Bio-Rad, Milan, Italy). Equivalent amounts
(50pug) of each homogenate underwent electrophoresis through a
polyacrilamide minigel. Proteins were transferred onto nitrocellulose
membrane that were saturated with non-fat dry milk and then incubated with
either mouse anti-S100B (Neo-Marker, Milan, Italy), mouse anti-iNOS, rabbit
anti-COX2, rabbit anti-RAGE, mouse anti-PCNA, rabbit anti-Bax, rabbit anti-
p53* (all Abcam, Cambridge, UK), rabbit anti-total p38 MAPK, rabbit anti-
phospho p38 MAPK (all Cell Signaling Technology, Euroclone, Pero, Milan,

Italy), mouse anti-B-actin (Santa Cruz Biotechnology, Santa Cruz, California,
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USA). Membranes were then incubated with the specific secondary antibodies
conjugated to horseradish peroxidase (HRP) (Dako, Milan, Italy). Immune
complexes were revealed by enhanced chemiluminescence detection reagents
(Amersham Biosciences, Milan, Italy). Blots were analyzed by scanning
densitometry (GS-700 imaging densitometer; Bio-Rad). Results were
expressed as OD (arbitrary units; mmz2) and normalized on the expression of

the housekeeping protein B-actin.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed to detect NF-xB activation in nuclear extracts of
whole-mount specimens. Double stranded oligonucleotides containing the NF-
kappaB recognition sequence for (5" AGTTGAGGGGACTTTCCCAGCC)
were end-labelled with *?Py-ATP. Nuclear extracts were incubated for 15 min
with radiolabeled oligonucleotides (2.5-5.0 x 10*cpm) in 20 ml reaction buffer
containing 2 mg poly dI-dC, 10 mM Tris—HCI (pH 7.5), 100 mM NaCl, 1 mM
EDTA, 1 mM dl-dithiothreitol, 1 mg/ml bovine serum albumin, 10% (v/v)
glycerol. Nuclear protein-oligonucleotide complexes were resolved by
electrophoresis on a 6% non-denaturing polyacrylamide gel in 1 Tris Borate
EDTA buffer at 150V for 2 hrs at 4°C. The gel was dried and autoradiographed
with an intensifying screen at -80°C for 20 hrs. Subsequently, the relative
bands were quantified by densitometric scanning with Versadoc (Bio-Rad
Laboratories) and a computer software (Quantity One Software, Bio-Rad
Laboratories). *Py-ATP was from Amersham (Milan, Italy). Poly dI-dC was
from Boehringer-Mannheim (Milan, Italy). Oligonucleotide synthesis was

performed to our specifications by Tib Molbiol (Boehringer-Mannheim).
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NO quantification

NO was measured as nitrite (NOy) accumulation in human biopsies
supernatants by a spectrophotometer assay based on the Griess reaction (Di
Rosa et al., 1990). Briefly, Griess reagent (1% sulphanilamide, 0.1%
naphthylethylenediamine in HsPO,) was added to an equal volume of
supernatant and the absorbance was measured at 550 nm. Nitrite concentration
(nM) was thus determined using a standard curve of NaNO..

Myeloperoxidase assay

Myeloperoxidase (MPO), a marker of polymorphonuclear leukocyte
accumulation and general inflammation occurring in colonic tissues, was
determined as previously described (Cassini-Vieira et al., 2015). After
removal, human colonic tissues were rinsed with a cold saline solution, opened
and deprived of the mucosa using a glass slide. The resulting layer was then
homogenized in a solution containing 0.5% hexadecyltrimethylammonium
bromide (Sigma-Aldrich) dissolved in 10 mM potassium phosphate buffer and
centrifuged for 30 min at 20 000xg at 37°C. An aliquot of the supernatant was
mixed with a solution of tetramethylbenzidine (1.6 mM; Sigma-Aldrich) and
0.1 mM hydrogen peroxide (Sigma-Aldrich). The absorbance was then
spectrophotometrically measured at 650 nm. MPO activity was determined as
the amount of enzyme degrading 1 mmol/min of peroxide at 37°C and was

expressed in milliunits per 100 mg of wet tissue weight.
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Lipid peroxidation assay

Malonyl dialdenyde (MDA) was measured by the thiobarbituric acid
colorimetric assay in human biopsies supernatants. Briefly, 1 mL 10% (w/v)
trichloroacetic acid was added to 450 pl of tissue lysate. After centrifugation,
1.3 mL 0.5% (w/v) thiobarbituric acid was added and the mixture was heated
at 80°C for 20 min. After cooling, MDA formation was recorded (absorbance
530 nm and absorbance 550 nm) in a Perkin Elmer (Waltham, Massachusetts,

USA) spectrofluorimeter and the results were presented as ng MDA/mL.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) for S100B and PGE;
(Biovendor R&D, Brno, Czech Republic) was carried out on human biopsies
supernatants according to the manufacturer’s protocol. Absorbance was
measured on a microtitre plate reader. S100B levels were determined using

standard curves method.

Statistical analysis

Results were expressed as mean + SEM of experiments. Statistical analysis
was performed using parametric one-way analysis of variance (ANOVA) and
multiple comparisons were performed by Bonferroni's post hoc test. p values

<0.05 were considered significant.
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2.3 Results

Basal level of S100B and the relative RAGE/NF-kB

pathway activation increase with the severity of lesions

S100B protein expression and release were significantly higher in colon
cancer specimens than control groups (all p<0.001; Figure 2.1 A-C).
Comparing all the experimental groups, the increase of S100B production in
culture media was proportional to the degree of lesion severity (peritumoral:
p<0.01 and UC: p<0.001 vs control; Figure 2.1A). Accordingly, an ever greater
amount in S100B protein expression has been detected in the UC, peritumoral
and tumoral specimens, respectively (peritumoral: p<0.05 and UC: p<0.001 vs
control; Figure 2.1 B-C). Interestingly, RAGE/NF-xB signaling proteins
follow a similar trend to S100B. Therefore, a proportional upregulation in
RAGE expression (peritumoral: p<0.01, UC: p<0.001 and tumoral: p<0.001
vs control; Figure 2.1 B, D), p38 MAPK phosphorylation (UC: p<0.05 and
tumoral: p<0.001 vs control; Figure 2.1 B, E) and NF-kB activation (UC:

p<0.05 and tumoral: p<0.001 vs control; Figure 2.1 B, E) was observed.
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tumoral specimens. (A) The panel shows S100B basal release in the different tissues.
(B-E) Densitometric analysis and relative quantification of the corresponding
immunoreactive bands for S100B, RAGE and phospho-p-38 MAPK (arbitrary units
normalized on the expression of the housekeeping protein B-actin). (F-G) The panel
shows representative NF-xB activation complex bands and their densitometric
quantification (OD= optical density in mm?). Results are expressed as mean+SEM of
n=>5 experiments performed in triplicate. * p<0.05, ** p<0.01 and *** p<0.001 versus

control.
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p53" protein decreases with the degree of specimens

severity

S100B is able to bind tumor suppressor p53 inhibiting its proapoptotic
activity. Because of this interaction, the expression of p53**and S100B protein
were inversely related, yielding to an ever more significant reduction of p53*
protein expression in UC, peritumoral and tumoral groups, respectively
(peritumoral: p<0.01, UC: p<0.001 and tumoral: p<0.001 vs control; Figure
2.2 A-B). Along this line, an ever more decrease in pro-apoptotic Bax protein
expression was observed in comparison with control group (peritumoral:
p<0.01, UC: p<0.001 and tumoral: p<0.001; Figure 2.2 A, C). Conversely, the
proliferative marker PCNA is markedly increased in tumoral tissues when
compared to control group (p<0.001; Figure 2.2 A, D). Again, correlating all
other experimental groups, PCNA upregulation was proportional to the
severity of lesions (UC: p<0.05 vs control; Figure 2.2 A, D).
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Figure 2.2. Pro-apoptotic and proliferative profile of peritumoral, UC and tumoral
specimens. (A-D) Densitometric analysis and relative quantification of the
corresponding immunoreactive bands for p53", Bax and PcNA (arbitrary units
normalized on the expression of the housekeeping protein B-actin). Results are
expressed as mean=SEM of n= 5 experiments performed in triplicate. * p<0.05, **

p<0.01 and *** p<0.001 versus control.
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Oxidative stress S100B-induced extends proportionally

with the injury degree

S100B contributes importantly to cellular oxidative stress promoting lipid
peroxidation and iNOS expression through the activation of RAGE/NF-xB
pathway. To assess oxidative stress, we evaluated myeloperoxidase (MPO)
and malonaldehyde (MDA) concentrations, as well as iNOS expression and

mucosal NITRITE production. In colon cancer specimens, a significant raise
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in MPO Figure 2.3. Oxidative stress in peritumoral, UC and tumoral specimens. The
panel shows (A) MPO and (B) MDA production in the different tissues. (C-E)
Densitometric analysis and relative quantification of the corresponding
immunoreactive bands for iINOS and COX-2 (arbitrary units normalized on the
expression of the housekeeping protein B-actin). The panel shows (F) nitrite and (G)
PGE:; release in the culture medium of different specimens. Results are expressed as
mean+SEM of n= 5 experiments performed in triplicate. ** p<0.01 and *** p<0.001

versus control.
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and MDA concentrations was observed compared with control groups (all
p<0.001; Figure 2.3 A-B) showing a proportional increase when all
theexperimental groups are compared (all peritumoral: p<0.01 and UC:
p<0.001 vs control; Figure 2.3 A,B). Similarly, mucosal iNOS protein
expression and NITRITE production in the culture medium were ever higher
in UC, peritumoral and tumoral groups, respectively (all peritumoral: p<0.01,
UC: p<0.001 and tumoral: p<0.001; Figure 2.3 C-D, F). In association with
oxidative stress, a significant increase in COX-2 protein expression and PGE>
release in a proportional manner with the severity of injuries was observed (all
peritumoral: p<0.01, UC: p<0.001 and tumoral: p<0.001; Figure 2.3 C, E, G).

Exposure to exogenous S100B induces a protein

expression profile similar to tumoral specimens

To address the role of S100B protein upregulation in colon cancer
specimens, whole-mount specimens from the control group were exposed to
exogenous S100B at increasing concentrations (0.005, 0.05, 0.5 and 5 uM).
After 24h incubation, exogenous S100B induced a significant decrease in p53™*
protein expression in a dose-dependent fashion (0.005 puM: p<0.05, 0.05-5 uM:
p<0.001 vs control; Figure 2.4 A-B). In parallel, both concentration dependent
decrease in Bax protein expression (0.005 uM: p<0.05, 0.05 uM: p<0.01, 0.5-
5 pM: p<0.001 vs control; Figure 2.4 A, C) and increase in PCNA protein
expression (0.05 pM: p<0.05, 0.5-5 uM: p<0.001 vs control; Figure 2.4 A, D)
were detected, demonstrating a raising proliferative profile after exogenous
S100B exposure. This finding was associated with an increasing of oxidative
stress state. Indeed, exogenous S100B markedly increased MPO (0.005 puM:
p<0.01, 0.05-5 pM: p<0.001 vs control; Figure 2.4 1) and MDA (0.05-5 pM:

p<0.001 vs control; Figure 2.4 J) level in a concentration-dependent fashion,
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Figure 2.3. Exogenous S100B induces a tumor-like profile in a concentration-
dependent manner. (A-H) Densitometric analysis and relative quantification of the
corresponding immunoreactive bands for p53"t, Bax, PCNA, iNOS, COX-2, RAGE
and phospho-p38 MAPK (arbitrary units normalized on the expression of the
housekeeping protein 3-actin). The panel shows (I) MPO, (J) MDA, (K) PGE; and (L)
nitrite production in the different tissues. Representative NF-«xB activation complex
bands and their densitometric quantification (OD= optical density in mm?). Results are
expressed as meanSEM of n= 5 experiments performed in triplicate. * p<0.05, **

p<0.01 and *** p<0.001 versus control.

as well as iNOS (0.005 pM: p<0.05, 0.05-5 uM: p<0.001 vs control; Figure
2.4 A, E) and COX-2 (0.005 pM: p<0.05, 0.05-5 pM: p<0.001 vs control;
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Figure 2.4 A, F) protein expression with nitrite (0.005 uM: p<0.05, 0.05-5 uM:
p<0.001 vs control; Figure 2.4 K) and PGE: (0.05-5 uM: p<0.001 vs control;
Figure 2.4 L) release in the culture media. As expected, increasing doses of
S100B induced an ever more expression of RAGE/NF-«kB signaling proteins.
In particular RAGE expression (0.005 uM: p<0.05, 0.05-5 uM: p<0.001 vs
control; Figure 2.4 A, G), p38 MAPK phosphorylation (0.005-0.05 uM:
p<0.05, 0.5-5 uM: p<0.001 vs control; Figure 2.4 A, H) and NF-kB activation
(0.005-0.05 pM: p<0.05, 0.5-5 uM: p<0.001 vs control; Figure 2.4 M-N) have
been investigated.
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2.4 Discussion

In the present study, we showed for the first time that enteroglial-derived
S100B protein is involved in the promotion of colon carcinogenesis by
sustaining an inflammatory and oxidative microenvironment and by inhibiting
p53* function. To test whether S100B may be the main responsible for
tumorigenic drift, we also demonstrated that control specimens exposed to
exogenous S100B showed a significant decrease in the expression of p53
protein associated to a protein expression profile similar to tumoral tissues.

Even though genetic mutations in epithelial stem cells are considered the
mainstay step in colon cancer development, recent data suggest that primary
dysfunction in the intestinal microenvironment can be critical for cancer
development and progression (Quante et al., 2013; Garcia et al., 2014). This
scenario is strongly supported by the perpetuation of chronic inflammation that
promote alterations on colonic epithelial cells and eventually evolve into
tumorigenic drift (McConnell and Yang, 2009). In fact, inflammatory bowel
diseases rank as third highest factor risk to develop colorectal cancer (Kim and
Chang, 2014). S100B protein may represents an ideal bridge between chronic
inflammation and colon cancer acting as the main promoter of the carcinogenic
processes. S100B is a neurotrophine expressed and released by enteric glia
displaying a prominent role in the onset and maintaining of neuroinflammatory
responses to detrimental noxia (Cirillo et al., 2011a; Capoccia et al., 2015).
Interestingly, it is also commonly up-regulated in cancers and is often
associated with tumor progression and prognosis (Andres et al., 2004; Hwang
etal., 2011; Huang et al., 2012). To test whether S100B is involved in the colon
carcinogenesis, we investigated its expression and release in association with
related inflammatory and proliferative mediators in human tumoral specimens
in comparison with healthy tissues. Our results showed that in colon cancer

there is a marked upregulation of S100B directly related to a raise in oxidative
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stress and nitric oxide (NO) production through the increased expression of
iNOS. In fact, it is well established that ROS are among the initiating factors
in colon cancer because of their ability to induce genetic mutations.
Interestingly, our data showed also an increase in COX-2 protein expression
and consequent PGE; release in tumoral specimens, suggesting a possible
implication of this bioactive lipid in the cancer outcome when released by
enteric glia. Furthermore, tumor suppressor p53" expression is inversely
related to S100B due to their protein-protein interaction resulting in a blocking
of apoptotic activity of p53". Accordingly, proapoptotic Bax protein is
downregulated but proliferative marker PCNA is overexpressed. Interestingly,
we found that S100B-induced pro-apoptotic proteins expression and oxidative
mediators profiles closely resemble those observed in UC specimens, even in
less quantity and in the absence of dysplastic modification of the epithelium.
In line with previously reported data, we observed that p53** function was
significantly inhibited in UC specimens, further supporting the evidence that
the impairment of p53" is an early modification in chronic inflammatory
conditions, as UC. These evidences support that this inflammatory-driven pro-
malignant microenvironment may precede cancer development, rather than be
its consequence.

There are limited evidences for a role of EGCs and S100B in the
pathophysiology of colon cancer. In a previous report, the disruption of EGCs
network, ranging from altered EGCs morphology to total loss of S100B
immunoreactivity, has been linked to cancer development (Neunlist et al.,
2007). The authors concluded that EGCs may exert anti-proliferative effects
on epithelial cells, thus protecting against cancer development (Neunlist et al.,
2007). In contrast, an in vivo study on 357 CRC patients showed that an
increased immuno-stained reactivity for S100B protein was a reliable
prognostic factor of recurrence after curative resection (Hwang et al., 2011).
Even if conflicting, these results possibly depend on the dual activity of entero-
glial derived factors, particularly S100B (Fano et al., 1995; Van Eldik and
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Wainwright, 2003). EGCs may indeed display either pro-proliferative and anti-
apoptotic functions or toxic effects depending on the concentration of S100B
released in the extracellular milieu. In this perspective, functional alterations
in EGCs and consequently in their secreted factors may have opposite roles in
cancer, either displaying a tumor suppressor function by increasing immuno-
surveillance against cancer cells or facilitating tumor progression by
promoting cells proliferation and invasion.

Aimed to clarify the involvement of enteric glia and especially of S100B as
putative promoter of tumorigenic drift, we investigated the effects of
exogenous S100B exposure on control tissues. Intriguingly, our data support
the hypothesis that EGCs, fueling intestinal inflammation, can build a pro-
malignant microenvironment S100B-mediated that eventually initiates tumor
growth. Actually, exposure to exogenous S100B generates a tumor-like protein
expression profile. Our results demonstrated that S100B induced a dose-
dependent increase of RAGE/NF-kB signaling protein expression resulting in
a large expression of iINOS and massive release of nitrite. Likewise, an ever
more extent oxidative stress in a concentration-dependent manner was
detected. More importantly, S100B reduced dose-dependently proapoptotic
Bax and p53" tumor suppressor expression confirming its ability to bind p53"*
and block its function to regulate cell cycle.

Although further investigations are necessary to better characterize the role
of EGCs in the pathophysiology of colon cancer, our study provides relevant
evidences about the crucial role of S100B in the onset of colon cancer. Because
of its effect on mediating chronic inflammation and oxidative stress in addition
to proliferative activity via p53" inhibition, S100B represents a promising
molecular target in the colon cancer therapy. More specifically, compound able
to inhibit S100B activity and disrupts S100B/p53 interaction may be a new

possible therapeutic strategy in the treatment of this pathology.
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Chapter 3
IMPACT OF GLIAL-DERIVED
PGE> ON INTESTINAL
FUNCTIONS

3.1 Introduction

Enteric glial cells are a cellular population composing the enteric nervous
system involved in several processes of intestinal homeostasis (Ruhl et al.,
2004; Neunlist et al., 2014). Although EGCs have been considered for years
as passive bystanders of gut pathophysiology, recently a new concept has
emerged based on the actively contribution of enteric glia in intestinal
physiological and pathological functions (Cabarrocas et al., 2003; Bassotti et
al., 2007; Capoccia et al., 2015). In fact, EGCs can modulate cellular epithelial
differentiation and proliferation as well as tissue repair and intestinal
permeability through the release of specific mediators, including growth
factors (such as proEGF and TGFp1) and bioactive lipids (for instance, 11p3-
PGF2a and 15dPGJ2) (Savidge et al., 2007; Van Landeghem et al., 2011; Abdo
et al., 2012; Coquenlorge et al., 2016). Moreover, several evidences
highlighted the prominent role displayed by enteric glia in the initiation and
propagation of inflammatory processes following detrimental noxia (Esposito
et al., 2007, 2017; Cirillo et al., 2009). In particular, it is well established that
the Ca*?/Zn*2-binding protein S100B is over-released by enteric glia promoting
inflammatory states through ROS production and the expression of

proinflammatory cytokines and mediators (Esposito et al., 2007; Cirillo et al.,
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2011; Capoccia et al., 2015). Among these factors, COX2 enzymes expression
is significantly induced and, consequently, a large amount of PGE: is release.

PGE; is a bioactive eicosanoid produced from arachidonic acid by
sequential reactions catalyzed by different enzymes, including the terminal
enzyme mPGES1 (Jakobsson et al., 1999; Park et al., 2006). PGE; exerts a
wide range of effects in the gut pathophysiology, including proinflammatory
activity and tissue repair, through the interaction with prostaglandin E2
receptors (EPs) (Dey et al., 2006). Interestingly, PGE, displays also an
important function in the regulation of intestinal permeability and barrier
integrity. In fact, in vitro studies reported a marked decrease in transepithelial
resistance, tight junctions expression and epithelial barrier integrity in both
T84 and Caco2 cells mediated by PGE; in an EP4 receptor-dependent manner
(Lejeune et al., 2010; Rodriguez-Lagunas et al., 2010). Conversely, a
preventive action in mucosal integrity and permeability DSS-induced was
observed after administration of EP4 agonist (Kabashima et al., 2002). Along
this line, genetic deletion of MPGES1 in mice induced an exacerbation of
colitis induced by DSS exposure suggesting the protective role of PGE; in
maintaining intestinal permeability and barrier integrity (Hara et al., 2010).
However, more investigations are necessary to elucidate the clear role of PGE;
but it appears evident its ability to modulate intestinal permeability and
mucosal integrity. More specifically, it is interesting to investigate the
contribution of PGE; in mediating a condition of leaky gut which underlies
several intestinal diseases, including ulcerative colitis and colon cancer. In fact,
permeability and intestinal barrier impairment mediated by leaky gut allows
the external antigens to come to contact with the organism from the lumen,
triggering immune or inflammatory responses. In support of this hypothesis,
studies focused on the role of S100B in ulcerative colitis and celiac disease,
similarly to previous chapter on colon cancer, reported a marked increase in
COX2 protein expression and PGE; release (Esposito et al., 2007; Cirillo et
al., 2009). Thus, it can be speculated that PGE, may act not only as
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proinflammatory marker but also as glial mediator contributing to the outbreak
of these pathologies through the promotion of a leaky gut condition that usually
underlies the majority of gut diseases. Unfortunately, no evidences about the
activity of glial-derived PGE; on intestinal permeability have been provided
yet.

In order to clarify the role of PGE; released specifically by enteric glia on
intestinal functions, this study aims to elucidate in S100B-mPEGS1-deleted
mice: i) the impact of PGE; glial-derived by deletion of mPGESL1 in S100B
positive cells on intestinal permeability e permeability; ii) difference in basal
and inflammatory conditions; iii) difference between male and female.
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3.2 Materials and Methods

Experimental Design

All housing and experimental procedures were carried out in compliance
with the local ethical review panel of INSERM U1235 (Nantes, France). Both
male and female 8-weeks-old S100B-mPGES1-deleted mice were used for the
experiments. S100B-mPGES1-deleted mice were obtained by crossing
S100BC"ER mice and mPGES1Mo¥flox mice. Both male and female animals were
randomly divided in the following experimental groups (n=8-10 each):
mPGES1** CTRL, receiving oil as vehicle; mPGES1** DSS, receiving oil as
vehicle and DSS 4% in drinking water; mPGES1” CTRL, receiving tamoxifen;
mPGES1” DSS, receiving tamoxifen and DSS in drinking water. In order to
induce mPGES1 deletion, tamoxifen (Cayman Chemical, Ann Arbor,
Michigan, USA) was dissolved in oil and was daily injected (100 mg/kg) via
intraperitoneal route for five consecutive days (from day -14 to day -9). Colitis
was induced by administrating 4% DSS in drinking water for 4 consecutive
days starting from day 0. During this time interval, intestinal permeability and
total transit time were daily measured by oral gavage with 0.4 kDa fluorescein-
5-(and-6)-sulfonic acid (10 mg/mL) and red carmine dye (60 mg/mL)
dissolved in a solution of carboxymethylcellulose 0,5%. At day 4, animals
were euthanized and colon was isolated to perform immunohistochemical

analysis.
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In vivo Intestinal Permeability Assay

From day 0 to day 4, intestinal permeability was daily measured by
administration of gavage solution (4 pL/mg) containing 0.4 kDa fluorescein-
5-(and-6)-sulfonic acid. Four hours later, blood was collected from the tail vein
and plasma obtained by centrifugation. Fluorescence was detected from 5 pL
of plasma on a microtiter plate reader (Varioskan, Thermo Fisher Scientific).

In vivo Total Transit Time Measurement

From day 0 to day 4, the intestinal total transit time was measured. After the
administration of gavage solution containing red carmine dye, mice were
placed individually in the cage. Total transit time is considered the time

between the gavage administration and the appearance of the first red stool.

Immunohistochemical Staining

For immunohistochemical staining, colon isolated at day 4 were fixed in
paraformaldehyde 4% and embedded in paraffin. Thus, they were cut in 20 um
slices and deparaffinized in xylene and rehydrate in graded alcohol. Antigen
retrieval with 0.1 M citrate sodium (pH 6) buffer was performed. Next, slices
were incubated for 1 h at RT with PBS containing 0.5% Triton X-100 for tissue
permeabilization. Then they were blocked for 2 h at RT with PBS containing
0.5% Triton X-100 and 10% horse and then incubated O/N at +4° with mouse
monoclonal antibody anti-GFAP (1:500 v/v, Santa Cruz Biotechnology,
Heidelberg, Germany) and rabbit polyclonal anti-mPGES1 (1:100 v/v,

Cayman Chemaical). Then, slices were incubated with proper anti-mouse CY -
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3 and anti-rabbit CY-5 secondary antibodies (all 1:500; Jackson
ImmunoResearch, West Grove, PA, USA) for 3 h at RT and then mounted with
ProLong antifade mountant (ThermoFisher Scientific, Waltham, MA, USA).
Images were acquired with a digital camera (Olympus DP 50) coupled to a

fluorescence microscope (Olympus X 50).

Statistical analysis

Results were expressed as mean £ SEM of experiments. Statistical analysis
was performed using parametric one-way analysis of variance (ANOVA) and
multiple comparisons were performed by Bonferroni's post hoc test. p values

<0.05 were considered significant.
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3.3 Results

DSS administration induces a marked increase in

MPGES1 protein expression in myenteric plexi

To test whether the mPGES1 deletion has effectively occurred, an
immunohistochemistry staining was performed. mMPGESL1 protein expression
is increased by DSS administration in wild type mice and co-localize with

GFAP protein in myenteric plexi when compared to control group, suggesting

mPGES1*/* CTRL | mPGES1+/+ DSS | mPGES17/- CTRL mPGES1/- DSS |

Figure 3.1. mPGES1 protein expression is increased after DSS exposure in female

mPGES1

(o
<
LL
O

wild type mice but not in female mPGES1-S100B-deleted mice. The panel shows
mPGES1 (red) and GFAP (green) immunoreactivity in colon sections after DSS
exposure in female wild type and mPGES1”- mice. Magnification: 160X. Scale bar:
100 um.
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that enteric glia expressed high levels of mMPGES1 protein and, consequently,
produce a massive PGE; release in inflammatory conditions (Figure 3.1-2). As
expected, mPGES1 protein expression is not affected by DSS exposure in
S100B-mPGES1-deleted mice (Figure 3.1-2). No significant differences

between male and female are observed (Figure 3.1-2).

| mPGES1*/* CTRL | mPGES1+/+ DSS | mPGES1/- CTRL | mPGES1/- DSS |

mPGES1

GFAP

Figure 3.2. mPGESLI protein expression is increased after DSS exposure in male wild
type mice but not in male mPGES1-S100B-deleted mice. The panel shows mPGES1
(red) and GFAP (green) immunoreactivity in colon sections after DSS exposure in

male wild type and mPGES”" mice. Magnification: 160X. Scale bar: 100 pm.
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In basal condition, mPGES1 deletion induces an
intestinal permeability decrease in female and a transit time

increase in male

Fourteen days after the beginning of mPGESL deletion by tamoxifen
injection, basal effect on intestinal permeability and total transit time were
evaluated. Surprisingly, mPGES1 deletion reduced significantly intestinal
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fecal transit
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(plasmatic SA)

0.2 50

0.0- 04
mPGES1**  mPGES1/ mPGES1**  mPGES1/-

Figure 3.3. mPGES1 deletion reduces intestinal permeability in female and increases
total transit time in male. Measurements of intestinal permeability performed in (A)
male and (B) female wild type and mPGES1” mice. Measurements of fecal transit
measurements performed in (C) male and (D) female wild type and mPGES1* mice.
Results are expressed as mean+SEM of n = 16 each group. * p<0.05 versus mPGES1**

mice.
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permeability in female (p<0.05 vs mPGES1** mice, Figure 3.3 B), whereas no
changes were observed in male (Figure 3.3 A). Conversely, total transit time
is not affected in MPGES1” female mice when compared to mPGES1** female
mice (Figure 3.3 D), but it is markedly increased in S100B-mPGES1-deleted
male mice (p<0.05 vs mMPGES1** mice, Figure 3.3 C). These data advance the
hypothesis that PGE, specifically released by EGCs at physiological
conditions may modulate intestinal permeability and motility differently in

male and female.

MPGES1 deletion did not affect total transit time and

permeability increase DSS-induced

Globally, DSS administration increased significantly intestinal permeability
and fecal transit in both male (intestinal permeability: p<0.01 vs control
mPGES1*"* mice and p<0.05 vs mPGES1" mice; Figure 3.4 A) (fecal transit:
p<0.05 vs mMPGES1*"* mice; Figure 3.4 C) and female (intestinal permeability:
p<0.05 vs control MPGES1** mice and p<0.05 vs mMPGES1” mice; Figure 3.4
B) (fecal transit: p<0.05 vs control mMPGES1** mice and p<0.05 vs mPGES1-
" mice; Figure 3.4 D), without remarkable differences between wild type mice
and S100B-mPGES1-deleted mice, suggesting that glial-derived PGE; did not
affect DSS effects, at least at day 4 of treatment. The only exception is
represented by transit time in male. Here it appears that glial mPGES1 deletion
resembles the transit time increase DSS-induced, but actually it is due to the
basal effect of glia mPGESL1 deletion aforementioned. Indeed, the transit time
is already high thus DSS effects cannot be appreciated. Consistently with
previous results, in CTRL groups, deletion of glial mPGES1 induced an

increase in transit time in MPGES1"-male (p<0.05 vs control mMPGES1** mice;
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Figure 3.4 C) and a significant decrease in permeability in mPGES1” female
(p<0.01 vs control mMPGES1** mice; Figure 3.4 B).
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Figure 3.4. mPGESL deletion did not induce any alteration of DSS-induced effects on
permeability and fecal transit. Measurements of intestinal permeability performed in
(A) male and (B) female wild type and mPGES1” mice following DSS exposure.
Measurements of fecal transit measurements performed in (C) male and (D) female
wild type and mPGES1” mice following DSS exposure. Results are expressed as
mean+SEM of n = 8 each group. * p<0.05 and ** p<0.01 versus control mPGES1**

mice; ° p<0.05 versus control MPGES17 mice.
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MPGES1 deletion accelerates DSS effects during colitis

development

Since mPGESL deletion did not affect the effects DSS-induced after 4 day
of administration, we investigated functional alterations during colitis
development. Interestingly, mPGES1 deletion in DSS-treated mice induces an
increase in intestinal permeability starting from day 2 and day 3 from DSS
administration in male and female, respectively. Differently, the increase in
total transit time, already observed at day 0 in S100B-mPGES1-deleted male
DSS-treated mice, remains constant for all the treatment days in comparison
with mPGES1** male animals. Conversely, mPGES1 deletion in female DSS-
treated mice did not affect the effects DSS-induced on fecal transit time. Based
on these evidences, it can be assumed that glial-derived PGE: a preventive
effect on delaying DSS activity.
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Figure 3.5. mPGES1 deletion accelerates DSS-induced effects on permeability and

fecal transit. Time course of intestinal permeability DSS-mediated in both (A) male

and (B) female. Time course of fecal transit DSS-mediated in both (C) male and (D)

female. Results are expressed as mean+SEM of n = 2 each group.
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3.4 Discussion

The present study is focused on the impact displayed by PGE: as specific glial
mediator in the regulation of intestinal functions. Here we provided for the first
time in vivo evidences about the effects of PGE; specifically released by enteric
glia on intestinal permeability and motility through the deletion of MPGES1 in
S100B positive cells in both physiological and pathological conditions.

In the last decades, it was well established the ability of enteric glia in
modulating homeostasis as well as immunoinflammatory responses of the
gastrointestinal tract (Neunlist et al., 2014; Capoccia et al., 2015). A pioneristic
study in 1998, investigated the effect of EGCs ablation in a transgenic mice
model (Bush et al., 1998). The induction of a fulminant jejuno-ileitis in
association with a marked loss in mucosal integrity demonstrated the crucial
involvement of enteric glia in the gut pathophysiology (Bush et al., 1998).
Since then, a wide range of glial-derived compounds has been identified as
responsible for enteric glia activity, including growth factors and arachidonic
acid metabolites (Flamant et al., 2011; Van Landeghem et al., 2011; Pochard
etal., 2016). Among these factors, it may be possible include PGE, a bioactive
lipid belonging to the prostaonoid family able to modulate intestinal
permeability. In fact, recent studies showed that PGE, via EP4 receptor
increased D-mannitol flux and decreased transepithelial resistance in
differentiated Caco-2 cells monolayer, in association with a marked reduction
in occludin and ZO-1 protein expression (Lejeune et al., 2010; Rodriguez-
Lagunas et al., 2010). However, evidences about the activity of PGE;
specifically released by enteric glia are still missing. To this purpose, we
targeted the deletion of terminal enzyme of PGE; synthetic pathway mPGES1
in S100B positive through the Cre-lox recombination system in transgenic
mice. Surprisingly, important differences in intestinal functions between male

and female are observed. In absence of glial-derived PGE;, female showed a
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significative reduction in intestinal permeability, whereas male did not exhibit
any alteration. Conversely, total transit time is not affected by mPGES1
deletion in female but is markedly increased in male. These results suggest a
possible physiological regulation of permeability and motility operated by
enteric glial cells through the basal production of PGE..

PGE; exerts an important inflammatory activity acting as pyrogenic and
vasodilator agent (Wallace, 2001). Moreover, it has been demonstrated that
PGE; induces I1-23 expression promoting, consequentially, cell T activation
that can start to produce IL-17 (Sheibanie et al., 2007). Accordingly, high
levels of PGE; have been detected in experimental model of inflammatory
bowel diseases and celiac disease, likewise in colon cancer (Wang and Dubois,
2006; Esposito et al., 2007, 2014). In these pathological conditions it is well
accepted that enteric glia is morphological and functional activated and
actively participates in the onset and perpetuation of inflammatory states. In
particular, enteric glia release S100B at micromolar concentrations that
through the activation of RAGE/NF-kB pathway promotes COX-2 protein
expression and downstream PGE; production (Bianchi et al., 2007; Cirillo et
al., 2011). Hence, it can be speculated that PGE; act as specific mediator of
glial activity also in inflammatory conditions. In our experimental conditions,
deletion of MPGESL1 did not affect the increase in permeability and total transit
time mediated by DSS after 4 days of treatment. Some interesting observations
can be made during colitis development. Indeed, the deletion of glial MPGES1
increase significantly intestinal permeability similarly to DSS but after two or
three days of treatment. Conversely, it’s not surprisingly that total transit is
steadily higher in comparison with mPGES1** male mice, because of the basal
effect observed at day 0. Our data suggest that enteric glia may exert a transient
protective role by PGE: releasing, as observed in previous works. In fact, it has
been shown that mPGES1 deficient mice displayed a marked exacerbation of
colitis after one day of DSS exposure (Hara et al., 2010). Similar results are

reported in EP4 knockout mice and after EP4 agonists administration,
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underlying the crucial role of this receptors in mediating PGE, effects
(Kabashima et al., 2002; Nitta et al., 2002; Montrose et al., 2015). Even though
glial-derived PGE; exhibit a transient preventive effect in structural barrier
integrity, we must consider that this bioactive lipid possesses relevant
tumorigenesis activity when persistently released (Nakanishi et al., 2008). The
continuous exposure to high levels of PGE; in chronic inflammatory states
represents an important predisposing factor to colon cancer outcome
(Castellone et al., 2005; Nakanishi et al., 2008; Montrose et al., 2015). Indeed,
several clinical researches demonstrated that the chronic administration of non-
steroidal anti-inflammatory drugs (NSAIDs) are associated with a significative
reduction in colon and rectal cancers formation due to COX-2 inhibition and
relative PGE; release (Ruder et al., 2011; Hamoya et al., 2016). Along this line,
a direct in vivo evidence has been reported by Kawamori et al showing that
PGE, weekly administration via intraperitoneal route induces a marked
increase in multiplicity and incidence of intestinal adenomas (Kawamori et al.,
2003).

In conclusion, the present study underlined the importance of PGE;
specifically released by enteric glia in the homeostatic functions of intestinal
tract. In particular, PGE, acts as specific glial mediator in positively
modulating total transit time in male and negatively intestinal permeability in
female. Moreover glial-derived PGE; exerts a transient protective effect on
development of colitis DSS-induced. However, based on the implication of
PGE:; in intestinal inflammation and carcinogenesis, our data pave the way to
new investigations aimed to clarify the involvement of EGCs in gut diseases
through the release of PGE, proposing, at the same time, a promising

therapeutic strategy of intervention.
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Abstract

Background: Diarrhea is a severe complication in HIV-1-infected patients with Trans-activator of transcription (HIV-1
Tat) protein being recognized as a major underlying cause. Beside its direct enterotoxic effects, Tat protein has
been recently shown to affect enteric glial cell (EGC) activity. EGCs regulate intestinal inflammatory responses by
secreting pro-inflammatory molecules; nonetheless, they might also release immune-regulatory factors, as
palmytoilethanolamide (PEA), which exerts anti-inflammatory effects by activating PPARa receptors. We aimed at
clarifying whether EGCs are involved in HIV-1 Tat-induced diarrhea and if PEA exerts antidiarrheal activity.

Methods: Diarrhea was induced by intracolonic administration of HIV-1 Tat protein in rats at day 1. PEA alone or in
the presence of peroxisome proliferator-activated receptor (PPAR) antagonists was given intraperitoneally from day
2 to day 7. S100B, iNOS, NF-kappaB, TLR4 and GFAP expression were evaluated in submucosal plexi, while ST00B
and NO levels were measured in EGC submucosal plexi lysates, respectively. To verify whether PEA effects were
PPARa-mediated, PPARa™™ mice were also used. After 7 days from diarrhea induction, endogenous PEA levels were
measured in submucosal plexi homogenates deriving from rats and PPARa™™ mice.

Results: HIV-1 Tat protein induced rapid onset diarrhea alongside with a significant activation of EGCs. Tat
administration significantly increased all hallmarks of neuroinflammation by triggering TLR4 and NF-kappaB
activation and S100B and iNOS expression. Endogenous PEA levels were increased following HIV-1 Tat exposure in
both wildtype and knockout animals. In PPARa™~ mice, PEA displayed no effects. In wildtype rats, PEA, via PPARa-
dependent mechanism, resulted in a significant antidiarrheal activity in parallel with marked reduction of EGC-
sustained neuroinflammation.

Conclusions: EGCs mediate HIV-1 Tat-induced diarrhea by sustaining the intestinal neuroinflammatory response.

These effects are regulated by PEA through a selective PPARa-dependent mechanism. PEA might be considered as
an adjuvant therapy in HIV-1-induced diarrhea.
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Background

The use of combined anti-retroviral therapy against hu-
man immunodeficiency virus-type 1 (HIV-1) infection
has dramatically improved the survival and prognosis of
patients affected by the acquired immunodeficiency syn-
drome (AIDS) [1]. However, chronic diarrhea is reported
in up to 30% of HIV-1-infected patients and significantly
contributes to AIDS morbidity [2, 3].

Many of the pathogenic effects of HIV-1 in the gut are
caused by the HIV-1 trans-activating factor protein (Tat), a
viral protein of 86 aminoacids, which is essential to viral
replication [4]. HIV-1 Tat targets enterocytes and induces
the expression of many genes regulating cells’ survival and
growth; but it also affects immune and inflammatory re-
sponses, altering the intracellular calcium concentration, in-
ducing epithelial cell apoptosis, and ultimately causing
secretory diarrhea [5, 6]. The intestinal epithelial mucosa
has been considered for years as the key target in HIV-1
Tat-related enterotoxicity; however, the enteric nervous sys-
tem (ENS) is now emerging to be also involved [7, 8].
Within the ENS, enteric glial cells (EGCs), together with
neurons, cooperate to finely regulate secretion, motility, and
blood flow, as well as immune responses [9-11]. EGCs ex-
press Toll-like receptors (TLRs), and there is mounting evi-
dence suggesting that they actively participate to the
homeostatic immune control of the gut [12]. EGCs are able
to secrete pro-inflammatory mediators, interleukins, and
enteroglial-released factors [13—15], but they also release a
number of protective mediators that sustain epithelial bar-
rier functions [16—18]. Among EGC-derived factors, S100B,
a specific glial Ca*?/Zn"*-binding protein, and nitric oxide
(NO) deriving from the inducible isoform of nitric oxide
synthase (iNOS) expressed by EGCs play a central role dur-
ing immune-inflammatory responses [14, 19, 20]. We re-
cently demonstrated that glial cells participate to HIV-1
Tat-induced intestinal and neurological pathogenesis [21],
but the possibility to pharmacologically modulate Tat-
induced secretory diarrhea by inhibiting EGC activation has
not been explored yet.

Palmitoylethanolamide (PEA), an endogenous, on-de-
mand released N-Acylethanolamide [22-24], exerts im-
munoregulatory functions targeting EGC activation in
ulcerative colitis, with a consistent protection of colonic
epithelial mucosa [25]. Different studies have shown that
the pharmacological activity of PEA depends on its
capacity to selectively bind peroxisome proliferator-
activated receptor-a (PPARa), a member of a nuclear
hormone receptor superfamily of ligand-activated tran-
scription factor [24]. The involvement of and the ability
of PEA to protect against HIV-1 Tat-induced diarrhea
have never been investigated.

The aims of the present study were to investigate the
involvement of EGCs in a rat model of diarrhea induced
by the intracolonic administration of HIV-1 Tat, to
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characterize the mediators secreted by EGCs activation,
and to evaluate the protective effect of PEA, its site, and
mechanisms of action, respectively.

Methods

Animals and experimental design

Eight-week-old Wistar male rats (Harlan Laboratories,
Udine, Italy) and 6-week-old PPARa™"~ mice (Taconic,
Germantown, New York, USA) were used for experiments.
All procedures were approved by La Sapienza University’s
Ethics Committee. Animal care was in compliance with the
IASP and European Community (EC L358/1 18/12/86)
guidelines on the use and protection of animals in experi-
mental research. Rats were randomly divided into the fol-
lowing groups (n=8 each): non-diarrhea, vehicle group;
HIV-1 Tat protein-induced diarrhea group; HIV-1 Tat
protein-induced diarrhea group receiving daily PEA 2 and
10 mg/Kg, respectively; HIV-1 Tat protein-induced diarrhea
group receiving daily PEA (10 mg/Kg) and selective PPARa
antagonist MK866 (10 mg/Kg) and selective PPARy antag-
onist GW9662 (1 mg/Kg), respectively; HIV-1 Tat protein-
induced diarrhea group receiving 0.03% w/v lidocaine; bisa-
codyl group (20 mg/Kg) as internal control in some experi-
ments. Analogously, PPARa~ mice were randomly divided
into the following groups (1 = 8 each): non-diarrhea, vehicle
group; HIV-1 Tat protein-induced diarrhea group; HIV-1
Tat protein-induced diarrhea group receiving daily PEA 50
and 100 mg/Kg, respectively; HIV-1 Tat protein-induced
diarrhea group receiving 0.03% w/v lidocaine; bisacodyl
group (20 mg/Kg) as internal control in some experiments.

Diarrhea was experimentally induced by intracolonic
administration of HIV-1 Tat protein (130 ng/Kg) at day
1. HIV-1 Tat was dissolved in pyrogen-free distillated
water and a volume of 400 pl or 40 pl of a 100 ng/ml so-
lution of HIV-1 Tat was injected into the lumen of the
rat and PPARa ™'~ mice colon (3-4 cm proximal to anus)
by using a 24-gauge catheter, respectively. PEA alone, or
combined with PPARs antagonists, was given intraperi-
toneally from day 1 to day 7.

In a subset of experiments, lidocaine hydrochloride
monohydrate (Sigma-Aldrich, Milan, Italy, 0.03% w/v) dis-
solved in sterile, pyrogen-free distilled water, was given in a
single dose through intracolonic administration at day 1
concomitantly with HIV-1 Tat. In another set of experi-
ments, bisacodyl was administrated orally as aqueous
solution at day 1 and served as positive internal control. De-
pending upon the experimental plan, at day 7, animals were
euthanatized and colon was isolated to perform macro-
scopic, histochemical, and biochemical analyses as de-
scribed below.

Evaluation of diarrhea
Depending upon the experimental protocol, animals were
separated in subgroups and placed separately in cages lined
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with filter paper to evaluate diarrhea severity. The individ-
ual cages were inspected every 2 h for 16 h, from day 1 to
day 7 after HIV 1-Tat intracolonic administration, for the
presence of characteristic wet diarrhoeal droppings. Daily
defecation frequency and number of unformed water fecal
pellets of each animal were assessed and compared with
the score from the vehicle group. The data were expressed
as a daily mean score (16 h) of diarrhoeal dropping number
and total number of fecal pellets/wet spots for defecation
frequency within 7 days from diarrhea induction. Evalu-
ation of accumulation of intracolonic fluid was performed
using the enteropooling technique according to previously
described method [26]. Briefly, enteropooling is defined as
the intraluminal accumulation of fluid into the small intes-
tine and corresponds with the fluid already located in the
lumen and excreted from the blood. According to the ex-
perimental plan, the entire small intestine and colon of rats
and PPARa™’~ mice were isolated, taken care to avoid tissue
rupture and loss of fluid, by removing the mesentery and
connective tissue. To normalize the data, fluid accumula-
tion was expressed as follows:

(W1-Wy) /Wy x 107

where W) is the weight of the intestine after excision
and W, is the weight of the intestine after expulsion of
its content. Water content was measured and compared
with the score from vehicle group.

Tissue preparation

To isolate submucosal plexi from animals at day 7 after
diarrhea induction, we performed a slightly modified
method than previously described procedure by Cirillo et
al. [14]. Following dissection, colonic segments (approxi-
mately 2-cm long) were collected and placed in a cold ox-
ygenated sterile Krebs solution containing (in mM) 117
NaCl, 4.7 KCl, 1.2 MgCl, 6 H,O, 1.2 NaH,PO,, 25
NaHCO;, 2.5 CaCl, 2 H,O, and 11 glucose under carbo-
gen (5% CO,, 95% O,) atmosphere equilibrated at pH 7.4.
The tissue was longitudinally cut along the mesenteric
border, and the submucosal plexus was carefully separated
from the mucosal and the muscle layers by microdissec-
tion. After removal, submucosal plexi were processed for
biochemical and immunofluorescence assays.

Protein extraction and western blot analysis

Proteins were extracted from submucosal plexi deriving
from rats and PPARa’~ mice at day 7 after diarrhea in-
duction. The tissue was homogenized in ice-cold hypo-
tonic lysis buffer to obtain cytosolic extracts and
underwent electrophoresis through a polyacrilamide
minigel. Proteins were transferred into nitrocellulose
membrane that were saturated with non-fat dry milk
and then incubated with either mouse anti-S100B (Neo-
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Marker, Milan, Italy), mouse anti-iNOS, rabbit anti-
GFAPD, rabbit anti-TLR4, and mouse anti-B-actin (all
Santa Cruz Biotechnology, Santa Cruz, California, USA).
Membranes were then incubated with the specific sec-
ondary antibodies conjugated to horseradish peroxidase
(Dako, Milan, Italy). Immune complexes were revealed
by enhanced chemiluminescence detection reagents
(Amersham Biosciences, Milan, Italy). Blots were ana-
lyzed by scanning densitometry (GS-700 imaging densi-
tometer; Bio-Rad). Results were expressed as OD
(arbitrary units; mm?) and normalized on the expression
of the housekeeping protein -actin.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed to detect NF-kappaB activation in
submucosal plexi obtained from rats and PPARa™~ mice at
day 7 after diarrhea induction. Double-stranded oligonucle-
otides containing the NF-kappaB recognition sequence for
rats (5-CAACGG CAGGGGAATCTCCCTCTCCTT-3)
and mice (5-TCAGAGGGGACTTTCCGAGAGG-3) were
end-labeled with *Py-ATP. Nuclear extracts were incu-
bated for 15 min with radiolabeled oligonucleotides (2.5—
5.0 x 10* cpm) in 20 ml reaction buffer containing 2 mg
poly dI-dC, 10 mM Tris—HCI (pH 7.5), 100 mM NaCl,
1 mM ethylenediaminetetraacetic acid, 1 mM dl-dithiothre-
itol, 1 mg/ml bovine serum albumin, and 10% (v/v) glycerol.
Nuclear protein-oligonucleotide complexes were resolved
by electrophoresis on a 6% non-denaturing polyacrylamide
gel in 1 Tris Borate ethylenediaminetetraacetic acid buffer
at 150 V for 2 h at 4 °C. The gel was dried and autoradio-
graphed with an intensifying screen at — 80 °C for 20 h.
Subsequently, the relative bands were quantified by densito-
metric scanning with Versadoc (Bio-Rad Laboratories) and
a computer program (Quantity One Software, Bio-Rad La-
boratories). 32P—y—ATP was from Amersham (Milan, Italy).
Poly dI-dC was from Boehringer-Mannheim (Milan, Italy).
Oligonucleotide synthesis was performed to our specifica-
tions by Tib Molbiol (Boehringer-Mannheim).

NO quantification

NO was measured as nitrite (NO3) accumulation in sub-
mucosal plexi homogenates deriving from rats and
PPARa™’~ mice at day 7 after diarrhea induction, by a
spectrophotometer assay based on the Griess reaction.
Briefly, Griess reagent (1% sulphanilamide, 0.1% naphthy-
lethylenediamine in phosphoric acid) was added to an
equal volume of supernatant, and the absorbance was
measured at 550 nm. Nitrite concentration (nM) was thus
determined using a standard curve of sodium nitrite.

Enzyme-linked immunosorbent assay for S100B

Enzyme-linked immunosorbent assay (ELISA) for S100B
(Biovendor R&D, Brno, Czech Republic) was carried out
on submucosal plexi lysates obtained from rats and
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PPAR«a ™~ mice at day 7 after diarrhea induction, accord-
ing to the manufacturer’s protocol. Absorbance was
measured on a microtiter plate reader. S100B level was
determined using standard curves method.

Immunofluorescence analysis

Additional experiments were performed using specific iso-
type antibody controls (Abcam, Cambridge, UK), at the
same concentration as the primary antibodies. Tissues were
then incubated in the dark with the proper secondary anti-
body: fluorescein isothiocyanate-conjugated anti-rabbit or
Texas Red-conjugated anti-mouse, respectively (both Jack-
son ImmunoResearch Laboratories, West Grove, PA,
USA). Tissues were analyzed with a microscope (Nikon
Eclipse 80i), and images were captured by a high-resolution
digital camera (Nikon Digital Sight DS-U1).

Measurement of PEA in rats and mice EGCs

Tissue content of endogenous PEA was measured in
submucosal plexi homogenates deriving from both rats
and PPARa™’~ mice at day 7 after diarrhea induction.
Following isolation of lipidic fraction by tissue homoge-
nates, intracellular PEA concentrations (pmol) were nor-
malized per milligram of extracted lipid fraction and
were analyzed by liquid chromatography coupled to tan-
dem mass spectrometry (LC-MS/MS) using a 325-MS
LC/MS Triple Quadrupole Mass Spectrometer (Agilent
Technologies Italia, Cernusco s/N, Italy) according to lit-
erature [27].

Statistical analysis

Results were expressed as mean + SEM of n experiments.
A statistical analysis was performed using parametric
one-way analysis of variance (ANOVA), and multiple
comparisons were performed by Bonferroni’s post hoc
test; p values < 0.05 were considered significant.

Results

Intracolonic administration of HIV-1 Tat induces diarrhea
in rats and stimulates the release of endogenous PEA
Intracolonic administration of HIV-1 Tat-induced acute
diarrhea, starting from day 1 and lasting up to 7 days
post treatment; the severity of which was significantly
improved by PEA, in a concentration-dependent fashion
and in PPARa-dependent manner (Fig. 1). Interestingly,
the antidiarrheal effect of PEA appeared to be specific-
ally related to HIV-1 Tat administration since PEA treat-
ment failed to significantly inhibit bisacodyl-induced
diarrhea, even at the highest dose (Additional file 1).

In order to provide a rational for the antidiarrheal ef-
fect of PEA, we measured its intracellular content in
submucosal plexi after 7 days from the induction of the
diarrhea. We found that HIV-1 Tat significantly in-
creased the levels of endogenous PEA and that this
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increase was significantly inhibited by lidocaine (+ 147
and - 50% vs. vehicle group and HIV-1 Tat group, re-
spectively; all p < 0.01; Fig. 2); in rats receiving bisacodyl,
the tissue content of PEA was unaffected, likely suggest-
ing that it is dependent by the activation of EGCs.

HIV-1 Tat induces an inflammatory response through EGC
activation that is inhibited by PEA

Administration of HIV-1 Tat induced a significant acti-
vation of NF-«kB and resulted in an increased expression
of GFAP, S100B, TLR4, and iNOS in rat submucosal
plexi (Fig. 3, all p < 0.001 vs. vehicle group); significantly,
the S100B and nitrite levels were also increased.

PEA treatment significantly reduced HIV-1 Tat-induced
NF-kB activation, in a dose-dependent manner (- 42 and
- 58%, p< 0.01 and p < 0.001); similarly, the activation of
EGCs was inhibited by PEA, with the expression of GFAP
(- 35 and -69%), S100B (-29 and -65%), TLR4 (- 31
and - 70%), iNOS (- 35 and 74%), and the levels of S100B
(=27 and - 64%) and nitrite (- 30 and — 64%) being all
significantly reduced (p< 0.01 and p< 0.001; at 2 and
10 mg/kg, respectively; Fig. 3). The ability of PEA to re-
duce HIV-1 Tat-induced EGC activation was significantly
inhibited by MK866, but not by GW9662, suggesting that
its effect was mediated by PPAR-a rather than by PPAR-y.
PEA failed to significantly affect the release of EGC-
derived mediators in rats with bisacodyl-induced diarrhea
(Fig. 3), and this finding suggests that its effect specifically
targets HIV-1 Tat-induced diarrhea by acting on EGC-
related activation.

Further supporting the involvement of EGCs, a signifi-
cantly higher S100B/iNOS expression was observed in
the submucosal plexi preparation of HIV-1 Tat-treated
rats, compared to vehicle group (+ 310 and +260%, re-
spectively, p < 0.001) (Fig. 4). Treatment with PEA (2—
10 mg/kg) reduced the expression of both markers, in a
concentration-dependent manner (- 28 and - 50%, — 26
and -40% for S100B and iNOS, respectively; p < 0.01
and p < 0.001 vs. HIV-1 Tat; Fig. 4). Similar to what was
reported above, the effect of PEA was inhibited by the
presence of the PPARa-, but not PPARy-antagonist,
while bisacodyl administration failed to modify S100B/
iNOS expression (Fig. 4).

PEA treatment failed to improve HIV-1 Tat-induced diarrhea
and EGC-associated neuroinflammation in PPARa™~ mice

Intracolonic administration of HIV-1 Tat protein in-
duced acute diarrhea in PPARa™’~ mice, similar to what
was observed in a subset of wild mice (data not shown)
and in rats (Additional file 2); the diarrhea was associ-
ated with the increased activation of NF-kappaB of sub-
mucosal enteric glial cells and the upregulation of
S100B/iNOS expression (Fig. 5). In line with the results
obtained with the PPARa antagonist, treatment with
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Fig. 1 Palmitoylethanolamide (PEA) improves diarrheal hallmarks in rats via PPARa activation. Intracolonic administration of HIV-1 Tat protein
(130 ng/Kg) resulted in a significant increase of a daily defecation frequency, b average daily number of wet spots, and ¢ fluid accumulation
within 7 days from diarrhea induction. Administration of PEA significantly improved diarrhea in a concentration-dependent manner (at 2 and
10 mg/kg, respectively); the antidiarrheal activity of PEA was significantly inhibited in the presence of PPARa antagonist (MK866), whereas PPARy
antagonist (GW9662) had no effect. The results are expressed as mean + SEM of n =5 experiments. ***p < 0.001 vs. vehicle group; “p < 0.01 and *°
°p <0.001 vs. HIV-1 Tat group

PEA, even at highest doses, failed to significantly im-  Discussion

prove the diarrhea in PPARa™’~ mice and had no effect
on the activation of EGCs induced by HIV-1 Tat (Fig. 5).

Bisacodyl treatment was able to induce the diarrhea
in PPARa™’~ mice, but was unaffected by the adminis-
tration of PEA (Fig. 5). Bisacodyl failed to modify the
tissue content of endogenous PEA which was, con-
versely, significantly increased by HIV-1 Tat adminis-
tration and inhibited by lidocaine (+250% vs. vehicle
group, and - 55% vs. HIV-1 Tat group, respectively; all
p < 0.01; Fig. 5).

Secretory diarrhea is a common clinical issue ob-
served in nearly 60-80% of HIV-1 patients, and it is
considerably widespread in third-world countries
[28]. So far, HIV-1 Tat protein has been identified as
the main responsible for the damage of intestinal
mucosal, by promoting pro-oxidant and pro-
apoptotic-mediated disruption of colonic epithelial
cells and consequently the intestinal barrier integrity
[5, 29]. More recently, it has been described that
HIV-1 Tat protein has an additional effect on the
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Fig. 2 HIV-1 Tat administration increases endogenous PEA levels in submucosal plexi EGCs. As a consequence of HIV-1 Tat intracolonic administration,
a marked increase of PEA produced in rat submucosal plexi was observed in comparison with vehicle group. Lidocaine (0.03% w/v) counteracted this
HIV-1 Tat-induced effect, while bisacodyl treatment did not induce any significant changes in PEA levels. The results are expressed as mean + SEM of
n=5 experiments. **p < 0.01 vs. vehicle group; *p < 0.01 vs. HIV-1 Tat group
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Fig. 3 PEA inhibits HIV-1 Tat-induced inflammatory response in rat submucosal plexus-EGCs. HIV-1 Tat (130 ng/Kg) administration induced a significant
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(20 mg/kg) did not show any significant effect. EMSA and immunoblot analysis showed, respectively, a NF-kappaB activation complex bands, b their
densitometric quantification (OD = optical density in mm?), ¢ representative immunoreactive bands of analyzed proteins, and d—g their respective
densitometric quantification (normalized against the expression of the housekeeping protein B-actin; OD = optical densitometry in mm?). h, i Levels
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nervous part of the gut, the ENS [7, 21, 30]. This
direct action on the nervous system, which regulates
many intestinal functions, causes abnormalities in
neuronal excitability that, together with the release
of pro-inflammatory cytokines in the intestinal mi-
lieu, contributes to gut dysfunction described in HIV
patients [7].

Our results demonstrate that, beside its effect on
enteric neurons, HIV-1 Tat protein also targets EGCs
and mediates the overexpression of specific glial
markers, as S100B and GFAP, in colonic submucosal
plexus with a parallel increase in the expression of
iNOS protein and pro-inflammatory signaling mole-
cules (i.e., NO).

These final events occur via activation of the NEF-
kappaB-mediated cascade and TLR4 activation, two mo-
lecular pathways that are linked to each other during
EGC activation [25].

The ability of the ENS to modulate virus-induced diar-
rhea was first reported by Lundgren et al., who showed
that the inhibition of enteric nerves excitability was able
to significantly inhibit the diarrhea induced by rotavirus
[31]. Accordingly, we showed that lidocaine challenge
was able to dampen symptoms and biochemical markers
indicative for secretory diarrhea, further supporting the
role of the ENS, as a whole, in mediating HIV-1 Tat-
induced diarrhea. We here show that enteric glia cells
take part in mediating the diarrhea induced by viral
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Fig. 4 PEA reduces ST00B/INOS expression in submucosal plexi of HIV-1 Tat-treated rat. Immunofluorescence analysis showing that HIV-1 Tat (130 ng/Kg)
induced a marked increase of S100B and iNOS expression in submucosal plexi that was reduced by PEA through a PPARa-dependent mechanism. Bisacody!
(20 mg/kg) administration failed to significantly affect ST00B/INOS co-expression. a The panel shows S1008B (red) and iNOS (green) immunoreactivity and b
their respective quantification (open and filled bars indicate S1T00B and iINOS expression, respectively). The results are expressed as mean = SEM of n=5
experiments. ***p < 0,001 vs. vehicle group; *p <001 and *°p < 0.001 vs. HIV-1 Tat group. Scale bar = 20 um

toxin and that their modulation is able to reduce HIV-1
Tat diarrheagenic effects by inhibiting the overexpres-
sion of S100B and iNOS and of the TLR4/NF-kappaB
axis, respectively.

Furthermore, supporting the role of EGCs and their
activation in HIV-1 Tat diarrhea, we also observed that
when the secretory diarrhea was induced by a non-
immunological stimulus (i.e., bisacodyl), no significant
changes in glial network and markers were noticed.

Furthermore, we evaluated whether PEA was able to
decrease glial activation and to improve the diarrhea, re-
spectively. PEA has been recently showed to improve co-
lonic inflammation through EGCs/TLR4-dependent
PPAR« activation [25]. Here, we demonstrated that PEA
administration significantly and dose-dependently coun-
teracted all diarrheal hallmarks in rodents, as shown by
the decrease of stool frequency and weight, and by the
rescue of water losses in colonic lumen.

According to our previous reports in human and animal
models of intestinal inflammation, we also showed that
the anti-diarrheal effect of PEA was selectively mediated
by PPAR« receptor activation [25, 32]. In fact, PPARa, but
not PPARy antagonist, significantly inhibited PEA effects,
with this being further confirmed in a transgenic PPAR«
knockout model. Though HIV-1 Tat administration in
these mice-induced secretory diarrhea, the treatment with
PEA, even at high doses, did not evoke any anti-diarrheal
effect, likely because the site of action was not expressed.

However, it has to be noted that PPAR«a receptor sites are
expressed by EGCs, as well as by enteric neurons, sup-
porting that the anti-diarrheagenic effects of PEA are
more likely to be the result of its synergistic effects on
both neurons and glial cells.

According to our previous results, obtained in an ex-
perimental model of colitis [25], PEA was able to
dampen EGC activation and the consequent overexpres-
sion of S100B and iNOS protein in the submucosal
plexus isolated from colon. Moreover, we found that
PEA, through the selective PPARa involvement, blocked
the TLR4/NF-kappaB activation in the submucosal
plexus of rats with HIV-1 Tat-induced diarrhea. These
effects caused a decreased activation of EGCs with the
reduction of S100B, GFAP, iNOS, and NO expression in
the cell milieu. In PPARa™'~ mice, PEA failed to prevent
HIV-1 Tat-induced EGC activation, further confirming
that these effects are mediated by PPAR« receptors.

Since its discovery, PEA has been believed to be an en-
dogenous cannabinoid-like lipid able to suppress inflam-
matory responses in vitro [33]; moreover, PEA has been
described to reduce gastrointestinal motility in mice
model of colitis [34]. Also, during intestinal inflammation,
PEA level increases, most probably as a protective re-
sponse to mucosal damage [35]. The observation that
PEA levels are higher in colonic mucosa of patients with
ulcerative colitis and in experimental models of colitis
strengths, the hypothesis that this endogenous compound
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Fig. 5 PEA fails to counteract submucosal plexus-EGC activation induced by HIV-1 Tat in PPARa™~ mice. EMSA analysis showed marked upregulation
of NF-kappaB in submucosal plexi at day 7 following HIV-1 Tat administration, compared to vehicle group. PEA was ineffective to reduce NF-kappaB
activation in PPARa™~ mice, while bisacodyl (20 mg/kg) did not induce NF-kappaB upregulation. a Representative NF-kappaB activation complex
bands and b their densitometric quantification (OD = optical density in mm?). HIV-1 Tat significantly increased GFAP, S100B, TLR4, and iNOS protein
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Representative immunoreactive bands of analyzed proteins, d-g their respective densitometric quantification (normalized against the
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may act as “on-demand modulator” of inflammatory pro-
cesses in the gut [36]. Very interestingly, we found that in
our models of HIV-1 Tat-induced diarrhea, the levels of
endogenous PEA are significantly increased, while in the

non-immunologic model of diarrhea obtained via bisaco-
dyl administration, they remained unaltered. The fact that
the endogenous level of PEA was significantly reduced by
lidocaine indicates that, at least in our experimental
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conditions, PEA acts specifically by following the immune
stimulus (HIV-1 Tat protein), behaving like a regulative
ALIAmide and such action is intimately modulated by the
ENS, and at least partly mediated by EGC activity.

Conclusions

Although we cannot definitely rule out the role of enteric
neuron dysfunction in mediating these effects, our results
indicate that EGCs play a role in HIV-1 Tat-induced diar-
rhea and highlight the importance of these cells in regulat-
ing immune/inflammatory response featuring intestinal
disturbance occurring in AIDS infection. We also demon-
strated that PEA, by targeting HIV-1 Tat-induced neu-
roinflammatory responses, significantly modulates the
diarrhea and that this occurs through the selective PPARa
involvement. If confirmed by clinical trials in humans, our
findings suggest that PEA, given its low cost and toxico-
logical profile [37], might be regarded as promising tool
that may integrate the current therapeutic approaches for
treating a high-morbidity condition like diarrhea in HIV-
infected patients.

Additional files

Additional file 1: PEA failed to inhibit bisacodyl-induced diarrhea in rats.
Bisacodyl (20 mg/kg) caused a significant increase of (a) daily defecation
frequency, (b) average daily number of wet spots, and (c) fluid accumula-
tion within 7 days from diarrhea induction, vs. vehicle group. PEA (2-10-
50 mg/kg) resulted ineffective to exert any anti-diarrheal activity. The re-
sults are expressed as mean + SEM of n =5 experiments. ***p < 0.001 vs.
vehicle group. (TIFF 1347 kb)

Additional file 2: PEA failed to improve diarrhea course in PPARa ™~
mice. HIV-1 Tat (130 ng/Kg)-induced diarrhea in PPARa™~ mice, increas-
ing (a) daily defecation frequency, (b) average daily number of wet spots,
and (c) fluid accumulation within 7 days from diarrhea induction, vs. ve-
hicle group. PEA (50-100 mg/kg) did not show any significant effect even
at highest doses. The results are expressed as mean + SEM of n=5 exper-
iments. ***p < 0.001 vs. vehicle group. (TIFF 580 kb)
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Abstract

The endocannabinoid system (ECS) is an endogenous signalling pathway involved in the control of several gastrointestinal (Gl) functions at
both peripheral and central levels. In recent years, it has become apparent that the ECS is pivotal in the regulation of GI motility, secretion and
sensitivity, but endocannabinoids (ECs) are also involved in the regulation of intestinal inflammation and mucosal barrier permeability, suggest-
ing their role in the pathophysiology of both functional and organic GI disorders. Genetic studies in patients with irritable bowel syndrome (IBS)
or inflammatory bowel disease have indeed shown significant associations with polymorphisms or mutation in genes encoding for cannabinoid
receptor or enzyme responsible for their catabolism, respectively. Furthermore, ongoing clinical trials are testing EC agonists/antagonists in the
achievement of symptomatic relief from a number of Gl symptoms. Despite this evidence, there is a lack of supportive RCTs and relevant data
in human beings, and hence, the possible therapeutic application of these compounds is raising ethical, political and economic concerns. More
recently, the identification of several EC-like compounds able to modulate ECS function without the typical central side effects of cannabino-
mimetics has paved the way for emerging peripherally acting drugs. This review summarizes the possible mechanisms linking the ECS to Gl
disorders and describes the most recent advances in the manipulation of the ECS in the treatment of GI diseases.

Keywords: endocannabinoid system e gastrointestinal pathophysiology e functional gastrointestinal disorders e non-alcoholic
steatohepatitis @ inflammatory bowel disease

Introduction

Cannabis sativa plant is the most commonly used illicit drug for  anecdotally to achieve symptomatic relief from a wide variety of
recreational purposes worldwide, with estimated 16 million users in ~ symptoms, commonly of Gl origin, particularly nausea and pain
the United States [1, 2]. At present, many patients use cannabis  [3-5]. The therapeutic efficacy of cannabis in the treatment of Gl

dysfunction relies on the fact that the Gl tract is endowed with
_ cannabinoid receptors and N-arachidonoylethanolamine (anan-
*Correspondence to: Giovanni SARNELLI, M.D., Ph.D. damide, AEA) and 2-arachidonoylglycerol (2-AG), their best-charac-
E-mail: sarnelli@unina.it terized endogenous ligands [6, 7]. Together with their synthetizing
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and degrading enzymes, they embody the endocannabinoid system
(ECS), a ubiquitous and complex system involved in the control of
gut homoeostasis. Since first coined in 1995 [8], the term ‘endo-
cannabinoids’ (ECs) has been enlarged to a number of recently, yet
only partially, identified endogenous ligands, such as 2-arachido-
noylglycerol ether (noladin ether), N-arachidonoyl-dopamine (NADA)
and O-arachidonoylethanolamine (virodhamine) [9]. In recent years,
several lipid-derived mediators, closely resembling typical ECs, have
been described, raising questions on the different pathophysiologi-
cal role of these compounds [10-13]. These analogues [namely M-
linoleylethanolamine (LEA), N-oleoylethanolamine (OEA), N-palmi-
toylethanolamine (PEA) and A-stearoylethanolamine (SEA)] are
structurally related to classical ECs and have been shown to act
synergistically, either enhancing the effects of prototypic ECs (the
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so-called entourage effect) or displaying unique effects (seethe
‘Endocannabinoid-related compounds’ section). An overview of the
principal ECs and of the enzymes responsible for their metabolism
is proposed in Figure 1. Different from other transmitters, the ECs
and their congeners are not stored in intracytoplasmic vesicles, but
synthetized from membrane precursors in an ‘on-demand’ fashion
[13]. After their release into the extracellular space, these short-
lived compounds are rapidly removed from membrane transporters
and degraded by specific enzymes (Fig. 1) [14]. The ECs are able
to exert their multifaceted activities by binding a large number of
receptors that have not been fully identified, so far. The best-char-
acterized receptors are cannabinoid receptors 1 and 2 (CB1 and
CB2), two G-protein-coupled receptors expressed in both peripheral
and central nervous systems, as well as by a number of non-neural
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Fig. 1 Schematic overview of the enzymes involved in EC metabolism. Anandamide (AEA) and 2-acylglycerol (2-AG) are the two best-recognized
stereotypical ECs. Both are synthetized by hydrolysis from membrane lipid precursors, namely N-arachidonoyl-phosphatidylethanolamine (NArPE)
and phosphatidylinositol-4,5-bisphosphate (PIP2) for AEA and 2-AG, respectively. Both AEA and 2-AG, after the binding with CB receptors, are
rapidly removed by membrane transporters and converted into arachidonic acid by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase

(MAGL), respectively.
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cells [6, 15, 16]. CB1 is responsible for the classical psychotropic
effects of marijuana and is mainly expressed in the CNS [17]. In
the Gl tract, CB1 is expressed in both myenteric and submucosal
plexuses of the enteric nervous system (ENS), mostly by motoneu-
rons, interneurons and primary afferent neurons but also by epithe-
lial cells [18]. Conversely, CB2 predominantly shows a peripheral
distribution, with the highest rate of expression on immune cells
[19, 20], but it is also found on enteric neurons [21]. In rodent
models, CB2 appears to be expressed by intestinal epithelial cells;
however, this evidence has not been confirmed in both other ani-
mal models and human beings [22-24]. As mentioned above, ECs
and their related compounds exhibit several non-CB1/CB2-mediated
effects by binding other receptors with different affinity. The orphan
G-protein-coupled receptor 55 (GPR55), identified in 1999, has
been proposed as the third CB receptor, and although it has been
found in the jejunum, ileum and colon, its distribution has not been
extensively studied [25]. One of the best-characterized non-CB
receptors for ECs is the transient receptor potential vanilloid type 1
(TRPV1), mainly located on the primary afferent nerve fibres [26].
Originally identified as receptors for the capsaicin [27], TRPV1
receptors are known for being activated by NADA and AEA as
effectively as capsaicin [28]. AEA is a full agonist on TRPV1 recep-
tors, but it also exerts indirect effects by binding CB1 [29]. Further-
more, a number of ECs have been shown to bind peroxisome
proliferator-activated receptors (PPARS). In vitro studies showed
that AEA, noladin and virodhamine are receptor agonists to PPARq,
while 2-AG binds to PPARB/S [30]. Taken together, the bewildering
redundancy of the ECS and the different sites of action of the ECs
account for the great variety of actions exhibited by these com-
pounds in vivo.

Endocannahbinoid-related compounds

EC-like compounds, such as N-acylethanolamides (NAES), have a
close structural resemblance with classical ECs, but display no
activity on CB receptors [10, 31, 32]. However, these compounds
share some biological activities and similar biosynthetic pathways
of those of typical ECs, particularly AEA. AEA synthesis is, indeed,
coupled with the formation of PEA, OEA and LEA [10, 33, 34].
Although OEA and PEA do not directly activate cannabinoid recep-
tors, they are thought to indirectly potentiate ECS signalling via the
‘entourage effect’ by either competing with stereotypical ECs for
enzymatic degradation or increasing their receptor binding affinity
[10] (Fig. 2). PEA and OEA are, indeed, both substrates of FAAH, the
enzyme responsible for AEA degradation. By either competing with
AEA for FAAH or inducing FAAH down-regulation [35, 36], PEA and
OEA could reduce AEA catabolism and ultimately increase AEA con-
centrations. Furthermore, independently of FAAH, PEA and OEA are
able to enhance AEA effects at TRPV1 receptors [37, 38]. OEA and
PEA can activate, even if with different receptor affinity, PPARq, the
G-protein-coupled receptor GPR119 and the TRPV1 [39-42]. A
growing body of evidence has shown that these compounds are
involved in the control of a wide variety of functions, including the
control of food intake [43, 44], neuroprotection [45] and inhibition
of pain and inflammation [46, 47]. PEA levels increase in inflamed
tissues, possibly as a protective effect to exert its well-recognized
anti-inflammatory and analgesic properties [46]. In biopsies from
patients with coeliac disease, levels of both PEA and AEA were
increased [48]. It has been shown that by selectively binding PPARa
receptors, PEA is able to down-regulate iNOS expression and
nuclear factor-xB (NF«B) activation, and in turn the inflammation in

NAPE-PLD * >

AEA o
PEA o *| FAAH
H >
Co~ " NAAA
OEA o

Fig. 2 Biosynthesis and degradation of N-acylethanolamides (NAEs) and possible points of interaction between AEA and its related compounds. Sim-
ilar to AEA, N-palmitoylethanolamine (PEA) and N-oleoylethanolamine (OEA) are synthesized by N-acylphosphatidylethanolamine-specific phospholi-
pase D (NAPE-PLD) from membrane precursors. Unlike AEA, PEA and OEA exhibit no binding affinity on CB1/CB2 receptors, but they can enhance
AEA activity at TRPV1 receptors. PEA and OEA are degraded by either fatty acid amide hydrolase (FAAH) or N-acetylethanolamine-hydrolysing acid
amidase (NAAA). By competing with AEA for FAAH (mainly OEA) or by down-regulating FAAH expression (predominantly PEA), they can increase

AEA levels.
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a number of chronic inflammatory conditions, including experimen-
tal and human models of inflammatory bowel disease (IBD) [49-
51]. PEA is indeed able to significantly inhibit the expression of
S100B and Toll-like receptor 4 on enteric glial cells, thus reducing
inflammation induced by nuclear factor-xB (NFxB) by selectively
binding PPARa receptors [51]. On the contrary, OEA was able to
display antinociceptive properties in a PPAR-a-insensitive manner in
mice [47].

The endocannabinoid system and the control of
gastrointestinal motility

In both animal and human GI tract, the ECs exert marked
antipropulsive effects. This result is mainly mediated by the reduc-
tion in the release of acetylcholine via the activation of presynaptic
CB1 [18, 52-54]. However, recent evidence suggests that along
with the inhibition of acetylcholine release, the effects of the ECs
on Gl motility are likely to be related to the inhibition of all the
components of the peristaltic reflex. In parallel with the inhibition
of the release of acetylcholine, in rat models CB1 agonists were
indeed able to significantly inhibit the release of both substance P
and VIP, inhibiting, respectively, both the ascending contraction
and the descending relaxation of the peristaltic reflex [55-58]. Fur-
thermore, both the deletion of the CB1 gene [55-57] and the phar-
macological blockade of these receptors [59-61] displayed
prokinetic effects. Altogether, these lines of evidence seem to sug-
gest that ECs are able to significantly reduce smooth muscle con-
tractility, mainly by binding CB1. CB2 does not appear to play a
major role in the control of intestinal motility under physiological
conditions. However, studies on rodents have shown that intestinal
hypermotility due to lipopolysaccharide (LPS) administration was
abolished by CB2, but not by CB1 agonists [62]. Hence, in animal
models, GB2 agonism is more likely to inhibit intestinal motility in
pathophysiological conditions associated with intestinal inflamma-
tion and immune activation.

The endocannahinoid system and the control of
visceral sensitivity

Undoubtedly, the most documented effect of the ECS is the con-
trol of visceral sensitivity and, although empirically grounded,
phytocannabinoid-based treatments have been used for centuries
in a number of conditions featured by chronic pain. In recent
years, several studies have elucidated the molecular mechanism
by which ECs are able to reduce visceral sensation and pain.
The reduction in visceral sensitivity threshold to colorectal disten-
sion was found to be dependent on both CB1 activation and CB2
activation [63-67]. Rousseaux et al. have shown that after col-
orectal distension, orally administered probiotics were able to
reduce visceral sensation in rats in a CB2-dependent fashion
[68]. Moreover, in pro-inflammatory conditions, AM124 was able
to reduce the bradykinin-induced activation of primary afferents

© 2017 The Authors.
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in wild-type but not in CB2-deficient mice [69], further support-
ing the evidence that CB2 is probably involved in the control of
visceral hypersensitivity in inflammatory conditions. In rodents,
visceral hypersensitivity due to water avoidance stress was signif-
icantly associated with a decreased expression and function of
CB1, while a reciprocal increase in TRPV1 expression was found
in dorsal root ganglion (DRG) neurons [70]. CB1 and TRPV1
receptors are intimately connected, and CB1 is able to inhibit
TRPV1 activity either directly or indirectly through the cyclic
AMP-protein kinase A [71]. The treatment of DRG neurons with
anandamide, whose levels are increased in psychological stress,
was able to reproduce the changes in TRPV1 and CB1 expres-
sions, while administration of CB1 agonist and/or TRPV1 receptor
antagonist was able to prevent these effects [70]. Furthermore,
injections of corticosteroids were able to increase anandamide
expression and to reproduce the reciprocal changes in the
expression of CB1 and TRPV1 receptors [70]. Although not com-
pletely elucidated, the mechanism underlying the reduced expres-
sion of CB1 in chronic stress conditions might rely on increased
methylation of the Cnr1 gene promoter by DNMT1, which results
in epigenetic modifications of CB1 expression [72]. Collectively,
these findings indicate that the interplay between the cannabinoid
and vanilloid signalling pathways may play an important role in
stress-induced visceral hyperalgesia [73, 74]. In summary, both
CB1 activation and CB2 activation have been linked to the control
visceral sensitivity and stress-induced hyperalgesia in animal
models. The antinociceptive effects of CB1 are probably intimately
connected to a reciprocal down-regulation of TRPV1 receptors,
while CB2 is likely able to counteract the sensitizing effects of
inflammatory mediators, such as bradykinin, on peripheral end-
ings of visceral afferents.

The endocannabinoid system and the control of
intestinal inflammation

Over the past decade, many lines of evidence highlighting the
role of the ECS in intestinal inflammation have been produced in
both animal and pre-clinical models [18, 75, 76]. Although
genetic studies failed to find any significant association between
the polymorphisms in the gene encoding for FAAH and the risk
of developing Crohn’s disease (CD), homozygosis for the muta-
tion Pro129Thr in FAAH gene was significantly associated with
development of fistulas and extra-intestinal manifestations in
patients with CD [77]. Also, in patients with ulcerative colitis
(UC), the same FAAH genetic variant led to an earlier average
onset of the inflammatory disease [77]. Furthermore, in a recent
case-control association analysis from a paediatric 1BD popula-
tion, the functional CB2-R63 variant was significantly associated
with the risk of developing IBDs and also linked to a more
aggressive phenotype in both patients with CD and patients with
UC [78]. The pivotal role of the ECS in regulating intestinal
inflammation has been confirmed by the evidence that both
genetic ablation of FAAH and the pharmacological treatment with
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Table 1 Reported altered expression profile of endocannabinoid system (ECS) in intestinal disease

Clinical condition AEA PEA FAAH CB1 CB2 Ref.

lleitis Mouse 4 = = + 3 [54, 74]

Coeliac-like atrophy Rat + + nd nd nd [48]

Colitis Mouse +— nd +/— nd nd [82]

IBD Human +/— = +/= +/— I [24,62]

Diverticulitis Human 1 = nd = nd [75]

FD Human nd nd nd A nd [85]

IBS Human nd * nd 2 + [105]

NAFLD/NASH Human + nd nd 4 * [116, 117, 120, 121]

+: increase; —: decrease; =: no significant change; nd: not determined; +/—: conflicting results; *: indirect evidence from administration of ago-
nists/antagonists. IBD: inflammatory bowel disease; FD: functional dyspepsia; IBS: irritable bowel syndrome; NAFLD: non-alcoholic fatty liver

disease; NASH: non-alcoholic steatohepatitis.

FAAH inhibitors prevented the development of colitis in rodents
[79]. In animal models, these effects are dependent on both CB1
and CB2. CB1 and CB2 agonists are indeed able to significantly
reduce experimental colitis, while CB2 antagonists and CB1
knockout mice developed a more severe TNBS-induced colitis
[80, 81]. Finally, it has been shown that an increase in AEA
levels, induced by inhibitors of the catabolic or reuptake
enzymes, significantly attenuates colitis in wild-type mice, but not
in GB1- and CB2-deficient mice [82]. In human beings, ex vivo
studies have demonstrated a significantly increased expression of
CB and EC levels in chronic inflammatory conditions, including
IBDs, diverticulitis and coeliac disease [48, 74, 75]. An overview
of the reciprocal changes in CB receptors and EC level is
reported in Table 1. However, both FAAH expression and levels
of AEA have been reported to be decreased or increased in coli-
tis from different studies, pointing towards the need for further
studies to fully address the role of ECS in the modulation of
intestinal inflammation.

The endocannabinoid system in gut
pathophysiology

The homoeostatic role of ECS, able to regulate Gl functions
peripherally and centrally, represents both a blessing and a
curse, making it an appealing therapeutic target and, at the same
time, a challenge in selectively modulating Gl functions without
altering the functionality of other organs. We will now discuss in
detail the evidence produced on the role of the ECS in Gl disor-
ders, namely functional dyspepsia (FD) and irritable bowel syn-
drome (IBS), two of the main functional gastrointestinal disorders
(FGIDs), IBDs and non-alcoholic fatty liver disease (NAFLD). We
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will also review the most recent advances in the possible thera-
peutic exploitation of manipulating ECS in the treatment of these
Gl disorders.

The endocannabinoid system and functional
dyspepsia

Although only few studies have investigated the potential effects of
ECS in FD, there is evidence suggesting that the ECS might be an
intriguing target in FD treatment, as it is involved in the modulation
of some of the proposed mechanisms underlying FD pathophysiol-
ogy [83, 84]. In a recent study in patients with FD, Ly et al. have
demonstrated a sustained increase in CB1 receptor availability in
cerebral regions involved in the control of food intake and visceral
sensitivity, suggesting for the first time a long-term dysfunction in
ECS signalling pathways in FD [85]. However, whether this effect
is a consequence of altered visceral sensitivity or of dysregulation
in food intake still needs to be clarified. Impaired gastric accom-
modation, delayed gastric emptying and visceral hypersensitivity
have been suggested as the underlying pathophysiological
mechanisms of some FD symptoms, such as nausea, early satiety,
post-prandial fullness and pain [84, 86, 87]. In experimental ani-
mals, CB receptor agonists have been shown to significantly reduce
gastric emptying [88, 89]. Similarly, oral administration of dronabi-
nol (A9-THC) was able to significantly reduce gastric emptying in
human beings [90, 91]. Furthermore, in healthy individuals, admin-
istration of a CB1 antagonist (rimonabant) was able to inhibit gas-
tric  accommodation, but not affecting gastric sensitivity,
suggesting a role of ECS in the control of gastric accommodation
[92]. Although further studies are required to fully address the
putative role of ECS in FD pathophysiology, the well-recognized
orexigenic and antiemetic effects of cannabino-mimetics make the

© 2017 The Authors.
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manipulation of ECS signalling pathway a promising strategy in FD
treatment.

The endocannahinoid system in irritable bowel
syndrome

Although the pathophysiology of IBS is still not completely under-
stood, gut motility impairment, visceral hyperalgesia, low-grade
inflammation and gut-brain axis alterations have all been associated
with symptoms onset [93]; hence, the ECS may represent a new ther-
apeutic target. As ECs are known to decrease Gl motility [94, 95],
dronabinol, a derivative of THC, has been tested in patients affected
by diarrhoea-predominant IBS (IBS-D) showing variable results. It
has been shown that this compound was effective in decreasing the
colonic transit but not colonic sensitivity, and this effect was limited
to those patients carrying CB1 receptor polymorphism rs806378 [96,
97]. Moreover, as the activation of CB1 may reduce Gl transit, the use
of its antagonist may be used to increase stool frequency in constipa-
tion-predominant IBS (IBS-C). Actually, a selective CB1 antagonist,
namely rimonabant (SR141716A), was able to increase colonic motil-
ity in mice [61]. Interestingly, also the inhibition of the 2-AG synthe-
sizer DAGL using orlistat was found to normalize stool frequency in a
mouse model of chronic constipation, without affecting basal
motility [98]. In addition, several lines of evidence suggested that the
increase in GB1 activity might lead to a reduction in visceral sensitivity
[66, 99-101]. Esfandyari et al. have tested the efficacy of dronabinol
in visceral sensitivity in a randomized, double-blind, placebo-con-
trolled trial showing its ability to increase colonic compliance and
relaxation in vivo [90]. However, a further study failed to find signifi-
cant difference in terms of rectal compliance between dronabinol and
placebo [97]. This discrepancy may be due to a different expression of
CB1 in colon and rectum. Finally, several studies revealed that the ECS
also participates in immune response, mainly reducing the production
of inflammatory cytokines. Given the evidence for a role of low-grade
inflammation in IBS, ECs may also improve IBS symptoms by
decreasing the inflammatory response [102-104]. All these lines of
evidence confirm that the ECS may represent a new therapeutic
target in IBS; however, the risk of adverse effect still limits the
use of ECs in treating FGIDs. Therefore, EC-like compounds able
to modulate ECS signalling with a good safety profile and, more
importantly, without central side effects appear as promising can-
didates in IBS treatment. Recently, a multi-centre randomized,
double-blind, placebo-controlled study has shown the efficacy of
orally administered PEA in decreasing the pain severity in
patients with IBS. The authors found a significantly increased
expression of mast cells and CB2 in IBS, while the levels of OEA
were significantly reduced. Furthermore, orally administered PEA
significantly improved the pain severity in these patients; how-
ever, the authors concluded that it was less obvious whether this
effect was dependent on the ECS-induced modulation of visceral
hyperalgesia or on mast cell stabilization; hence, further studies
evaluating the relation between ECs, inflammation and IBS are
needed [105].

© 2017 The Authors.
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The endocannabinoid system in inflammatory
howel disease

The lines of evidence showing the involvement of ECs in the regu-
lation of inflammatory and immune response in the digestive tract
inevitably promoted research on the role of ECs in IBD. The first
evidence came from CB1 and CB2 knockout mice that showed a
higher susceptibility to chemically induced colitis, suggesting that
ECs play a key protective role against chronic inflammation [81,
106]. Moreover, in vitro studies showed that AEA and other CB1
agonists promote wound closure in human colonic epithelium and
hence might improve mucosal healing in patients with [BD [22].
Furthermore, in vitro experiments showed that anandamide and 2-
AG increased intestinal permeability when apically administered on
Caco-2 cells, and an in vivo study in obese mice, a model of leaky
gut, showed that the CB1 antagonist rimonabant was able to
reduce plasmatic LPS level, confirming the role of ECs in regulat-
ing gut permeability [107-109]. Interestingly, further studies have
revealed that while CB1 mainly mediates the effects of ECs in a
physiological setting, CB2 seems to assume a prevalent role dur-
ing inflammatory process. Indeed, immunohistochemical studies
showed that during inflammatory flares, the expression of CB2,
but not of CB1, is modified and amplified [24, 62]. This evidence
is very intriguing as CB2 agonists may represent a new therapeu-
tic strategy in IBD, acting directly and specifically on inflamed tis-
sue, thus reducing central adverse effects. Finally, a protective
effect of PEA has been demonstrated in human biopsies from
patients with active UC, suggesting that exogenous administration
of EC-like amides may improve mucosal healing in patients with
IBD [51]. As NAEs are already available for treating neuropathic
pain, showing a good efficacy and safety profile, further clinical
trials to evaluate the therapeutic role of these compounds are
clearly required.

The endocannabinoid system in liver disease

Liver plays a major role in human homoeostasis with numerous
functions, including regulation of lipid and carbohydrate metabo-
lism, plasma protein synthesis, hormone production and detoxifi-
cation. The emerging role of ECs in homoeostasis and lipid
metabolism led several authors to investigate the interactions
between the ECS and liver functions in normal and pathological
conditions. The cannabinoid receptors are widely distributed on
both hepatocytes and cholangiocytes, as on Kupffer and stellate
cells, and their expression is modified during liver injury [110-
113]. In particular, it was found that the ECS is involved in hep-
atic haemodynamic, cellular regeneration, liver fibrosis and lipid
metabolism. As known, liver haemodynamic dysregulation plays a
central role in cirrhosis, indeed portal hypertension and systemic
vasodilation are involved in all major cirrhotic complications, such
as ascites, variceal bleeding, liver-related cardiomyopathy and
increased risk of cardiovascular events [114, 115]. Remarkably,
the hypotensive effects of ECs, mainly mediated via CB1 activation,
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have been associated with cirrhosis-induced vasodilation, and
increased levels of AEA have been found in peripheral blood of
patients with cirrhosis [116, 117]. In rodent models of cirrhosis,
the administration of CB1 antagonist was found to decrease
ascites and ameliorate sodium balance, and CB1 was shown to
contribute to cardiac contractility alterations related to liver car-
diomyopathy, suggesting that CB1 antagonists might be used to
improve cardiovascular activity in cirrhosis [118, 119]. ECs have
also been associated with fibrosis progression in HCV-infected
patients, suggesting a profibrotic activity of ECs. Indeed, CB1
stimulation promotes the activity of myofibroblasts and stellate
cells, likely via an increased TGF-B production [120, 121]. On the
contrary, CB2 activation seems to play a protective role against
fibrosis, promoting regeneration of liver cells after acute injury.
Indeed, selective CB2 agonists have been found to slow fibrosis in
a rat model of cirrhosis, and CB2~'~ knockout mice are more sen-
sitive to acute liver injury, showing a low regenerative response
[122, 123]. In summary, although ECs may worse cirrhosis pro-
gression and complications mainly via CB1 activation, specific CB2
agonists might slow liver fibrotic evolution.

Endocannabinoids in non-alcoholic fatty liver disease

The emblematic role of ECS in metabolic syndrome and obesity is
already known; indeed, the CB1 antagonist rimonabant has been pro-
posed in obesity treatment due to its beneficial effects on both body-
weight and lipid profile. However, the neuropsychiatric adverse effects
have limited the clinical use of this compound. Non-alcoholic fatty liver
disease (NAFLD) and non-alcoholic steatohepatitis (NASH) are strongly
associated with metabolic syndrome, representing the ‘liver response’
to obesity, dyslipidaemia and altered carbohydrate metabolism. As ECs
play a key role in liver lipid metabolism, a great interest is raised on
effects of ECs on fatty liver diseases [124]. Cannabinoid receptors are
involved in hepatic lipogenesis, inducing specific transcriptional factors,
such as SREBPs (sterol regulatory element-binding proteins). Indeed in

a mouse model with a selective deletion of hepatic CB1, a significant
reduction in lipid storage during high-fat diet has been observed [125].
Intriguingly, also lipid profile and insulin resistance were improved;
however, no effects on BMI have been registered in this murine model,
suggesting that other mechanisms are involved in bodyweight regula-
tion [125]. Altogether, these lines of evidence support the role of ECs in
hepatic steatosis and fibrotic progression, opening the possibility of
new therapeutic options in treatment of NAFLD and NASH; in particular,
the efficacy and safety of the CB1 antagonist rimonabant are currently
under investigation in a phase Ill clinical trial for treatment of NASH.

Conclusions

In the last years, accumulating lines of evidence have pointed out
the homoeostatic role of the ECS in regulating intestinal motility,
sensitivity and inflammation. An impairment of ECS signalling has
been suggested to play a key role in several gastrointestinal disor-
ders, such as FGIDs, IBDs and liver diseases. Even if conflicting
results have been produced in vivo, convincing evidence suggests
that pharmacological manipulation of this multifaceted system
might provide new therapeutic options in treating Gl diseases. The
complexity and the redundancy of ECS make the manipulation of
this complex system an appealing target for therapeutic purposes,
although the possibility of central side effects strongly limited the
current use of these compounds in clinical settings. Using periph-
erally acting drugs with no affinity on central cannabinoid recep-
tors is an intriguing strategy, and as PEA formulations are already
available for the treatment of chronic pain, further in vivo studies
to test the clinical efficacy of these compounds are strongly
warranted.
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Abstract

Background: Clostridium difficile toxin A is responsible for colonic damage observed in infected patients. Drugs able to
restore Clostridium difficile toxin A-induced toxicity have the potential to improve the recovery of infected patients.
Cannabidiol is a non-psychotropic component of Cannabis sativa, which has been demonstrated to protect enterocytes
against chemical and/or inflammatory damage and to restore intestinal mucosa integrity.

Objective: The purpose of this study was to evaluate (a) the anti-apoptotic effect and (b) the mechanisms by which
cannabidiol protects mucosal integrity in Caco-2 cells exposed to Clostridium difficile toxin A.

Methods: Caco-2 cells were exposed to Clostridium difficile toxin A (30 ng/ml), with or without cannabidiol (1077-107°M), in
the presence of the specific antagonist AM251 (107’ M). Cytotoxicity assay, transepithelial electrical resistence measure-
ments, immunofluorescence analysis and immunoblot analysis were performed in the different experimental conditions.
Results: Clostridium difficile toxin A significantly decreased Caco-2 cells’ viability and reduced transepithelial electrical
resistence values and RhoA guanosine triphosphate (GTP), bax, zonula occludens-1 and occludin protein expression,
respectively. All these effects were significantly and concentration-dependently inhibited by cannabidiol, whose effects
were completely abolished in the presence of the cannabinoid receptor type 1 (CB1) antagonist, AM251.

Conclusions: Cannabidiol improved Clostridium difficile toxin A-induced damage in Caco-2 cells, by inhibiting the apoptotic
process and restoring the intestinal barrier integrity, through the involvement of the CB1 receptor.
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Introduction

Clostridium difficile infection (CDI) is responsible for
the pseudomembranous colitis, a serious pathological

condition of the large intestine, characterised by mas-
sive inflammation and bleeding.! It is known that
Clostridium difficile produces two enterotoxins, named
Clostridium difficile toxin A and B (TcdA and TecdB,
respectively) that, in turn, are responsible for the exten-
sive colonic mucosal damage, causing severe diarrhoea,
colitis, shock and death in most severe cases.”> TcdA is
the major cause of Clostridium difficile enterotoxicity.
TcdA is a glucosyltransferase, that once internalised
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into the host cell via receptor-mediated endocytosis,
inactivates small GTPases.* Among these proteins,
RhoA, a small GTPase member of the Rho subfamily
that is a critical regulator of actin cytoskeleton and
tight junction assembly, is the primary target of
TedA.? TedA-induced inactivation of RhoA results in
the transition from guanosine triphosphate (GTP)-
bound form (active) to guanosine diphosphate
(GDP)-bound form (inactive), leading to an alteration
of cellular structure and tight junction integrity, and
consequently to increased epithelial barrier permeabil-
ity; this process is also sustained by the acute inflam-
mation of colonic mucosa and contributes to the leaky
gut and massive ions’ secretion.® Due to its role in the
mucosal homeostasis and functions, the targeting of
RhoA may represent an innovative pharmacological
strategy for the treatment of CDI.

In the last decade, cannabinoids extracted from the
marijuana plant (Cannabis sativa) and synthetic canna-
binoids have shown numerous beneficial effects on
gastrointestinal (GI) functions.” Non-psychotropic
phytocannabinoid cannabidiol (CBD) is one of the
most interesting compounds, since it exerts a wide
range of beneficial pharmacological actions on GI func-
tions, ranging from antioxidant to antinflammatory
activities.>” Unlike psychoactive cannabinoids such as
tetrahydrocannabidiol (THC), CBD has little binding
affinity to cannabinoid receptors (either CB1 and CB2);
whereas, by acting on peroxisome proliferator-acti-
vated receptor gamma (PPARY)'" and 5-hydroxytryp-
tamine (SHT)-1A receptors,'! it displays
antinflammatory and antioxidant effects.'> Unlike
other phytocannabinoids, CBD has been shown to act
as a non-competitive negative allosteric modulator of
CBl1 1rec¢:pt01rs.13 Notably, CBD is able to restore
in vitro intestinal permeability increased by ethylene-
diaminetetraacetic acid (EDTA) or pro-inflammatory
stimuli.'*'> So far, no evidence has been produced
about the putative protective role exerted by CBD in
CDI. To further this aim, the present study was
addressed at evaluating the in vitro effects of CBD on
TcdA-induced apoptosis in Caco-2 cells and at investi-
gating the effects of CBD and its mechanism of action.

Materials and methods
Materials

The experiments were performed in human Caucasian
colon adenocarcinoma (Caco-2) cells that have been
shown to be a good model to address TcdA toxicity
in vitro.'® Caco-2 cells were purchased from
European Collection of Cell Cultures (ECACC,
Public Health England, Porton Down, Salisbury,
UK). Cell medium, chemicals and reagents used for

cell culture, and TcdA were obtained from Sigma-
Aldrich (St. Louis, Missouri, USA). Instruments,
reagents, and materials used for Western blot analysis
were obtained from Bio-Rad Laboratories (Milan,
Italy). CBD and AM251 (CBI1 receptor antagonist)
were purchased from Tocris Cookson, Inc. (Ballwin,
Missouri, USA). The antibodies rabbit anti-zonula
occludens-1 (ZO-1), rabbit anti-occludin, rabbit anti-
bax and rabbit anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibodies were procured
from  Cell Signalling Technology (Danvers,
Massachusetts, USA). Mouse anti-ZO-1 antibody was
purchased from Santa Cruz Biotechnology (Santa
Cruz, California, USA). Mouse monoclonal anti-
body anti-active RhoA by New East Bioscience
(Pennsylvania, USA) has been used. Fluorescein isothio-
cyanate-conjugated anti-rabbit antibody and Texas red
conjugated anti-mouse antibody were purchased from
Abcam (Cambridge, UK) and horseradish peroxidase
(HRP) was obtained from Dako (Milan, Italy).

Cell culture and experimental conditions

Caco-2 cells were grown at 37°C with 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) in
addition with 10% foetal bovine serum (FBS), 1%
penicillin—streptomycin, 2mM L-glutamate, and 1%
non-essential amino acids. Caco-2 cells were plated
at a density of 1 x 10° cells/well in six-well plates and
incubated for 24h. Every 24-48h the medium was
replaced with fresh medium to confluence. After reach-
ing confluence, the cells were washed three times
with phosphate-buffered saline (PBS), detached with
trypsin/EDTA, plated in six-well plates some contain-
ing and on polyethylene-terephtalate (PET) filter inserts
(Falcon Becton-Dickinson, 0.4 mm pore diameter, area
4.21cm?, pore density 2 0.2 10%/cm?) to measure the
transepithelial electrical resistance (TEER), and
allowed to adhere for an appropriate time. Caco-2
cells were randomly divided into the following
groups: vehicle, 30ng/ml TcdA, 30ng/ml TcdA plus
CBD at 107°, 10® and 107"M CBD and 30ng/ml
TcdA plus 107’M CBD plus 107'M CBI receptor
antagonist AM251. The concentrations of CBD and
AM?251 were seclected on the basis of previous
rf:portsm’15 and our preliminary experiments
(Supplementary Material, Figure 1, data not shown);
in brief, cells were treated with different concentrations
of CBD and/or AM251 for 24 h and then incubated at
37°C in the presence of TcdA for 24 h.

TEER

Caco-2 (TEER) was measured using the EVOM volt-
ohm meter (World Precision Instruments Germany,
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Berlin, Germany) according to the method described by
Wells and colleagues.'”

In brief, cells were used for experimentation between
14-21 days and each epithelial cell layer with a TEER
value greater than 1000  x cm?, was considered to have
tight adhesion. At this point, cell monolayers were trea-
ted according to experimental protocol described above
and TEER measurements were performed at different
time points (2, 3, 5, 7, 12, 18 and 24 h, respectively).
TEER values were measured at a current of 20 mA, cor-
rected for background, resistance value without cells,
and normalised by multiplying the determined resistance
by effective membrane growth area, 4.71 cm”.

TEER (2 x cm?) = (Total resistance

— blank resistance)(€2) x Area(cm?)

Cytotoxicity assay

The 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazo-
lium bromide (MTT) assay was used to determine
Caco-2 cell proliferation and survival.'® At least
(5 x 10* cells/well) were plated in 96-well plates and
allowed to adhere for 3h. Then DMEM was replaced
with fresh medium and then cells were treated accord-
ing to the different experimental protocols (see above).
After 24h, 25ul MTT (5mg/ml MTT in DMEM) was
added to the cells and the mixture was incubated for
further 3h at 37°C. Subsequently, the cells were lysed
and the dark blue crystals were solubilised using a
100 pl solution containing 50% N,N-dimethylforma-
mide and 20% (w/v) sodium dodecyl sulphate (SDS)
(pH 4.5). The optical density (OD) of each well was
determined using a microplate spectrophotometer
equipped with a 620 nm filter (PerkinElmer, Inc.;
Waltham, Massachusetts, USA).

Western blot analysis

Twenty-four hours after treatment, the cells (1 x 10°/
well) were washed with ice-cold PBS, were harvested
into Separate Eppendorf tubes for different treatment
groups and collected by centrifugation at 180g for
10 min at 4°C. The cell pellet, obtained after centrifu-
gation, was re-suspended in 100 pl ice-cold hypotonic
lysis buffer (10mM 4-(2-hydroxyethyl)-1-piperazi-
neecthanesulfonic acid (HEPES), 1.5mM MgCl2,
10mM KCI, 0.5mM phenylmethylsulphonylfluoride,
1.5 ug/ml soybean trypsin inhibitor, 7 ug/ml pepstatin
A, 5Spg/ml leupeptin, 0.lmM benzamidine and
0.5mM dithiothreitol (DTT)) and incubated on ice
for an additional 15 min.

The suspension was rapidly passed through a syringe
needle five to six times to lyse the cells and then

centrifuged for 15min at 13,000 x g to obtain the cyto-
plasmic fraction. The cytoplasmic fraction proteins
were used to determine the protein concentration with
Bradford assay and mixed with non-reducing gel load-
ing buffer (50 mM Tris (hydroxymethyl) aminomethane
(Tris),10% SDS, 10% glycerol, 2 mg bromophenol/ml)
at a 1:1 ratio. The solutions were then boiled for 3 min,
centrifugated at 10,000 g for 10 min and 50 pg of each
homogenate was used for electrophoresis using 12%
discontinuous polyacrylamide mini gels. Proteins were
then transferred to nitrocellulose membranes that were
saturated by incubation with 10% non-fat dry milk in
I1X PBS overnight at 4°C and then incubated with
rabbit anti-ZO-1 (1:1000), rabbit anti-occludin
(1:1000), mouse anti-active RhoA (1:1000), rabbit
anti-bax (1:1000) and rabbit anti-GAPDH (1:1000)
antibodies. After being extensively washed in TBS 1X
with 0.1% Tween 20, membranes were then incubated
for 2h at room temperature with the specific secondary
antibodies conjugated to HRP anti-mouse (1:2000) or
anti-rabbit (1:3000). Immune complexes were identified
by enhanced chemiluminescence detection reagents
(Amersham Biosciences, Milan, Italy) and the blots
were analysed by scanning densitometry (GS-700
Imaging 143 Densitometer; Bio-Rad, Segrate, Italy).
Results are expressed as OD; (arbitrary units; mm?2)
and normalised against the expression of the house-
keeping protein GAPDH.

Immunofluorescence

For these experiments, Caco-2 cells were cultured onto
coverslips until confluence, and then treated according
to the different above-described protocols. Cells were
then fixed for 30min in 4% formaldehyde, washed
with ice-cold PBS and permeabilised with 0.3%
Triton-X100 in PBS for one hour. Subsequently, 2%
bovine serum albumin (BSA) was used to block the
nonspecific binding sites. The cells were then incu-
bated overnight with mouse anti-ZO-1 (1:100), or
rabbit anti-occludin antibody (1:100), following PBS
washing and further incubated in the dark for half
an hour with the appropriate secondary antibody
(fluorescein isothiocyanate (FITC)-conjugated anti-
rabbit or Texas red conjugated anti-mouse). After
final PBS washing, the cells were analysed using a
microscope (Nikon Eclipse 80i), and images were cap-
tured with a high-resolution digital camera (Nikon
Digital Sight DS-Ul). Texas Red was excited at a
wavelength of 568 nm and collected through a long
pass filter (590LP). FITC was excited with a wave-
length of 488 nm and collected with a narrow band
filter (515-540BP). Texas Red and FITC were
assigned to the red and green channels respectively
of the generated RGB channel image.
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Statistical analysis

Results are expressed as mean + standard error of the
mean (SEM) of four or five experiments and each
experiment was performed in triplicate. Statistical ana-
lysis was performed using parametric one-way analysis
of variance (ANOVA) and Bonferroni’s post-hoc test
was used for multiple comparisons. Values of p <0.05
were considered significant.

Results

CBD affects TcdA-induced damage of epithelial
barrier integrity and restores the expression of
Z0-1 and occludin

TEER measurements were performed to evaluate the
effect of CBD (1077, 107 and 107"M) alone, or in
the presence of CB1 antagonist AM251, on epithelial
barrier integrity of Caco-2 cells layers exposed to TcdA
(30 ng/ml) for 24 h.

As shown in Figure 1(a), TcdA exposure induced a
significant and time-dependent reduction of TEER (by
—35, —46, =57, —69, —78, —81 and —86%, at 2, 3, 5, 7,
12, 18 and 24h, respectively; p<0.01 at 2h and
p<0.001 at all other time-points). Starting from 2h
after toxin challenge, the effect of TcdA on electrical
resistance was significantly and concentration-
dependently  counteracted by CBD treatment
(Figure 1(a)); TEER values at 2, 3, 5, 7, 12, 18 and
24h were indeed significantly increased by 15, 33, 56,
73, 119, 133 and 225% in CBD 10~ M-treated cells
(p=ns at 2h and p<0.01 at all other time-points),
while CBD 10*M and CBD 10~'M treatments yield
to a significant increase of TEER values by 31, 52, 90,
133, 219, 239, 361%, and 38, 65, 114, 193, 300, 372 and
538%, respectively (p <0.01 at 2 and 3h and p <0.001
at all other time points for CBD 107*M; p <0.01 at
2, 3 and 5h and p <0.001 at all other time-points for
CBD 107"M).

Interestingly, the effect of CBD on the TcdA-
induced TEER reduction was completely abolished in
the presence of the CB1 antagonist, AM251 (p <0.01,
Figure 1(a)).

Immunofluorescence analysis, showed that 107’ M
CBD, markedly reversed the TcdA-induced decrease
of both occludin and ZO-1 co-expression in cultured
cells, thus restoring the epithelial barrier architecture
(Figure 1(b)). This finding was confirmed by quantita-
tive analysis showing that TcdA-reduced expression of
occludin and ZO-1 (0.3+0.1 and 0.2+0.1 vs 1.0£0.1
fold-change in the vehicle group, respectively; all
p <0.001) was significantly and concentration depend-
ently restored by CBD at the doses of 10~ M (occludin:
2.1£0.2 vs 1.0 0.3 fold-change in TcdA-treated cells,
p<0.01; ZO-1: 2.6+0.5 vs 1.0+0.5 fold-change in

TcdA-treated cells, p<0.05), 107*M (occludin:
2.6£03 vs 1.0+£0.3 fold-change in TcdA-treated
cells, p<0.001; ZO-1: 444+04 vs 1.0£0.5 fold-
change in TcdA-treated cells, p <0.001) and 10~’'M
(occludin: 3.1+0.3 vs 1.0+0.3 fold-change in TcdA-
treated cells, p <0.001; ZO-1: 5.5+£0.5 vs 1.0£0.5
fold-change in  TcdA-treated cells, p<0.001)
(Figure 1(c) and (d)). Once again, AM251 significantly
inhibited the CBD-mediated rescue of ZO-1 and occlu-
din proteins (all p <0.001) (Figure 1(b)—(d)).

CBD inhibits TcdA-induced apoptosis
and cells’ toxicity

As shown in Figure 2(a), a significant decrease in Caco-
2 cell viability was observed at 24 h following the TcdA
challenge (—70% as compared to vehicle group
assumed as 100% viable cells, p <0.001). Under the
same experimental conditions, CBD caused a signifi-
cant and concentration-dependent inhibition of
TcdA-induced cytotoxicity, resulting in an increased
cells’ viability (by 61, 133 and 328% at 1077, 10°°
and 107'M, respectively, vs TcdA group (p <0.05,
p<0.01 and p <0.001, respectively).

Exposure to TcdA significantly reduced the expres-
sion of RhoA GTP (0.2£0.1 vs 1.0 £0.3 fold-change in
the vehicle group, p <0.001) and increased the expres-
sion of the pro-apoptotic Bax protein (10.5£1.2 vs
1.0£0.5 fold-change in the vehicle group, p <0.001)
(Figure 2(b) and (c)); these effects were significantly
restored by CBD, that at 107%, 107® and 107'M
increased the expression of RhoA GTP (1.8+0.4,
33+0.5 and 4.54+0.5 vs 1.0£0.3 fold-change in
TcdA-treated cells; p <0.05, p<0.001 and p <0.001,
respectively) and decreased the expression of Bax
(0.7+0.1, 0.6£0.1 and 0.2+£0.1 vs 1.0+0.1 fold-
change in TcdA-treated cells; p <0.05, p<0.001 and
p<0.001) (Figure 2(b) and (c)). As shown for the
TcdA-impaired barrier function the protective effects
of CBD on cells toxicity were completely abolished in
the presence of AM251 (all p <0.001) (Figure 2(a)—(c)).

Discussion

CDI is one of the main causes of nosocomial diarrhoea
and it is responsible for pseudomembranous colitis. An
annual incidence of ~450,000 cases in the USA has
been estimated, turning CDI into a very important
sanitary emergency;'® since it is associated with signifi-
cant morbidity, 5% infection-related mortality and an
overall mortality of 13-20%.>** There is an urgent
need for new drugs able to improve CDI outcome,
maximising the recovery of patients.

Due to its ability to inhibit Rho GTP activation,*?!
TcdA has been postulated as the main enterotoxin



Gigli et al.

(a) 8 Vehicle
# TcdA 30 ng/ml
€ TcdA 30 ng/ml + cannabidiol 1079 M
150 # TcdA 30 ng/ml + cannabidiol 1078 M
# TcdA 30 ng/ml + cannabidiol 107 M
# TcdA 30 ng/ml + cannabidiol 10~7 M + AM251 10~7

100

50

% of initial TEER (Q x cm?)

3 5 7

Time (h)

12 18 24

(c) 1 2 3 4 5 6
. S s W - QOccludin

— L —— + ZO-1

" W @ W c/PoH

—
Qo
-~
[ee]
[eo)

=mm?2)
e D
mm?2)
B (o]

(OD=

Occludin protein
nN

ZO-1 protein expression
N

expression (OD

ol_i_'_l_I_i
1 2 3 4 5 6

1. Vehicle

2.TcdA 30 ng/ml

3.TcdA 30 ng/ml + cannabidiol 1077 M

4.TcdA 30 ng/ml + cannabidiol 10~7 M + AM251 10~7

1. Vehicle

2.TcdA 30 ng/ml

3. TcdA 30 ng/ml + cannabidiol 1079 M

4.TcdA 30 ng/ml + cannabidiol 1078 M

5.TcdA 30 ng/ml + cannabidiol 1077 M

6.TcdA 30 ng/ml + cannabidiol 10~7 M + AM251 107

Figure 1. Effect of cannabidiol (CBD) on transepithelial electrical resistance (TEER) and barrier integrity of Clostridium difficile toxin A
(TcdA)-exposed Caco-2 cells. (a) 24 h Time course TEER changes following treatment (n=4); (b) immunofluorescent staining showing the
effects of TcdA on zonula occludens-1 (Z0-1) and occludin co-expression at 24 h. Nuclei were stained by DAPI (scalebar =25 um);

(c) immunoreactive bands corresponding to Z0-1 and occludin expression at 24 h following the TcdA challenge; (d) relative densitometric
analysis of immunoreactive bands (arbitrary units normalised against the expression of the housekeeping glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) protein; n=5). Results are expressed as mean = standard error of the mean (SEM) of experiments performed in
triplicate. ***p < 0.001 and **p < 0.01 vs vehicle group; °°°p < 0.001, °°p < 0.01 and °p < 0.05 vs TcdA group. DAPI (4',6-diamidino-2-

phenylindole).

involved in gut mucosal disruption,>?? leaky gut and
loss of cell-to-cell integrity, leading to massive apop-
tosis.>** The inhibition of TcdA effects might thus
represent the key for a targeted therapy of CDI.

In this perspective, cannabinoids might display a
wide range of protective effects on the GI epithelial
barrier, due to their antinflammatory, anticancer and
antioxidant properties.>>?® Among the almost 113
active phytocannabinoids isolated from Cannabis
sativa plant, CBD is one of the most interesting com-
pounds considered for medical use, as different clinical
reports showed its almost complete lack of side effects
in humans.?” Remarkably, CBD is a non-psychotropic
cannabinoid (unlike A9-THC) and does not interfere

with  psychomotor
functions.?®

In this study we have demonstrated, for the first
time, that CBD is able to preserve mucosal integrity
and to reduce cellular permeability in in vitro cultured
Caco-2 cells, counteracting the effects of TcdA. CBD,
indeed, caused a concentration-dependent increase of
transepithelial resistance, significantly preventing the
enterotoxin-evoked damage. Moreover, CBD caused a
marked inhibition of cell death in TcdA-exposed cells,
due to a concentration-dependent up-regulation of
both occludin and ZO-1 protein, two of the main cell-
to-cell tight junction proteins.”” Furthermore, CBD
caused a significant RhoA GTP rescue that raised in

learning and  psychological
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Figure 2. Effect of cannabidiol (CBD) on Clostridium difficile toxin A (TcdA)-induced cells toxicity and apoptosis. (a) 3-[4,5-Dimethylthiazol-
2-yl]-2,5 diphenyltetrazolium bromide (MTT) cell viability absorbance at 24h (n=5); (b) immunoreactive bands corresponding to RhoA
GTP and Bax expression at 24 h following the TcdA challenge; (c) relative densitometric analysis of immunoreactive bands (arbitrary units
normalised against the expression of the housekeeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein; n=5). Results are
expressed as mean 4 standard error of the mean (SEM) of experiments performed in triplicate. ***p < 0.001 and vs vehicle group;
°°°p < 0.001, °°p < 0.01 and °p < 0.05 vs TcdA group. GTP: guanosine triphosphate.

parallel with the inhibition of pro-apoptotic Bax pro-
tein expression; these combined effects likely account
for the restoration of the TcdA-induced intestinal bar-
rier dysfunction and apoptosis.

CBD effects were, at least partially, mediated by crit-
ical involvement of the CB-1 receptor, since they were
almost completely abolished in the presence of the spe-
cific CB-1 receptor antagonist AM251.

Although different receptors have been proposed to
mediate CBD activity,''" it has been postulated that
CBD may represent a non-competitive negative allo-
steric modulator of CBI1 receptors.'* Consequently,
the presence of a specific CB1 antagonist markedly
impairs CBD activity, as previously demonstrated by
different studies.'*'> Accordingly, CBD was able to

contain cellular damage in the in vitro model of muco-
sal disruption, as it occurs in our experimental condi-
tions. Our results indicated that CBD is able to increase
RhoA GTP expression, via the selective involvement of
CB-1 receptors. However, CBD exhibits both antioxi-
dant and antinflammatory properties, labelled as gen-
eric neuroprotective functions,’® mediated by a number
of different pathways and cellular effectors, that have
been only partially recognised so far. These so-called
‘entourage’ effects are not to be excluded a priori when
considering the potential therapeutic effects of this
compound in CDI.

One can speculate that this entourage activity might
synergistically cooperate with CB-1 dependent negative
allosteric modulation, further enhancing the protective
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effects on gut epithelial cells; preventing the cytotoxic
effects of reactive oxygen species products and pro-
inflammatory cytokines,?'** released in the mucosa fol-
lowing TcdA stimulus.

In recent decades, CBD has been proposed as an
effective therapeutic option in a variety of GI patholo-
gies, ranging from inflammatory bowel disease® to
colon cancer,” inflammatory hypermotility in mice®*
and intestinal sepsis.*> The results of our preliminary
report indicate that CBD might be an intriguing candi-
date in CDI treatment, as well.

Although to be confirmed in vivo, the multifa-
ceted activities exerted by CBD might prevent the cyto-
toxic damage in CDI and from a translational
standpoint, given its lack of any significant toxic
effect in humans, may ideally represent an effective
adjuvant treatment in this high-mortality and morbid-
ity rate condition.

Conclusion

Clostridium difficile infection is the leading cause of
hospital-acquired diarrhoea and pseudomembranous
colitis. Clostridium difficile-Toxin A significantly affects
enterocytes permeability leading to apoptosis and colo-
nic mucosal damage. In the present study, we showed
that Cannabidiol, a non-psychotropic component of
Cannabis sativa significantly inhibit the apoptosis rate
in TedA-exposed cells and restores barrier function by
a significant RhoA GTP rescue. We also provide evi-
dence that the effects of Cannabidiol are mediated by
CB-1 receptor. Given the absence of any significant
toxic effect in humans, cannabidiol may ideally repre-
sent an effective adjuvant treatment for Clostridium
difficile-associated colitis.
Knowledge on this subject:

1. Clostridium difficile infection is the leading cause of
hospital-acquired diarrhoea and pseudomembran-
ous colitis

2. Clostridium difficile-Toxin A is responsible for
extensive colonic mucosal damage and altered bar-
rier function

3. Cannabidiol is a non-psychotropic component of
Cannabis sativa with potent anti-inflammatory activ-
ities on the gastrointestional tract

What are the significant and/or new findings of this
study?

1. Clostridium difficile-Toxin A significantly affects
enterocytes permeability and apoptosis

2. Cannabidiol caused a marked inhibition of apop-
tosis in TcdA-exposed cells and restores barrier func-
tion by a significant RhoA GTP rescue

3. The protective effects of Cannabidiol are mediated
by CB-1 receptor

4. Given the absence of any significant toxic effect in
humans, cannabidiol may ideally represent an effect-
ive adjuvant treatment for Clostridium difficile-asso-
ciated colitis
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HIV-1Tat-induced diarrhea
evokes an enteric glia-dependent
neuroinflammatory response in the
s central nervous system
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Despite the effectiveness of combined anti-retroviral therapy, human immunodeficiency virus (HIV)
infected-patients frequently report diarrhea and neuropsychological deficits. It is claimed that the viral
HIV-1Trans activating factor (HIV-1Tat) protein is responsible for both diarrhea and neurotoxic effects,
but the underlying mechanisms are not known. We hypothesize that colonic application of HIV-1 Tat
activates glial cells of the enteric nervous system (EGCs), leading to a neuroinflammatory response
able to propagate to the central nervous system. We demonstrated that HIV-1 Tat-induced diarrhea
was associated with a significant activation of glial cells within the colonic wall, the spinal cord and the
frontal cortex, and caused a consistent impairment of the cognitive performances. The inhibition of glial
cells activity by lidocaine, completely abolished the above-described effects. These observations point
out the role of glial cells as putative effectors in HIV-1Tat-associated gastrointestinal and neurological
manifestations and key regulators of gut-brain signaling.

The involvement of the gastrointestinal tract is a major clinical feature in patients with acquired immunodefi-
ciency syndrome (AIDS) and represents one of the main causes of morbidity and mortality related to the dis-
ease'. Despite the effectiveness of the combined anti-retroviral therapy, diarrhea is frequently reported by human
immunodeficiency virus (HIV) infected-patients, with the viral HIV-1 Trans activating factor protein (Tat) being
identified as one of the main pathogenic mechanism?. In over fifty percent of HIV-infected adults, cognitive
problems and significant neuropsychological deficits have been demonstrated as well, even in the absence of
HIV-replication®. These observations suggest that most of the HIV-related pathological conditions may be related
to HIV-1 Tat toxicity, rather than to the virus per se*.

In the gut, HIV-1 Tat induces diarrhea by altering enterocytes intracellular calcium concentration, and this
results in the secretory diarrhea and the cellular damage®. However, HIV-1 Tat also affects the function of the
enteric nervous system (ENS) and this further amplifies the intestinal dysfunction®. In vitro experiments indi-
cate that HIV-1 Tat is able to increase the excitability of cultured enteric neurons and to stimulate the release of
proinflammatory cytokines, probably through the activation of enteric glia cells” 8. Conversely, in the CNS, a
more direct involvement of glial cells in mediating HIV-1 Tat-induced effects has been observed’; indeed, HIV-1
Tat-overexpression in astrocytes results in a significant upregulation of the glial fibrillary acidic protein (GFAP),
with astrocytosis and an increased release of proinflammatory cytokines’.

These observations point out the role of glial cells as pivotal targets and potential effectors in HIV-1
Tat-associated gastrointestinal and neurological manifestations® 2.

In particular, enteric glial cells (EGCs) are involved in the maintenance of gut homeostasis by their ability to
reinforce the epithelial barrier function'®*?, and, more recently, they have been identified to regulate intestinal
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Figure 1. Schematic representation of rats-induced diarrhea. Diagram showing the induction of diarrhea by
a single intracolonic administration of HIV-1 Tat, alone or in the presence of lidocaine, or by a single dose of
bisacodyl, and the time schedule for measurements on enteric, or central nervous system glia cells.

inflammatory responses'~'¢ and to mediate host-pathogen interactions!’. The involvement of EGCs in mediating

the effects of HIV-1 Tat in the colon has never been investigated so far.

Collectively, these results provide the rationale for our hypothesis that is to demonstrate, in a rat model of
intracolonic administration, the involvement of EGCs in HIV-1 Tat-induced diarrhea and to verify: i) if and how
the activation of the enteric glia cells modulates the diarrhea, ii) if EGC-activation is localized at the intestinal
level, or it is associated with a signaling to the CNS iii) to characterize the pathway by which HIV-1 Tat signaling
propagates from the periphery to the brain, and iv) to correlate these events with cognitive impairment.

Results

Intracolonic HIV-1Tat administration induces diarrhea and activates an enteric glia-mediated
neuroinflammatory response. The study protocol is summarized in the Fig. 1. Intracolonic application
of HIV-1 Tat induced an acute onset diarrhea lasting for 7 + 3 days; the severity and duration of diarrhea were
significantly inhibited by the concomitant application of lidocaine (Supplementary Figure 1). EMSA analysis
showed that nuclear NF-xkB was significantly increased in the submucosal plexi-lysates of HIV-1 Tat treated ani-
mals (Fig. 2a and b), and this was associated with a significantly higher expression of EGCs’ markers like GFAP,
S100B, TLR-4 and iNOS (Fig. 2¢ and d); similarly, the release of SI00B and nitrite production were significantly
increased (Fig. 2e and f). Lidocaine application prevented HIV-1 Tat induced NF-kB activation, down-regulated
the expression of GFAP, S100B, TLR-4 and iNOS, and reduced the release of S100B and nitrite; no significant
differences were instead observed between bisacodyl-treated and control animals (Fig. 2a-f).

To further demonstrate that the effects induced by HIV-1 Tat were specific and evoked the activation of EGCs,
immunofluorescence analysis carried on isolated submucosal plexi revealed an up-regulation of S100B and iNOS,
and both were significantly inhibited by lidocaine treatment (Fig. 3); no significant changes in S100B and iNOS
protein expression were instead observed in rats with bisacodyl-induced diarrhea. These results suggest that
HIV-1 Tat-induced diarrhea was at least partially mediated by the activation of submucosal EGCs that, once
activated, mediate a local neuroinflammatory response.

HIV-1Tat-induced EGCs activation triggers the upregulation of GFAP and S100B in spinal cord
and frontal cortex glial cells through the expression of Connexin43. In order to verify whether
HIV-1 Tat-induced glia activation was localized at the intestinal level or associated with a signaling to the CNS,
we evaluated the late onset activation of glia cells at different levels of the spinal cord and the frontal cortex. After
12,14 and 21 days from HIV-1 Tat administration, the expression of GFAP mRNA was significantly increased in
the thoracic, cervical spinal cord and brain frontal cortex, respectively (Fig. 4a and b).

Such activation was characterized by a time-dependent significant overexpression of Connexin43 (Cx43),
likely mediating cell-to-cell connection. Indeed, immunofluorescence analysis showed that in HIV-1 Tat-treated
animals a higher percentage of Cx43 and S100B expressing cells was observed in the submucosal plexus, the
spinal cord and the frontal cortex as compared to control rats, respectively (Fig. 5). Interestingly, when HIV-1
Tat was administered in the presence of lidocaine, both the upregulation of GFAP mRNA and the expression of
Cx43/S100B in all the analyzed areas were significantly reduced (Figs 4 and 5); similar findings were observed
in bisacodyl-treated rats (Figs 4 and 5). These results suggest that modulation of HIV-1 Tat-induced diarrhea by
lidocaine inhibits enteric glia activation and prevents cell-to cell signaling from the gastrointestinal tract to the
CNS.

HIV-1Tat-induced gliosis is associated with a neuroinflammatory response in the spinal cord
and brain cortex. Similarly to what observed in the submucosal plexus, immunofluorescence analy-
sis revealed that, 12, 14 and 21 days after HIV-1 Tat administration, the expression of S100B and iNOS was
significantly increased in the thoracic and cervical spinal cord, and in the frontal cortex, respectively (Fig. 6).
Once again, application of lidocaine was able to significantly inhibit this response, while in the bisacodyl-treated
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Figure 2. (a,b) EMSA analysis showing that intracolonic administration of HIV-1 Tat (100 ng/ml) induced a
marked increase of NF-kappaB expression in EGCs nuclear extracts versus vehicle group. The administration
of lidocaine significantly reduced HIV-1 Tat-induced NF-kappaB activation, whereas bisacodyl failed to induce
any significant effect on NF-kappaB activation. (a) The panel shows representative NF-kappaB activation
complex bands and (b) their densitometric quantification (OD = optical density in mm?). (¢,d) HIV-1 Tat
treatment caused a marked increase of GFAP, S100B, TLR-4 and iNOS protein expression in submucosal
plexus lysates, as compared to vehicle group and this effect was significantly inhibited by lidocaine; to note that
bisacodyl also failed to induce any significant effect. (c) The panel shows representative immunoreactive bands
of analyzed proteins and (d) their respective levels expressed as fold change. (e,f) In the medium of submucosal
plexi lysates obtained from HIV-1 Tat treated rats a significant increase of NO, ™ and S100B was observed in
comparison with vehicle group and such effect was counteracted by lidocaine; again, bisacodyl had no effect on
treated animals. Results are expressed as mean £ SEM; ***p < 0.001 vs all other groups; °°°p < 0.001 vs HIV-1
Tat group; n= 6 for each group.

animals S100B and iNOS expression was similar to control rats (Fig. 6). As late consequence of submucosal
enteric and spinal cord glia activation a significant increase of NF-kappaB expression was observed in the nuclear
extracts obtained from brain frontal cortex homogenates of HIV-1 Tat-treated animals (Fig. 7a and b); this
increase was associated with a parallel raise of GFAP, S100B, TLR4 and iNOS expression and of S100B release and
nitrite production (Fig. 7c-f).

In rats receiving lidocaine all the above-described findings were completely abolished, while bisacodyl treat-
ment did not yield to any significant variation compared to vehicle group (Fig. 7); these results suggest that the
inhibition of EGCs ~-HIV-1 Tat induced signaling was able to prevent the late onset activation of glial cells in the
frontal cortex and to inhibit the related neuroinflammatory response.

HIV-1 Tat-induced neuroinflammatory brain responses led to a cognitive dysfunction. In
HIV-patients minimally impaired neuropsychological and behavior functions have been described even in the
absence of viral replication®. In order to get new insights into the pathophysiological role of the intestinal-HIV-1
Tat in the decline of cognitive functions we investigated the memory skills of treated rats by the object recognition
test. We found that, 21 days after HIV-1 Tat administration, there were no significant differences in the time spent
exploring the novel object versus the known one, likely indicating a mild cognitive dysfunction (Supplementary
Figure 2). Conversely, in rats treated by lidocaine a significant increase of the recognition index was observed,
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Figure 3. Intracolonic administration of HIV-1 Tat (100 ng/ml) yields to a marked activation of submucosal
plexus-EGCs, as shown by the immunofluorescence analysis showing a significant increase of SI00B and iNOS
protein co-expression. (a) The panel shows iNOS (green) and S100B (red) immunoreactivity with (b) the
respective quantification of iNOS (filled bars) and S100B (open bars) expression in the EGCs; both lidocaine
pretreatment and bisacodyl administration failed to significantly affect S100B/iNOS expression. Results are
expressed as mean &+ SEM; ***p < 0.001 vs all other groups; °*°p < 0.001 vs HIV-1 Tat group. Scale bar: 20 um.
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Figure 4. (a) In situ hybridization analysis of thoracic and cercival spinal cord, and frontal cortex showing
GFAP mRNA expression at day 12, 14 and 21 after diarrhea induction, respectively. (b-d) Quantitative analysis
revealed that administration of HIV-1 Tat protein caused a significant increase of GFAP mRNA expression

in all the analyzed areas compared, as compared to both vehicle or lidocaine group, while bisacodyl yields to
no significant change. (Results are expressed as mean &= SEM; ***p < 0.001 vs all other groups; °°°p < 0.001 vs
HIV-1 Tat group; OD = optical density in mm? n =5 for each group).

while the lack of any significant effect on memory tasks observed in the bisacodyl group indicates that the cog-
nitive/memory dysfunction was dependent by HIV-1 Tat exposure, rather than being related to diarrhea per se.

Discussion

Diarrhea is present in nearly 60-80% of HIV-infected patients, and although it is more common in third-world

countries, but it is also a frequent clinical feature despite the effectiveness of combined anti-retroviral therapy®.
So far, the HIV-1 Tat protein has been identified as the main responsible for the mucosal damage in the gut.

This viral protein induces the pro-oxidative- and pro-apoptotic-mediated disruption of epithelial cells in the
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Figure 5. (a—c) Intracolonic administration of HIV-1 Tat caused a marked increase of Cx-43 (green) protein
expression in S100B-positive cells (red) in the submucosal plexus, spinal cord and frontal cortex, respectively.
(d-f) Quantitative analysis revealed that administration of lidocaine significantly reduced Cx-43 expression on
S100B-positive cells of HIV-1 Tat group, whereas bisacodyl did not produce any change in Cx-43 expression
compared to vehicle group (S100B (open bars) and Cx-43 (filled bars) expression in the analyzed areas.

*¥*%p < 0.001 vs all other groups; °°°p < 0.001 vs HIV-1 Tat group. Scale bars: 20 um; n =6 for each group.

colon, thus disrupting the intestinal barrier'. More recently, it has been described that HIV-1 Tat protein has an
additional effect on the nerve part of the gut, the ENS. This direct action on the nerve system, which regulates
many intestinal functions, causes abnormalities in neuronal excitability, that together with the release of proin-
flammatory cytokines in the intestinal milieu, contributes to gut dysfunction described in patients with HIV®-S,

Here we demonstrate that beside its effect on enteric neurons, HIV-1 Tat protein targets also EGCs®.
Specifically, when applied into the colon, HIV-1 Tat triggers the activation of submucosal EGCs with the over-
expression of glial proteins, namely SI00B and GFAP. Activation of EGC was accompanied by the switch-on of
the molecular pathway leading to the induction and release of pro-inflammatory factors, like iNOS protein and
NO. These final events occur via the activation of the NF-kappaB-mediated cascade and TLR4 activation, two
pathways that are linked each other during inflammation-related EGC activation'.

As shown in a pioneering study by Lundgren et al.?!, the selective pharmacological modulation of the ENS, by
using local anesthetics such as lidocaine, is able to inhibit the of rotavirus-induced diarrhea in mice. Accordingly,
here we confirmed the role of the ENS in HIV-1 Tat-induced diarrhea too, since the co-administration of lido-
caine reduced all the symptoms and biochemical markers indicative for secretory diarrhea.

Although we cannot definitely rule out the role of enteric neurons dysfunction in mediating this effect, the
observation that, lidocaine suppresses EGC activation, is strongly supported by the inhibition of S100B and iNOS
overexpression together with the suppression of TLR-4/NF-kappaB axis. Further in support of this evidence,
there is the observation that when secretory diarrhea was induced by a non-immunological stimulus like bisaco-
dyl, no significant changes in glial network and markers were observed, confirming that gliosis does not represent
an unspecific feature of diarrhea, but that this is specifically involved in HIV-1 Tat-induced secretory diarrhea.

A gut-brain connection has been identified over the last years and increasing data support the hypothesis that
in certain circumstances the gut may be the “entrance door” by which bacteria, prion proteins, viruses or their
neurotoxic proteins may migrate to the brain to finally cause damage in the CNS?>?. For example, the injection of
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Figure 6. Intracolonic administration of HIV-1 Tat induced glial activation in the (a) thoracic and (b)
cervical spinal cord and (c) frontal cortex at day 12, 14 and 21 after diarrhea induction, respectively. (a—c)
Immunofluorescence analysis showed that iNOS (green) and S100B (red) co-expression was increased in the
spinal cord and frontal of HIV-1 Tat treated rats. (d-f) Quantitative analysis showed that HIV-1 Tat-induced
upregulation of iNOS (filled bars) and S100B (open bars) was significantly inhibited by lidocaine treatment.
Results are expressed as mean &= SEM; ***p < 0.001 vs all other groups; *°°p < 0.001 vs HIV-1 Tat group. Scale
bars: 100 pm; n =6 for each group.

formalin in the rat colonic wall induced c-Fos expression in the myenteric plexus, the spinal cord and the brain-
stem, in a retrograde way**, similarly, in a model of intestinal inflammation associated with the post-operative
ileus, the increased expression of cycloxigenase-2 leads to cFos activation in the spinal cord via the ascending
nerve pathways?.

In our setting we demonstrated that the local application of HIV-1 Tat by determining the activation of EGCs
in the colonic submucosal plexi is able to trigger a neuroinfammatory response that propagates to the CNS.
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Figure 7. Effect of HIV-1 Tat treatment on NF-kappaB activation in the nuclear extracts of frontal cortex

and astrocytes activation. (a) The panel shows representative NF-kappaB activation complex bands in the
different groups of rats. (b) The quantitative analysis revealed that intracolonic HIV-1 Tat administration yields
to a significant increase of NF-kappaB, as compared to vehicle, lidocaine, or bisacodyl groups (OD = optical
density in mm?). (¢) HIV-1 Tat caused a marked increase of GFAP, S100B, TLR-4 and iNOS protein expression
in the frontal cortex homogenates of treated rats. (d) Quantitative analysis reveled that HIV-1 Tat induced a
significantly higher expression of GFAP, S100B, TLR-4 and iNOS, than lidocaine, or bisacodyl groups. (e.f) In
the medium of frontal cortex homogenates deriving from HIV-1 Tat group a significant increase of NO, ™ and
S100B was also observed as compared to the other groups. (Results are expressed as mean &= SEM; ***p < 0.001
vs all other groups; °°°p < 0.001 vs HIV-1 Tat group; n =6 for each group).

Indeed, after the induction of the diarrhea, a time dependent propagation and a significant up-regulation of GFAP
mRNA and protein were observed in the thoracic and cervical spinal cord, and in the brain cortex, respectively.
Further confirming the spreading of glial activation from the ENS to the CNS glia, a significant overexpression of
the TLR-4/NF-kappaB pathway and an increased expression of GFAP, S100B and iNOS protein were also meas-
ured up to two weeks after the induction of the diarrhea. Interestingly, EGCs HIV-1 Tat-induced response and
the related propagation from the gut to the brain were significantly blocked by lidocaine. Although we did not
provide a detailed analysis of the mechanism beyond the effect of lidocaine, previous reports suggest that this may
be dependent by its ability to inhibit voltage-gated Na™ channels on glia cells, thus preventing cells’ activation, or,
alternatively, by its ability to reduce the induced glia-mediated inflammatory signaling pathways?*%’.

Further supporting the concept that the colonic HIV-1 Tat application represents a specific stimuli for EGCs
triggering and the spread of activation of glia cells outside the gut there is also the observation that the protein was
virtually absent in the CNS (see Supplementary Figure 3). Furthermore, the absence of any signs of glial activa-
tion in the brain of bisacodyl-treated rats reinforces the hypothesis that pathologic signals lifting from the enteric
to the CNS glia are due to the selective priming of EGC by HIV-1 Tat protein, rather than to the diarrhea per se.

In the attempt to explain how EGCs and CNS astrocytes communicate during HIV-1 Tat-induced diarrhea, we
tested the involvement of the gap junction protein Cx43, that is involved in cell-to cell communication, and whose
expression is profoundly regulated by inflammation and dependent by intracellular Ca?* 26, The expression of
Cx43 in S100B-positive cells was significantly up-regulated in the submucosal plexi of HIV-1 Tat treated rats, and,
more interestingly, an increased expression of Cx43 was also observed in S100B expressing glia cells of the spinal
cord and frontal cortex, respectively. Again, the pretreatment with lidocaine yields to an overall and significant
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inhibition of HIV-1 Tat-induced Cx-43/S100B overexpression, suggesting that the inhibition of the priming stim-
uli in the colon is able to block the glia-mediated signaling from the gut to the central nervous system.

We finally evaluated whether the late onset of neuropathological features in the brain due to HIV-1 Tat treat-
ment could affect the cognitive performances in our experimental models. Behavior tests showed that rats with
HIV-1 Tat-induced diarrhea presented a significant worsening of mnemonic/cognitive performances, as assessed
by the object recognition test. Although our study is limited because we did not evaluate the putative neurode-
generation associated with HIV-1 Tat induced glia-mediated neuroinflammation, our findings are coherent with
both clinical and in vitro data showing a significant cognitive decline in HIV-infected even in the absence of viral
replication, or an astrocytes-mediated neuronal degeneration, respectively®.

In conclusion, our study demonstrates that a single colonic application of HIV-1 Tat induces an acute diarrhea
that is at least partially modulated by the activation of glia cells in the submucosal plexus. This local response
is able to trigger and activate glia cells in the spinal cord and brain cortex through the expression of Cx43, that
results in an inflammatory reaction in the brain and that is associated with a significant cognitive decline in
treated rats.

Methods

Animals and experimental design.  Eight-weeks-old Wistar male rats (Harlan Laboratories, Udine, Italy)
were used for experiments. All procedures were approved by La Sapienza University’s Ethics Committee. Animal
care was in compliance with the IASP and European Community (EC L358/1 18/12/86) guidelines on the use and
protection of animals in experimental research. Rats were randomly divided into the following groups: vehicle,
HIV-1 Tat, lidocaine plus HIV-1 Tat, and bisacodyl.

HIV-1 Tat (1-86) was chemically synthesized by a step-by-step solid phase peptide synthesis according to
our previously described protocol®!. In brief, the protein was dissolved in pyrogen-free distillated water and a
volume of 400 ul of a 100 ng/ml solution of HIV-1 Tat was injected into the lumen of the rat colon, 3-4 cm prox-
imal to anus by using a 24 gauge catheter; an equivalent volume of apyrogenic distilled water was administered
into the colon of the vehicle group. In a subset of animals HIV 1-Tat was administered immediately after a 400 pl
of a, 0.03% w/v solution of lidocaine hydrochloride monohydrate (Sigma-Aldrich, Milan, Italy; catalog number
L5647) dissolved in sterile and pyrogen-free distilled water. Immediately after the enema, rats were kept in a
vertical position for 5-10 min to avoid leakage of the instilled intracolonic solutions and animals were all held
in a gentle manner to minimize any stress. In another group of animals a single dose of bisacodyl (20 mg/Kg)
(Sigma-Aldrich, Milan, Italy; catalog number B1390) was administrated orally by gavage. The study protocol is
summarized in the Fig. 1 and depending upon the scheduled experimental plan, animals were euthanatized and
colon, thoracic and cervical spinal cord and brain were isolated to perform immunofluorescence, in situ hybridi-
zation and biochemical/molecular analyses as described below.

Diarrhea evaluation. Depending on the experimental protocol, animals were separated in subgroups and
placed separately in cages lined with filter paper that was changed every 2 h. The severity of the diarrhea was
assessed every 2 h for 16 hours from day 1 to day 7. Frequency of defecation and number of the wet spot were
recorded and compared with the score of the vehicle group. Evaluation of accumulation of intracolonic fluid was
performed using the enteropooling technique according to Ateufack et al.>2. Briefly, enteropooling is defined as
the intraluminal accumulation of fluid into the small intestine and corresponds with the fluid already located in
the lumen and excreted from the blood. Depending upon the experimental plan, the last portion of colon rats was
isolated, taking care to avoid tissue rupture and loss of fluid, removing the mesentery and connective tissue. To
normalize the data, fluid accumulation was expressed as follows:

(W, — Wy)/W, x 10°°

where W is the weight of the colon after excision and W, is the weight of the colon after expulsion of its content.
Water content was measured and compared with the score from the vehicle group.

Tissue preparations. To study the effects of HIV 1-Tat-mucosal challenge on enteric glia cells, 2 cm colonic
segments were used to prepare submucosal plexus by carefully removing the mucosal and the muscle layers,
according to a slightly modified previously reported method?®*. On completion of the study 12 or 14 days after
HIV 1-Tat administration, the left ventricle was cannulated and perfused with saline, and, after the removal of
the vertebral column and the spinal cord; coded sections from spinal cervical and thoracic segments (C2-C6 and
T4 to T8, respectively) were isolated and processed for biochemical or immunofluorescence assays. In a subset of
animals, brain was isolated and processed for biochemical assays; part of the brain cortex was also isolated and
processed to isolate astrocytes according to our previously reported methods* .

Protein extraction and western blot analysis. Proteins were extracted from both submucosal plexi
and brain astrocytes, obtained from rats at day 7 and 21 after diarrhea induction, respectively. Cellular extracts
were homogenized in ice-cold hypotonic lysis buffer to obtain cytosolic extracts and underwent electrophoresis
through a polyacrilamide minigel. Proteins were transferred into nitrocellulose membrane that was saturated
with non-fat dry milk and then incubated with either mouse anti-S100B (Neo-Marker, Milan, Italy; catalog num-
ber MA1-25005), mouse anti-inducible Nitric Oxide Synthase (iNOS), rabbit anti-GFAP, mouse anti-TLR4, and
mouse anti-3-actin (all from Abcam, Cambridge, UK; catalog numbers ab49999, ab7260, ab30667 and ab8226,
respectively). In another set of supplementary experiments, specific mouse anti-HIV-1 Tat (Biolegend, San Diego,
CA, USA; catalog number MMS-116P) was used. Membranes were then incubated with the specific secondary
goat anti-mouse and goat anti-rabbit antibodies conjugated to horseradish peroxidase (HRP) (Dako, Milan, Italy;
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catalog number P0447 and P0448). Immune complexes were revealed by enhanced chemiluminescence detection
reagents (Amersham Biosciences, Milan, Italy; catalog number RPN2108). Blots were analyzed by scanning den-
sitometry (Versadoc, Bio-Rad Laboratories) and results expressed as relative fold change and normalized on the
expression of the housekeeping protein 3-actin.

Electrophoretic mobility shift assay (EMSA). EMSA was performed to detect NF-kappaB activation
in both submucosal plexi and brain astrocytes. Double stranded oligonucleotides containing the NF-kappaB
recognition sequence for rats (5-CAACGG CAGGGGAATCTCCCTCTCCTT-3) were end-labelled with
32P~-ATP (Amersham, Milan, Italy). Nuclear extracts were incubated for 15 min with radiolabeled oligonu-
cleotides (2.5-5.0 x 10*cpm) in 20 ml reaction buffer containing 2 mg poly dI-dC, 10 mM Tris-HCI (pH 7.5),
100 mM NaCl, 1 mM EDTA, 1 mM dl-dithiothreitol, 1 mg/ml bovine serum albumin, 10% (v/v) glycerol. Nuclear
protein-oligonucleotide complexes were resolved by electrophoresis on a 6% non-denaturing polyacrylamide
gel in 1 Tris Borate EDTA buffer at 150V for 2 hrs at 4°C. The gel was dried and autoradiographed with an
intensifying screen at —80 °C for 20 hrs. Subsequently, the relative bands were quantified by densitometric
scanning with Versadoc (Bio-Rad Laboratories) and a computer programme (Quantity One Software, Bio-Rad
Laboratories)®. P-y-ATP was from Amersham (Milan, Italy; catalog number PB10168). Poly dI-dC was from
Boehringer-Mannheim (Milan, Italy; catalog number 1219847). Oligonucleotide synthesis was performed to our
specifications by Tib Molbiol (Boehringer-Mannheim).

Nitric oxide quantification. Nitric oxide (NO) was measured as nitrite (NO,~) accumulation in submu-
cosal plexi and brain astrocytes homogenates, by a spectrophotometer assay based on the Griess reaction. Briefly,
Griess reagent (1% sulphanilamide, 0.1% naphthylethylenediamine in H;PO,) was added to an equal volume of
plasma or supernatant and the absorbance was measured at 550 nm. Nitrite concentration (nM) was thus deter-
mined using a standard curve of NaNO,.

Enzyme-linked immunosorbent assay for S100B. Enzyme-linked immunosorbent assay (ELISA) for
S100B (Biovendor R&D, Brno, Czech Republic; catalog number RD192090100R) was carried out on both submu-
cosal plexi and brain astrocytes lysates, according to the manufacturer’s protocol. Absorbance was measured on a
microtitre plate reader. S100B level was determined using standard curves method.

Immunofluorescence analysis. Submucosal plexi preparations were fixed for 30 minutes in ice-cold
4% paraformaldehyde, washed with PBS 1X then blocked with bovine serum albumin, and then incubated in a
mixture containing a mouse anti-S100B (1:200 dil v/v; Neo-Marker, Milan, Italy; catalog number MA1-25005)
and a rabbit anti-iNOS (1:100 dil. v/v; Abcam, Cambridge, UK; catalog number ab49999). Tissues were then
washed (3 x 10 min) with PBS and incubated for 2h at room temperature, with a mixture of anti-rabbit flu-
orescein isothiocyanate-conjugated (Abcam, Cambridge, UK; catalog number ab6717) and anti-mouse Texas
Red-conjugated (Abcam, Cambridge, UK; catalog number ab6787), respectively.

Tissue sections (15um) of thoracic and cervical spinal cord and frontal cortex were isolated from rats at days
12, 14 and 21, respectively. Slices were fixed for 30 minutes in ice-cold 4% paraformaldehyde, washed with PBS 1X
then blocked with bovine serum albumin. Sections were then stained with mouse anti-S100B (1:200 dil v/v) and
rabbit anti-Cx43 (1:300 v/v; Cell Signaling Technology, Danvers, USA; catalog number 3512) or rabbit anti-iNOS
antibody (1:100v/v;). Appropriate negative controls were carried out by omitting primary antibodies. To test
any non-specific antigen-binding sites, additional experiments were performed using specific isotype antibody
controls (Abcam, Cambridge, UK), at the same concentration as the primary antibodies. Slices were then incu-
bated in the dark with the proper secondary antibody: fluorescein isothiocyanate-conjugated anti-rabbit (Abcam,
Cambridge, UK; catalog number ab6717) or Texas Red-conjugated anti-mouse (Abcam, Cambridge, UK; catalog
number ab6787), respectively. Slices were analysed with a microscope (Nikon Eclipse 80i), and images were cap-
tured by a high-resolution digital camera (Nikon Digital Sight DS-U1).

In situ hybridization. Tissue sections of thoracic and cervical spinal cord and frontal cortex were isolated
from rats at day 12, 14 and 21, respectively. Sections were fixed in ice-cold 4% paraformaldehyde for 20 min,
rinsed in PBS, quenched for 15min in 1% H,0O, methanol solution, rinsed in PBS, quenched for 8 min in 0.2 M
HC], rinsed in PBS, treated with proteinase K 20 pg/ml (Roche Molecular Diagnostics, Milan, Italy; catalog num-
ber 03 115 887 001) in 50 mM Tris-HCI, 5mM ethylene diamine tetra acetic acid (EDTA) (pH 8.0) for 10 min,
rinsed in PBS, fixed in ice-cold 4% paraformaldehyde, incubated for 10 min in 0.1 M triethanolamine (pH 8.0)
to which 1.2 ml acetic anhydride was added dropwise, rinsed in PBS, washed with 0.9% NaCl for 5 min, dehy-
drated in graded series of ethanol and air-dried. Hybridization was carried out in 100 pl of hybridization buffer
containing specific sense or antisense?® S-labelled riboprobe for glial fibrillary acidic protein (GFAP; 70,000
100,000 c.p.m./pul). Hybridization buffer consisted of 50% deionized formamide, 20 mM Tris-HCI (pH 8.0), 0.3 M
NaCl, 5mM EDTA (pH 8.0), 10% dextran sulphate (Sigma, Milan, Italy; catalog number 51227), 0.02% Ficoll 400
(Sigma; catalog number F2637), 0.02% polyvinylpyrrolidone (PVP 40; Sigma; catalog number PVP40), 0.02%
bovine serum albumin (BSA; Sigma; catalog number A2153), 0.5 mgml ™! tRNA (Roche Molecular Diagnostics;
catalog number 109500), 0.2 mg/ml fragmented herring sperm DNA and 200 mM dithiothreitol. Before apply-
ing to the tissue the hybridization cocktail was denatured for 2 min at 95°C. Slides were incubated overnight at
54°C in a humidified chamber. Four high-stringency washes were carried out at 62 °C with 5X saline sodium
citrate (SSC)/0.05% Tween-20, then with 50% formamide/2X SSC/0.05% Tween-20, with 50% formamide/1X
SSC/0.05% Tween-20 and finally with 0.1X SSC/0.05% Tween-20. Slides were dehydrated in graded ethanol series,
air-dried and exposed to Biomax MR film (Scientific Imaging Systems, NY, USA). GFAP mRNA expression was
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semi-quantified by densitometric scanning of the Biomax film with a GS 700 imaging densitometer (Bio-Rad
Laboratories, CA, USA) and a computer programme (Molecular Analyst, IBM, Milan, Italy).

Object recognitiontest. The object recognition (OR) test is commonly used to assess the behavioral func-
tion in rodents® ¥’. The test is carried on in two steps: a first session (acquisition) and a second session (test).
The animal is faced with two similar objects during the first session, and then one of the two objects is replaced
by a new object (novel) during the second session. The amount of time taken to explore the new object provides
an index of the recognition memory. In our setting, the object recognition test was performed in an open-field
arena of black Plexiglas (50 cm x 40 cm x 63 cm). Depending upon the experiments, and before their sacrifice,
rats underwent a 8 min acquisition trial, during which the animal was placed in the open field in presence of two
identical objects (namely A, that were a cube or a ball) and located at 15 cm from the arena wall (acquisition task);
at the end of the exploration time, animals were returned to their respective cages for 3 hours. After the retention
interval, the rats were placed back into the box and exposed to the known object A and to a novel object B for
further 8 min (test task). The objects were placed in the same locations as the previous ones. The position of the
novel object was randomly chosen to avoid preferences not based on novelty. Exploratory behavior was consid-
ered with the animal directing its nose toward the object closely (<2 cm) and the amount of time spent exploring
each of the two objects. To measure recognition memory, a recognition index was calculated as the amount of
time exploring the familiar object (TA) or the novel object (TB) in according with the formula:

[TA or TB/(TA + TB)] x 100

In the acquisition and retention trials, if the exploration time was <30s and < 15 seconds, respectively, the rats
were excluded from the trial.

Data analysis. All values are expressed as the mean + SEM. Statistical differences were determined to be sig-
nificant at P < 0.05. The specific tests used are described in the figure legends. All analyses were performed using
GraphPad Prism software (GraphPad Software, Inc., CA USA). The investigators were not blinded to allocation
during experiments and outcome assessment.
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Abstract. Activation of intestinal human pregnane X receptor
(PXR) has recently been proposed as a promising strategy for
the chemoprevention of inflammation-induced colon cancer.
The present study was aimed at evaluating the effect of rifax-
imin, a non-absorbable antibiotic, in inhibiting angiogenesis
in a model of human colorectal epithelium and investigating
the role of PXR in its mechanism of action. Caco-2 cells were
treated with rifaximin (0.1, 1.0 and 10.0 M) in the presence
or absence of ketoconazole (10 uM) and assessed for cell
proliferation, migration and expression of proliferating cell
nuclear antigen (PCNA). The release of vascular endothelial
growth factor (VEGF) and nitric oxide (NO), expression of
Akt, mechanistic target of rapamycin (mTOR), p38 mitogen
activated protein kinases (MAPK), nuclear factor kB (NF-«xB)
and metalloproteinase-2 and -9 (MMP-2 and -9) were also
evaluated. Treatment with rifaximin 0.1, 1.0 and 10.0 xuM
caused significant and concentration-dependent reduction of
cell proliferation, cell migration and PCNA expression in the
Caco-2 cells vs. untreated cells. Treatment downregulated
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VEGEF secretion, NO release, VEGFR-2 expression, MMP-2
and MMP-9 expression vs. untreated cells. Rifaximin treat-
ment also resulted in a concentration-dependent decrease in
the phosphorylation of Akt, mnTOR, p38MAPK and inhibition
of hypoxia-inducible factor 1-a (HIF-1a), p70S6K and NF-«xB.
Ketoconazole (PXR antagonist) treatment inhibited these
effects. These findings demonstrated that rifaximin causes
PXR-mediated inhibition of angiogenic factors in Caco-2 cell
line and may be a promising anticancer tool.

Introduction

Colorectal cancer (CRC) represents one of the major causes
of morbidity and mortality throughout the world and is the
third most common form of human cancer worldwide (1,2).
Like other forms of cancer, CRC is characterized by angio-
genesis, which is a crucial event in promoting cancer growth,
progression and metastasis (3). Among the various signaling
molecules involved in the angiogenic process, vascular
endothelial growth factor (VEGF) and nitric oxide (NO) are
thought to be the key signaling molecules responsible for
neo-vascularization (4-6). Once hypersecreted, VEGF binds
to its type 2 receptor (VEGFR-2) and mediates the regulation
of different pathways in the target cells, mainly the phosphati-
dylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian
target of rapamycin (mTOR) pathway (7,8) and the phospho-
p38 mitogen activated protein kinase (MAPK)-dependent
activation of nuclear factor kB (NF-«B) (9,10). Activation of
the NF-xB and Akt/mTOR pathways increases the levels of
the inducible nitric oxide synthase (iNOS) isoform, leading
to the release and accumulation of nitric oxide (NO) that acts
as a pro-angiogenic stimulus on the blood vessels and favors
neo-vascularization in solid tumors (5,11). Thus, targeting the
angiogenic and mitogenic pathways is a rational and poten-
tially effective strategy in the treatment of CRC (12).
Rifaximin is a semi-synthetic antibiotic largely used for
the treatment of travelers' diarrhea and hepatic encephalopathy
(13,14). It is poorly absorbed on oral administration (15)
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and as such has an optimum safety profile. Apart from its
antibiotic potential, rifaximin has also been studied for its
anti-inflammatory effects; several studies have highlighted
the anti-inflammatory potential of rifaximin, which is mainly
attributed to the inhibition of the NF-«B signaling and NO
release via activation of intestinal human pregnane X (PXR)
receptors (16,17).

The aim of the present study was to explore the anti-prolif-
erative and anti-migration effects of rifaximin, and to evaluate
the possible control of the angiogenic mediator release by
rifaximin using a human intestinal epithelial cell line to model
the intestinal barrier. The effect of rifaximin on VEGF and NO
signaling and the mechanisms involved were also investigated.

Materials and methods

Caco-2 cells were purchased from the European Collection of
Cell Cultures (ECACC, Public Health England Porton Down,
Salisbury, UK). Cell medium, drugs and reagents for cell
culture were purchased from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise specified. Instruments, reagents and
materials for western blot analysis were obtained from Bio-Rad
Laboratories (Milan, Italy). Rifaximin and ketoconazole were
purchased from Tocris Cookson, Inc. (Ballwin, MO, USA).
Mouse anti-total Akt, rabbit monoclonal anti-phospho-Akt
(Ser473), rabbit polyclonal anti-phospho-mTOR (pSer2448),
rabbit polyclonal anti-total p70S6K, rabbit polyclonal
anti-phospho-p70S6K (Thr421/Ser424, Thr389) and rabbit
monoclonal anti-VEGF receptor were purchased from Cell
Signaling Technology (Euroclone, Pero, Milan, Italy). Rabbit
polyclonal anti-total mTOR was purchased from Abcam
(Cambridge, UK); mouse monoclonal anti-hypoxia-inducible
factor 1-a (HIF1-a) was purchased from Sigma-Aldrich (Milan,
Italy); rabbit polyclonal anti-matrix metalloprotease-2 and 9
(MMP-2 and MMP-9) and mouse anti-f-actin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Polyclonal rabbit anti-mouse immunoglobulin G was procured
from Dako (Glostrup, Denmark), **P-y-ATP fromAmersham
Biosciences (Milan, Italy), poly(deoxyinosinic-deoxycytidylic)
acid (poly(dI-dC)), from Boehringer Mannheim (Milan,
Italy) and horseradish peroxidase (HRP) from Dako (Milan,
Italy). Chemiluminescence detection reagents were purchased
from Amersham Biosciences and custom oligonucleotides
were synthesized by TIB Molbiol (Boehringer-Mannheim,
Mannheim, Germany).

Cell culture. Caco-2 cells were cultured in 6-well plates in
Dulbecco's modified Eagle's medium (DMEM) containing
10% fetal bovine serum (FBS), 1% penicillin-streptomycin,
2 mM L-glutamate and 1% non-essential amino acids. A
total of 1x10° cells/well were plated and incubated for 24 h.
Upon reaching confluence, the cells were washed three
times with phosphate-buffered saline (PBS), detached with
trypsin/ethylene diamine tetraacetic acid (EDTA), plated in
10-cm diameter petri dishes and allowed to adhere for 24 h.
Subsequently, DMEM was replaced with fresh medium and
cells were treated for 72 h with increasing concentrations of
rifaximin (0.1, 1.0 and 10.0 M) dissolved in ultrapure and
pyrogen-free sterile vehicle in the presence or absence of the
PXR antagonist ketoconazole (10 mM) at different time-points
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depending upon the experiments. Rifaximin and ketoconazole
concentrations were selected based on the data from the avail-
able literature (16,18) and the pilot experiments (data not shown)
that helped in identifying the lowest effective concentrations.

Western blot analysis. Protein expression in the Caco-2 cells
was evaluated by western blot analysis. After the different
treatments, cells (1x10%) were harvested, washed twice with
ice-cold PBS and centrifuged at 180 x g for 10 min at 4°C.
The cell pellet obtained after centrifugation was re-suspended
in 100 ul ice-cold hypotonic lysis buffer (10 mM HEPES,
1.5 mM MgCl,, 10 mM KClI, 0.5 mM phenylmethylsulpho-
nylfluoride, 1.5 ug/ml soybean trypsin inhibitor, 7 pg/ml
pepstatin A, 5 ug/ml leupeptin, 0.1 mM benzamidine and
0.5 mM DTT). To lyse the cells, the suspension was rapidly
passed through a syringe needle five to six times and then
centrifuged for 15 min at 13,000 x g to obtain the cytoplasmic
fraction. The cytoplasmic fraction proteins were mixed with
non-reducing gel loading buffer [SO0 mM Tris, 10% sodium
dodecyl sulphate (SDS), 10% glycerol, 2 mg bromophenol/ml]
at a 1:1 ratio, boiled for 3 min and centrifuged at 10,000 x g for
10 min. The protein concentration was determined using the
Bradford assay and 50 pug of each sample was electrophoresed
on a 12% discontinuous polyacrylamide mini-gel. Proteins
were then transferred onto nitrocellulose membranes that had
been saturated by incubation with 10% non-fat dry milk in
1X PBS overnight at 4°C with the following antibodies: total
Akt (1:1,000), phospho-Akt (1:2,000), total mTOR (1:1,000),
phospho-mTOR (1:1,000), total p70S6K (1:1,000), phospho-
p70S6K (1:1,000), anti-HIF-1a (1:500), anti-iNOS (1:1,000),
anti-VEGFR-2 (1:1,000), anti-MMP-2 (1:1,000), anti-MMP-9
(1:1,000), anti-phospho-p38 (1:1,000), and anti-B-actin protein
expression was performed on total protein fractions of homog-
enates. Membranes were then incubated with the specific
secondary antibodies conjugated to HRP. Immune complexes
were identified by enhanced chemiluminescence detection
reagents and blots were analyzed by scanning densitometry
(GS-700 imaging densitometer; Bio-Rad Laboratories). Results
were expressed as optical density (OD) (arbitrary units; mm?)
and normalized against the expression of the housekeeping
protein B-actin.

Electrophoretic mobility shift assay. Electrophoretic mobility
shift assay (EMSA) was performed to detect NF-«xB activation
in Caco-2 cells. Briefly, 10 mg of the cell extracts were incu-
bated in a binding buffer (§ mM HEPES, pH 7.0, 10% glycerol,
20 mM KCl, 4 mM MgCl,, I mM sodium pyrophosphate)
containing 1.0 mg of poly(dI-dC) and **P-y end-labeled probe
with the following sequence: i) 5' AAC TCC GGG AAT TTC
CCT GGC CC 3'and ii) 5' GGG CCA GGG AAA TTC CCG
GAG TT 3'. Nuclear extracts were incubated for 15 min with
radiolabelled oligonucleotides (2.5-5.0x10* cpm) in 20 ml
reaction buffer containing 2 mg poly(dI-dC), 10 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM DL-dithioth-
reitol, 1 mg/ml bovine serum albumin (BSA) and 10% (v/v)
glycerol. Nuclear protein-oligonucleotide complexes were
resolved by electrophoresis on a 6% non-denaturing polyacryl-
amide gel in a Tris-borate-EDTA buffer at 150 V for 2 h at
4°C. The gel was dried and autoradiographed with an intensi-
fying screen at -80°C for 20 h. The relative bands were
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quantified by densitometric scanning using VersaDoc (Bio-
Rad Laboratories) and a computer program (Quantity One
Software; Bio-Rad Laboratories).

Nitric oxide quantification. NO was measured as nitrite (NO,)
accumulation in the homogenates derived from Caco-2 cells
by a spectrophotometric assay based on the Griess reaction.
Griess reagent (1% sulphanilamide in H,O plus 0.1% naphthyl
ethylenediamine in H;PO,) was added to an equal volume
of supernatant and the absorbance was measured at 550 nm.
Nitrite concentration (nM) was determined using a standard
curve of NaNO,.

Cell proliferation assay. Cell proliferation was evaluated
by performing a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay (19). Caco-2 cells (5x10%)
were plated in 96-well plates and allowed to adhere for 3 h.
DMEM was then replaced with fresh medium and the cells
were untreated or treated with increasing concentrations
of rifaximin (0.1, 1 and 10 M) in the presence or absence
of ketoconazole (10 mM). After 48 h, 25 ul MTT (5 mg/ml
MTT in DMEM) was added to the cells and the mixture was
incubated for further 3 h at 37°C. Cells were then lysed and
the dark blue crystals were solubilized using a 125 ul solu-
tion containing 50% N,N-dimethyl formamide and 20% (w/v)
SDS (pH 4.5). The OD of each well was determined using a
Perkin-Elmer, Inc. (Waltham, MA, USA) microplate spectro-
photometer equipped with a 620-nm filter. Cell proliferation
in response to treatment was calculated using the following
equation: Cell proliferation at 48 h (%) = (OD treated/OD
untreated) x 100.

Wound healing assay. The wound healing assay was
performed as previously described by Renault-Mihara and
colleagues, with some modifications (20). Briefly, Caco-2
cells were plated on a 6-well plate and allowed to adhere to
the surface of the wells. The cells were then scratched using
a 200-ul sterile pipette tip, washed with PBS and incubated
with rifaximin (0.1-10 gM) for 48 h. After incubation, the
cells were again washed twice with PBS and fixed with 4%
paraformaldehyde for 30 min. The cells were washed three
times with PBS and photographed in a bright field using a
Nikon Eclipse 80 (Nikon Instruments Europe, Kingston, UK)
microscope equipped with a high-resolution digital camera
(Nikon Digital Sight DS-U1; Nikon Corp.). The percentage of
migration was calculated by counting the number of cells that
migrated into scratched areas compared with cells that stayed
in the peripheral areas.

Enzyme-linked immunosorbent assay. Enzyme-linked
immunosorbent assay (ELISA) for mouse VEGF (Abcam,
Cambridge, UK) was carried out on Caco-2 cell supernatant at
24-h post treatment, according to the manufacturer's protocol.
Absorbance was measured on a microtiter plate reader. VEGF
levels were determined using the standard curve method.

Proliferating cell nuclear antigen immunofluorescence.
Caco-2 cells were plated onto glass slide chambers coated
with poly-D-lysine (3x10* cells/well) and incubated for 24 h
in the presence of rifaximin with or without ketoconazole.
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After the treatment, cells were washed with PBS-Triton 0.1%
(T-PBS), fixed in 4% paraformaldehyde and then incubated
in 10% BSA/0.1% T-PBS solution for 90 min and for 1 h with
a 10% BSA/0.1% T-PBS solution of anti-proliferating cell
nuclear antigen (PCNA) antibody 1:100 (Abcam) for immu-
nostaining. Finally, the cells were incubated for 1 h in the
dark with fluorescein isothiocyanate conjugated anti-rabbit
antibody 1:100 (Abcam). Nuclei were stained using Hoechst
stain (1:5,000) (Sigma-Aldrich) and images were captured
using a camera (Nikon digital sight DS-UI) connected to a
microscope (Nikon eclipse 80i; Nikon Instruments Europe).
The analysis of RGB intensity was performed using NIH
software and quantification of PCNA* proliferating cells was
expressed as % of PCNA* expressing cells per selected area
(1 mm?).

Statistical analysis. Results were expressed as mean + SEM
of n=4 experiments in triplicate. Statistical analysis was
performed using parametric one way analysis of variance
(ANOVA) and multiple comparisons were performed using
Bonferroni's post hoc test. P-values <0.05 were considered to
indicate a statistically significant result.

Results

Cell proliferation in Caco-2 cells. The effect of rifaximin
treatment on cell proliferation and PCNA expression is shown
in Fig. 1. Rifaximin 0.1, 1 and 10 yM caused a significant and
concentration-dependent reduction in Caco-2 cell proliferation
(-25,-40 and -68% vs. untreated cells; Fig. 1A), and this effect
was inhibited by ketoconazole. Similarly, the expression of
PCNA was reduced in a concentration-dependent manner by
rifaximin 0.1, 1 and 10 gM (-29, -53 and -76% vs. untreated
cells; Fig. 1B and C) and completely abolished by ketocon-
azole.

Cell migration, VEGF secretion, and VEGFR-2, MMP-2 and
MMP-9 expression. The wound healing assay was used to
evaluate the effect of rifaximin on Caco-2 cell migration. As
indicated in panel 1 of Fig. 2A, untreated Caco-2 cells were
able to invade and fully recolonize the scratched area within
48 h of treatment. In contrast, the migration of cells treated
with rifaximin 0.1, 1 and 10 uM was significantly reduced
in a concentration-dependent manner (-18, -30 and -46%, vs.
untreated cells) (Fig. 2B). Also, the distances between the
borders of the wound were significantly different compared
to those measured in the untreated cells (Fig. 2A, panels 2, 3
and 4). The anti-migratory effect of rifaximin was completely
counteracted by ketoconazole (Fig. 2A, panel 5).

As shown in Fig. 2, incubation with rifaximin 0.1, 1 and
10 uM resulted in a significant downregulation of pro-angio-
genic mediators released at 48 h, causing a significant and
concentration-dependent decrease of both VEGF secretion
and NO release (-32, -45 -72 and -40, -69 and -87%, respec-
tively, vs. untreated cells) (Fig. 2C and D). Similarly, rifaximin
incubation significantly reduced the expression of VEGFR-2
and iNOS protein (-33 -58, -65 and -40, -69, -78%, respec-
tively, vs. untreated cells) (Fig. 2E-G). Moreover, the treatment
caused a significant and concentration-dependent inhibition of
PXR-mediated MMP-2 and MMP-9 protein expression (-25,
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Figure 1. Rifaximin (0.1-10 zM) exerts antiproliferative effects on Caco-2 cell line through a PXR-dependent selective involvement. (A) MTT analysis
showing the effect of rifaximin plus ketoconazole (10 M) on Caco-2 cell proliferation; (B) immunofluorescence analysis of PCNA" positive Caco-2 cells; and
(C) relative quantification in Caco-2 cells exposed to rifaximin in the presence or absence of ketoconazole (10 #M) (scale bar, 50 ym). Results are expressed
as mean + SEM of n=5 experiments performed in triplicate. “*P<0.001; “P<0.01 and “P<0.05 vs. untreated Caco-2 cells.

-62,-87 and -38, -56 and -78%, respectively, vs. untreated cells)
(Fig 2E, H and D).

Akt/mTOR/p70S6K/HIF-1a and p38MAPK/NF-kB expression.
In order to further characterize the mechanisms underlying
the effect of rifaximin, the involvement of the Akt/mTOR/
p70S6K pathway was evaluated. Treatment with rifaximin 0.1,
1 and 10 uM resulted in a PXR-mediated and concentration-
dependent decrease in Akt phosphorylation (-50 -75 and -86%
vs. untreated cells) and a significant reduction in the phos-
phorylation rates of mTOR (-38, -56 and -78% vs. untreated
cells). Inhibition of p70S6K (-27, -55 and -85% vs. untreated
cells; Fig. 3A-D) was also seen at 24 h after rifaximin 0.1, 1
and 10 uM treatment. Rifaximin also caused a significant and
concentration-dependent decrease in HIF-la (-65, -82 and
-92% vs. untreated cells); this effect was counteracted by keto-
conazole. Rifaximin 0.1, 1 and 10 M significantly blocked
p38MAPK-phosphorylation (-24, -62 and -71% vs. untreated
cells; Fig 3F and G) and inhibited NF-«B nuclear activation
(-29, -55 and -61% vs. untreated cells; Fig. 3H and I) as seen
by EMSA analysis; inhibition was significantly reversed by
ketoconazole treatment.

Discussion

In the present study, rifaximin caused a concentration-depen-
dent reduction of Caco-2 cell proliferation and expression

of PCNA vs. untreated cells. The migration of cells and the
expression of VEGF, VEGFR-2, NOS and iNOS were also
reduced in a concentration-dependent manner after treatment.
Rifaximin significantly blocked p38MAPK-phosphorylation,
inhibited NF-kB nuclear activation and p70S6K in Caco-2
cells. Moreover, MMP-2 and MMP-9 levels, Akt phosphoryla-
tion, mMTOR phosphorylation and HIF-1a expression were also
reduced in a concentration-dependent manner.

PCNA is a marker of cell division and its overexpression
is associated with malignancy, infiltration of the vasculature
and tumor metastasis (21). It is considered to be a biomarker of
colorectal cancer (22). In this study, rifaximin caused a progres-
sive reduction of Caco-2 cell proliferation and downregulated
PCNA expression, thus, confirming its antiproliferative effect.
This effect was counteracted by the selective PXR antagonist
ketoconazole, suggesting a PXR-dependent control of carci-
noma cell growth rate.

The results of the present study also showed that rifaximin
effectively prevented the release of pro-angiogenic mediators
in Caco-2 cells and reduced the levels of VEGF, NO, VEGFR
and iNOS. Rifaximin-induced p38MAPK/NF-«xB inhibition
and reduction in HIF-1a levels were significantly reversed by
ketoconazole, further confirming the involvement of PXR.
HIF-la is a transcriptional modulator of pro-angiogenic
factor release and its expression is increased upon activa-
tion of the Akt/mTOR pathway (23). Based on the results of
the present study, it can be stated that rifaximin acted at the
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Figure 2. The anti-migration and anti-angiogenic effect of rifaximin in Caco-2 cells depends on PXR-dependent activation. (A) Wound healing assay showing
the effect of rifaximin on Caco-2 cell migration in vitro. Bright field microscopy indicated that rifaximin inhibited Caco-2 cell migration in a concentra-
tion- and PXR-dependent manner (scale bar, 200 ym); (B) quantification of cell migration (%); (C and D) rifaximin concentration-dependently inhibited
pro-angiogenic release of VEGF and NO by a PXR-dependent pathway; (E) rifaximin inhibited VEGFR-2, iNOS, MMP-2 and MMP-9 protein expression in
a concentration-dependent manner; and (F-I) densitometric analysis and relative quantification of corresponding immunoreactive bands for VEGFR-2, iNOS,
MMP-2 and MMP-9 (normalized against the expression of the housekeeping protein [3-actin). Results are expressed as mean + SEM of n=5 experiments
performed in triplicate ““P<0.001; “P<0.01 and "P<0.05 vs. untreated Caco-2 cells.

PXR site and further inhibited the release of VEGF and NO
by negatively interfering with both p38MAPK/NF-«B and
p-Akt/p-mTOR-dependent signaling pathways. Specifically,
rifaximin markedly reduced the phosphorylation of Akt, nMTOR
and p70S6K proteins in Caco-2 cells, leading to inhibition of
HIF-1a and blocking of the p38MAPK/ERK phosphorylation
signaling pathway, reducing the activation of NF-xB. Also,
rifaximin resulted in a significant and PXR-dependent decrease
in the expression of MMP-2 and MMP-9 in Caco-2 cells. MMPs
are involved in the growth and metastasis of cancer, specifically
by promoting angiogenesis, degrading the matrix barriers and
causing cell migration and proliferation (24). Thus, inhibition
of MMP-2 and MMP-9 by rifaximin might be responsible for
the observed reduction in the migration of Caco-2 cells in vitro.

Additionally, inhibition of both NO and VEGF secretion by
rifaximin may be responsible for the consistent reduction
of both iNOS and VEGFR expression in the experimental
setting. Cheng et al (16) studied the anti-inflammatory effect
of rifaximin in a colitis model and showed that rifaximin acted
on human PXR and caused NF-«kB inhibition. Another study
demonstrated that rifaximin induced specific activation of PXR
in PXR-humanized mice and mediated the inflammation, cancer
cell proliferation and pro-apoptotic events in colon cancer (25).
The results from the present study are in line with these reports
and further show that rifaximin is a potent inhibitor of the
release of angiogenic mediators.

One of the greatest advantages of this antibiotic is its poor
oral absorption and an optimum safety profile (23,26); the
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ments performed in triplicate. ““P<0.001 and “P<0.05 vs. untreated Caco-2 cells.

unabsorbed drug stays in the gut, specifically in the colon, long
enough to locally exert its effects without any adverse events.
Anti-angiogenic approaches in the treatment of colon
cancer have been extensively studied in the past decade,
following US Food and Drug Administration approval of the
first anti-VEGF monoclonal antibody, bevacizumab (27,28).
Despite their indisputable advantages as anticancer therapy,
anti-angiogenic compounds are limited by the complexity of
the converging pro-angiogenic pathways responsible for the
neo-vascularization process that makes angiogenesis in cancer
difficult to control, especially when the tumor starts developing
and metastasizing. This limits the use of anti-VEGF drugs,
unless they are used in combination with traditional chemo-
therapy (29-31). Drugs capable of interfering with the different
steps of the pro-angiogenic and proliferative processes in
cancer cells are of special interest in an attempt to identify an
effective treatment. The results of the present study indicate
that rifaximin efficiently mediates the synergic inhibition of
multiple converging pathways involved in the growth of cancer
cells, pro-angiogenic mediator release and tissue remodeling/

invasion that could markedly increase the efficacy of the anti-
cancer therapy in CRC, when used in combination with VEGF
inhibitors. Based on the promising results seen with rifaximin
in vitro, further in vivo studies investigating a possible multi-
therapeutic approach with rifaximin plus traditional VEGF
inhibitors in CRC are warranted.
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Palmitoylethanolamide Exerts Antiproliferative
Effect and Downregulates VEGF Signaling in
Caco-2 Human Colon Carcinoma Cell Line
Through a Selective PPAR-a-Dependent
Inhibition of Akt/mTOR Pathway
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Palmitoylethanolamide (PEA) is a nutraceutical compound that has been demonstrated to improve intestinal
inflammation. We aimed at evaluating its antiproliferative and antiangiogenic effects in human colon adenocar-
cinoma Caco-2 cell line. Caco-2 cells were treated with increasing concentrations of PEA (0.001, 0.01 and
0.1 pM) in the presence of peroxisome proliferator-activated receptor-a (PPAR-¢) or PPAR-y antagonists. Cell
proliferation was evaluated by performing a MTT assay. Vascular endothelial growth factor (VEGF) release
was estimated by ELISA, while the expression of VEGF receptor and the activation of the Akt/mammalian tar-
get of rapamycin (nTOR) pathway were evaluated by western blot analysis. PEA caused a significant and
concentration-dependent decrease of Caco-2 cell proliferation at 48§h. PEA administration significantly
reduced in a concentration-dependent manner VEGF secretion and VEGF receptor expression. Inhibition of
Akt phosphorylation and a downstream decrease of phospho-mTOR and of p-p70S6K were observed as com-
pared with untreated cells. PPAR-0, but not PPAR-y antagonist, reverted all effects of PEA. PEA is able to
decrease cell proliferation and angiogenesis. The antiangiogenic effect of PEA depends on the specific inhibi-
tion of the AKT/mTOR axis, through the activation of PPAR-o pathway. If supported by in vivo models, our
data pave the way to PEA co-administration to the current chemotherapeutic regimens for colon carcinoma.

Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Angiogenesis is the formation of new blood vessels from
pre-existing ones and is a key step in the growth, pro-
gression and metastasis formation of many form of can-
cers, including colorectal cancer (CRC) (Tanigawa et al.,
1997; Yoshimura et al., 2004). CRC represents one of the
major causes of morbidity and mortality throughout the
world (Haggar and Boushey, 2009) and is estimated to
be the third most common type of human cancer in
Western countries (Boyle and Langman, 2000; Ferlay
et al, 2015). Different pro-angiogenic signaling mole-
cules are able to promote tumor progression. Among
these, vascular endothelial growth factor (VEGF) is a
pivotal secreted factor that stimulates cancer neovascu-
larization interacting with specific receptors, named
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VEGF-R1 and 2 (Carmeliet and Jain, 2000; McMahon,
2000). The mammalian target of rapamycin (mTOR) is
a protein kinase of the PI3K/Akt signaling pathway
involved in the control of cell proliferation, survival,
mobility and angiogenesis. Impaired regulation of
mTOR pathway has been described in many human
cancers, including CRC (Cantley, 2002; Vivanco and
Sawyers, 2002). For this reason, mTOR pathway is con-
sidered an important target for the development of new
anticancer chemotherapeutics (Fasolo and Sessa, 2008)
for CRC (Zhang et al., 2009). When Akt is phosphory-
lated, a subsequent phosphorylation of mTOR is
observed. As a result, phosphorylated mTOR regulates
the p70S6K phosphorylation and activation (Chen and
Fang, 2002). Such pathway downstream leads to VEGF
secretion and is not only a crucial network able to coor-
dinate cell proliferation, growth, differentiation and sur-
vival but also a crucial step leading to angiogenesis in
neoplastic and non-neoplastic processes (Li et al., 2008).
Natural products have been always seen as an inter-
esting source of active therapeutic agents, including
anticancer agents (Arumuggam et al., 2015). Cancer
prevention by natural products has become an integral
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part of cancer control, and plant-derived molecules have
been thus regarded as potential novel leads for
developing antiangiogenic drugs (Kuttan et al., 2011;
Pratheeshkumar ef al, 2012). Palmitoylethanolamide
(PEA) is an endogenous N-acylethanolamide, acting as
an ‘on demand’ autacoid local antiinflammatory amide
(ALIA)-mide involved in many pathophysiological pro-
cesses ranging from pain control, neuroprotection and
antiinflammatory response (Calignano et al., 2001; Lam-
bert et al., 2001; Levi-Montalcini et al., 1996; LoVerme
et al., 2005a). Although PEA is synthesized and metab-
olized by different animal cell types, it is commonly con-
sidered a nutraceutical compound (Keppel Hesselink
et al, 2014) because it is abundantly present in plants
(Coulon et al., 2012; Kim et al., 2010) particularly in pea-
nuts or fenugreek seeds and soybean lecithin (Kuehl
et al., 1957). Several evidences show that PEA is a ‘pro-
miscuous’ molecule (Di Marzo et al., 2001; LoVerme
et al., 2005b; Pertwee et al., 2010), whose specific molec-
ular mechanism of action has not been completely clar-
ified yet. Together with the inhibition of mast cell
degranulation (Aloe ef al., 1993), a number of its possi-
ble molecular targets have been indeed described,
including the transient receptor potential vanilloid
receptor type 1 (TRPV1) channel, the orphan G-protein
coupled receptor (GPR55) and the nuclear peroxisome
proliferator-activated receptor-a (PPAR-0) (LoVerme
et al., 2005a), which has been demonstrated to mediate
most of the pharmacologic effects of this compound
(D’Agostino et al., 2009; Scuderi et al., 2011).

Because of its multi-faceted activity, PEA has been
considered a very interesting molecule because it is able
to exert antiproliferative (Keppel Hesselink, 2013a) and
antiangiogenic effects (Cipriano et al, 2015). Many of
these properties are a consequence of its well-known
antiinflammatory activity, as seen, for instance, in gran-
uloma formation (De Filippis et al, 2010), in colitis
(Alhouayek et al., 2015; Borrelli et al., 2015) and in
in vitro amyloid-beta induced neuroinflammation
(Scuderi et al., 2011). Although PEA has been recog-
nized to exert cytostatic effects in melanoma and breast
cancer models (Di Marzo et al, 2001; Hamtiaux et al.,
2012) to date, no proofs about antiangiogenic and anti-
proliferative activities of PEA in human CRC cells have
been provided yet.

Given this background, the present research aimed at
evaluating the antiproliferative and antiangiogenic
effects of PEA administration in human colon adenocar-
cinoma Caco-2 cell line; moreover, we examined PEA
efficacy in modulating VEGF signaling, via the Akt/mTOR
pathway. Finally, we aimed at confirming/excluding the
involvement of PPAR-o activation in determining PEA
pharmacological activity.

MATERIALS AND METHODS

Materials. Caco-2 cells were purchased from European
Collection of Cell Cultures (ECACC, Public Health En-
gland Porton Down, Salisbury, UK). Cell medium, sub-
stances and reagents for cell cultures were all purchased
from Sigma-Aldrich (St. Louis, MO, USA), unless other-
wise stated. Instruments, reagents and materials for
western blot analysis were obtained from Bio-Rad

Copyright © 2016 John Wiley & Sons, Ltd.

Laboratories (Milan, Italy). PEA, as well as PPAR antag-
onists GW9662 and MK 866, was purchased from Tocris
Cookson, Inc. (Ballwin, MO, USA). Mouse anti-total
Akt, rabbit monoclonal anti-phospho-Akt (Ser #'%), rabbit
polyclonal anti-phospho-mTOR (PS8 " rabbit poly-
clonal anti-total p70S6K, rabbit polyclonal anti-phospho-
p70S6K (Thra2l/Serdz4, Thr3s9y and rabbit monoclonal anti-
VEGEF receptor were purchased from Cell Signaling Tech-
nology (Euroclone, Pero, MI, Italy). Rabbit polyclonal
anti-total mTOR was from Abcam (Cambridge, UK);
mouse monoclonal anti-HIF-1a was purchased from
Sigma Aldrich (MI, Italy); rabbit polyclonal anti-matrix
metalloprotease-2 (MMP-2) and mouse anti-p-actin were
from Santa Cruz Biotechnology (Santa Cruz, California,
USA). Polyclonal rabbit anti-mouse IgG from Dako
(Glostrup, Denmark).

Methods

Cell culture. Caco-2 cells obtained from ECACC
(Public Health England Porton Down, Salisbury, UK)
were cultured in 6-well plate in DMEM containing 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin,
2mM L-glutamate and 1% non-essential aminoacids to
confluence. A total of 1x10° cells/well were plated and
incubated for 24 h. After reaching confluence, the cells
were washed three times with phosphate-buffered saline
(PBS), detached with trypsin/EDTA, plated in 10-cm
diameter petri dish and allowed to adhere for 24 h. Subse-
quently, DMEM was replaced with fresh medium, and
the cells were untreated or treated with increasing con-
centrations of PEA (0.001, 0.01 and 0.1 uM) dissolved
in ultrapure and pyrogen-free sterile vehicle in the pres-
ence or absence of 3uM MKS866 or 9nM GW9662, a
PPAR-a and PPAR-y antagonist, respectively. PEA and
relative PPAR antagonist concentrations were selected
according to the results of a previous published
researches (Scuderi ef al,, 2011), and pilot experiments
aimed at identifying the lowest effective concentration
(data not shown).

Western blot. Protein expression in the Caco-2 cells
was evaluated by performing a western blot analysis.
Following treatments, cells (1x10°) were harvested,
washed twice with ice-cold PBS and centrifuged at
180xg for 10min at 4°C. The cell pellet was resus-
pended in 100pL ice-cold hypotonic lysis buffer
(10mM HEPES, 1.5mM MgCl,, 10mM KCI, 0.5mM
phenylmethylsulphonylfluoride, 1.5 pg/mL soybean tryp-
sin inhibitor, 7 pg/mL pepstatin A, 5pg/mL leupeptin,
0.1 mM benzamidine and 0.5 mM dithiothreitol). To lyse
the cells, the suspension was rapidly passed through a
syringe needle five to six times prior to centrifugation
for 15 min at 13,000xg to obtain the cytoplasmic fraction.
The cytosolic fraction proteins were mixed with non-
reducing gel loading buffer (S0mM Tris, 10% SDS,
10% glycerol, 2mg bromophenol/mL) at a 1:1 ratio,
boiled for 3min and centrifuged at 10,000xg for 10 min.
The protein concentration was determined using a
Bradford assay, and equivalent quantities (50 pg) of each
sample were electrophoresed on a 12% discontinuous
polyacrylamide minigel. Subsequently, the proteins
were transferred onto nitrocellulose membranes that
had been saturated by incubation with 2.5% non-fat

Phytother. Res. 30: 963-970 (2016)
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dry milk in 1x PBS overnight at 4 °C with the following
antibodies: total Akt, phosphor-Akt, total mTOR,
phosphor-mTOR, total p70S6K, phosphor-p70S6K,
anti-VEGF-R and anti-HIF-1a, and B-actin protein ex-
pression was performed on total protein fractions of ho-
mogenates. Equivalent amounts (50pug) of each
homogenate underwent electrophoresis through a
polyacrilamide minigel. Proteins were then transferred
onto nitrocellulose membrane that were saturated by
incubation with 10% non-fat dry milk in 1x PBS over-
night at 4°C and then incubated, according the experi-
mental protocols with mouse anti-total Akt (1:1000
v/v, Cell Signaling Technology, Euroclone, Pero, MI,
Italy), rabbit monoclonal anti-phospho-Akt (Ser *7)
(1:2000 v/v, Cell Signaling Technology, Euroclone,
Pero, MI, Italy), rabbit polyclonal anti-total mTOR
(1:1000 Abcam, Cambrid%e, UK), rabbit polyclonal
anti-phospho-mTOR (pSer***®) (1:1000 v/v, Cell Signal-
ing Technology, Euroclone, Pero, MI, Italy), rabbit
polyclonal anti-total p70S6K (1:1000 v/v) and rabbit
polyclonal anti-phospho-p70S6K ~(Thr421/Serd24, Thr389
(1:1000 v/v, Cell Signaling Technology, Euroclone,
Pero, M1, Italy), rabbit monoclonal anti-VEGF recep-
tor (1:1000 v/v, Cell Signaling Technology, Euroclone,
Pero, MI, Italy), mouse monoclonal anti-HIF1a (1:500
v/v, Sigma Aldrich, MI, Italy) and mouse anti-B-actin
(1:2000 v/v) (Santa Cruz Biotechnology, Santa Cruz,
California, USA) rabbit polyclonal anti-MMP-2
(1:2000 v/v) (Santa Cruz Biotechnology, Santa Cruz,
California, USA). Membranes were then incubated
with the specific secondary antibodies conjugated to
horseradish peroxidase (Dako, Milan, Italy). Immune
complexes were revealed by enhanced chemilumines-
cence detection reagents (Amersham Biosciences,
Milan, Italy). Blots were analyzed by scanning densi-
tometry (GS-700 imaging densitometer; Bio-Rad).
Results were expressed as optical density (arbitrary
units; mm?) and normalized on the expression of the
housekeeping protein B-actin.

Enzyme-linked immunosorbent assay for VEGE
Enzyme-linked immunosorbent assay for human VEGF
(Abcam, Cambridge, UK) was carried out with Caco-2
cell supernatant after treatments at 24h according to
the manufacturer’s protocol. Absorbance was measured
on a microtiter plate reader. VEGF levels were thus
determined using standard curves’ method.

Cell proliferation assay. Cell proliferation was evalu-
ated by performing a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) assay (Mosmann,
1983). In brief, Caco-2 cells (5x10*) were plated in
96-well plates and allowed to adhere for 24 h. After
that, DMEM was replaced with fresh medium, and
the cells were untreated or treated with increasing
concentrations of PEA (0.001, 0.01 and 0.1 uM) dis-
solved in ultrapure and pyrogen-free sterile vehicle in
the presence or absence of 3uM MKS866 or 9nM
GW9662. After 48h, 25uL MTT (Smg/mL MTT in
DMEM) was added to the cells, and the mixture was
incubated for an additional 3 h at 37 °C. Subsequently,
the cells were lysed, and the dark blue crystals were
solubilized using a 125-pL solution containing 50%
N,N-dimethylformamide and 20% (w/v) sodium
dodecylsulfate (pH 4.5). The OD of each well was

Copyright © 2016 John Wiley & Sons, Ltd.

determined using a PerkinElmer, Inc. (Waltham, MA,
USA) microplate spectrophotometer equipped with a
620-nm filter. Cell proliferation in response to treatments
was calculated using the following equation: Cell prolif-
eration at 48h (%)= (OD treated/OD untreated) x 100.

Immunodetection of incorporation of BrdU. Caco-2
cells (1x10°) were plated onto cover glass in DMEM
medium and grown to ~60% confluence for 24 h. Cells
were then untreated or treated for 24h with PEA
(0.001, 0.01 and 0.1uM) dissolved in ultrapure and
pyrogen-free sterile vehicle in the presence or absence
of 3uM MKS866 or 9nM GW9662 and then labeled for
the following 4 h with 1010 uM 5’-bromo-2’-deoxyuridine
(BrdU). After labeling, the cells were washed twice
with PBS and fixed in ice-cold 1% paraformaldehyde.
Fixed cells were washed with PBS to remove the
organic solvent. The FITC-labeled anti-BrdU antibody,
diluted with PBS buffer containing 0.1% Triton X-100,
was used to measure BrdU incorporation by fluores-
cence microscopy. Cover glasses were thus analyzed
with a microscope (Nikon Eclipse 80i by Nikon Instru-
ments Europe), and images were captured at 10x mag-
nification by a high-resolution digital camera (Nikon
Digital Sight DS-U1). Quantification of BrdU* incor-
poration after treatments was thus expressed as % of
BrdU™ expressing cells per selected area (1 mm?).

Wound healing assay. A wound healing assay using
the Caco-2 cells was performed as described previously,
with a number of modifications (Renault-Mihara et al.,
2006). Briefly, the cells (5% 10° cells/well) were plated
on a 6-well plate and incubated for 24 h in DMEM sup-
plemented with 5% FBS, 2mM glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin in a humidified
atmosphere of 5% CO, and 95% air at a temperature
of 37°C. The cell layer was scratched using a 200-pL
sterile pipette tip; then, cells were washed with PBS
three times and untreated or incubated with PEA
(0.001, 0.01 and 0.1uM) dissolved in ultrapure and
pyrogen-free sterile vehicle in the presence or absence
of 3uM MKS866 or 9nM GW9662 for 48 h. The Caco-2
cells were washed twice with PBS and fixed with 4%
paraformaldehyde for 30 min. In order to facilitate cell
counting, the nucleus of the Caco-2 cells was stained
with Hoechst 33258 (Invitrogen Life Technologies,
Carlsbad, CA, USA) for Smin at RT. The cells were
subsequently washed three times with PBS, and images
were captured using a Nikon Eclipse 80 microscope
equipped with a high-resolution digital camera (Nikon
Digital Sight DS-U1; Nikon Instruments, Inc.). The per-
centage of migration was calculated by counting the
number of cells that had migrated into scratched areas
compared with the number of cells that had remained
in the peripheral areas.

Statistical analysis. Results are expressed as the mean
+standard error (SEM) of the mean of n experiments.
Statistical analyses were performed using one-way
analysis of variance, and multiple comparisons were
performed using a Bonferroni post hoc test. p <0.05
was considered to indicate a statistically significant
difference.
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RESULTS

PEA inhibited Caco-2 cell proliferation through a
PPAR-a selective activation

PEA (Fig. 1A) (0.001-0.1 uM) administration caused a
significant and concentration-dependent (—30, —40
and —58%, respectively vs untreated) decrease of
Caco-2 cell proliferation at 48h in comparison with
untreated cells, assumed as 100% proliferation rate
(Fig. 1B). PEA effect was counteracted by the presence
of PPAR-a selective antagonist MK866, while remained
unaffected in the presence of the PPAR-y antagonist
GW9662 (Fig. 1B). In order to further confirm this anti-
proliferative effect, we tested effect of PEA on BrdU
incorporation into the DNA. We observed that PEA
(0.001-0.1uM) in a concentration-dependent fashion
was able to significantly reduce BrdU™" cell staining
(=25, —48.5 and —72.4% vs untreated cells, respec-
tively) and that this effect was almost completely
inhibited by the presence of the PPAR-a but not by
the PPAR-y antagonist (Fig. 1C, D).

PEA inhibited Caco-2 cell migration and reduced
VEGEF secretion and VEGF receptor and MMP-2
expression.

The wound healing assay was used to evaluate the effect
of PEA treatment on Caco-2 cell migration. As indi-
cated in Fig. 2A, panel 1, untreated Caco-2 cells were
able to invade and fully recolonize the scratched area
within 48h, while the migration of cells treated with
0.001, 0.01 and 0.1 uM PEA was significantly impaired
in a concentration-dependent manner (—14, —35 and
—78%, respectively vs untreated cells) (Fig. 2B). This

A B

Call proliferation (%)

was further confirmed by the fact that the distance
between the borders of the wound significantly differs
as compared with that measured in the untreated cells
group (Fig. 2A, panels 2, 3 and 4). According to the pre-
viously obtained results, the antimigratory effect of
PEA effect was almost completely abolished by the
co-administration of PPAR-a selective but not by
PPAR-y receptor antagonist (Fig. 2A panel 5 and 6).
Together with this antimigratory effect, PEA incuba-
tion resulted in a significant down-regulation of pro-
angiogenic effectors, reducing in a concentration-
dependent manner both VEGF secretion (—27, —50
and —65% respectively vs untreated) and VEGF
receptor expression (—28, —66 and —81% vs untreated
cells) (Fig. 2C, D, and E respectively). Moreover, PEA
caused a significant and concentration-dependent
inhibition of the breakdown of extracellular matrix
through a marked and PPAR-a-mediated MMP-2 pro-
tein expression decrease in the same experimental con-
ditions (—25, —48 and —83% respectively vs untreated
cells) (Fig. 2D, F respectively).

Antiproliferative effects of PEA and its downregulation
of pro-angiogenic mediators depend via Akt/mTOR/
p70S6K and HIF-1a pathway inhibition

In order to better understand the molecular mechanisms at
the basis of the antiangiogenic effect of PEA, we evaluated
the effect of this ALIA-mide on the Akt/mTOR/p70S6K
pathway. PEA caused a PPAR-a and concentration-
dependent decrease of Akt phosphorylation (—20, —40
and —65% vs untreated) that was accompanied with a con-
sequent reduction of phospho-mTOR (—23, —73 and
—81% vs untreated) and downstream inhibition of
p-p70S6K (—34, —58 and —80% respectively vs untreated)
at 24h (Fig. 3A, B). HIF-17a is a key transcriptional
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Figure 1. Palmitoylethanolamide exerts anti-proliferative effects on Caco-2 cell line. (A) Chemical structure of PEA. (B) MTT analysis show-
ing the effect of PEA (0.001-0.1 pM) in the presence of PPAR-a or PPAR-y antagonists MK866 (3 uM) and GW9662 (9 nM) on Caco-2 cell
proliferation rate at 48 h. (C) Immunofluorescence analysis of BrdU * incorporating Caco-2 cells and (D) relative quantification in Caco-2 cells
exposed to PEA (0.001-0.1 uM) in the presence or absence of MK866 (3 uM) and GW9662 (9 nM) (scale bar: 20 um). Results are expressed
as mean = SEM of n = 4 experiments performed in triplicate. ***p < 0.001 and *p < 0.05 versus untreated Caco cells.
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Figure 2. Anti-migration and anti-angiogenic effect /n vitro of PEA in Caco-2 cell line. (A) Wound healing assay demonstrating the effect of
PEA on Caco-2 migration /n vitro. Hoechst staining of cell nuclei indicates that PEA inhibits the migration of Caco-2 cells in a PPAR-a and
concentration-dependent manner (scale bar, 200 um). (B) Quantification of cell migration (%). (C) PEA concentration-dependently reduces
pro-angiogenic release of VEGF secretion by Caco-2 cells at 24 h through a PPAR-a selective involvement. In the same conditions, western
blot bands indicate that (D) PEA reduces both VEGF-R2 and MMP-2 protein expression and PEA (0.1 uM) effect is abolished by MK866
(3 uM) selective but not by GW9662 (9 nM) co-administration. (E-F) Densitometric analysis and relative quantification of corresponding im-
munoreactive bands for VEGF-R2 and MMP-2 (arbitrary units normalized on the expression of the housekeeping protein p-actin). Results are

expressed as mean + SEM of n = 5 experiments performed in triplicate. ***p <0.001 and *p < 0.05 versus untreated Caco-2 cells.

modulator of pro-angiogenic factor release, as VEGF.
Although its activation has been generally detected
in vitro following hypoxia conditions, HIF-1a is commonly
increased in colitis whereas it is increased by Akt/mTOR
pathway activation (25). PEA caused a significant and
dose-dependent decrease of HIF-la expression (—28,
—52 and 87% respectively vs untreated), and this effect
was strictly dependent on the selective PPAR-a involve-
ment, as well (Fig. 3A, B).

DISCUSSION

Notwithstanding the complex redundancy of different
molecular pathways involved in cancer development,
the Akt/mTOR axis induction has been focused as one
of the most important network regulating both cell pro-
liferation and function during angiogenesis. Impaired
regulation of this pathway has been thus considered
pivotal in the development and progression of many
types of cancer, including colonic adenocarcinoma.

Copyright © 2016 John Wiley & Sons, Ltd.

Akt/mTOR pathway activation is downstream accom-
panied with signals promoting resistance to apoptosis,
altered tissue remodeling and metastasis formation
(Guertin and Sabatini, 2007). In particular, following
Akt/mTOR/p70S6K axis induction, HIF-1a expression
is observed (Liu et al,, 2006; Shaw and Cantley, 2006;
Zhou et al, 2007), and this protein directly enhances
VEGF secretion that, in turn, acts as a powerful pro-
angiogenic effector in colon epithelial cells and strongly
promotes colon carcinoma progression (Son et al.,
2013). VEGF binding at VEGF-R2 is downstream
followed by a complex molecular network, including
ERK, JNK, PI3K, Akt, P70S6K and p38MAPK that
subsequently promote proliferation, migration and tube
formation of endothelial cells (Ferrara et al., 2003), con-
verging to massive neovascularization. The results of the
present study indicate that PEA exerts a marked anti-
proliferative and antiangiogenic effect on cultured
human colon carcinoma Caco-2 cell line through a
PPAR-o-dependent inhibition of Akt/mTOR pathway.
Our results showed that PEA, in a concentration-
dependent manner, caused a progressive reduction of
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Figure 3. PEA downregulates Akt/mTOR pathway through a PPAR-a-dependent mechanism. (A) Immunoblot referred to phosphorylated/
unphosphorilated Akt, mTOR, p70S6K and HIF-1a protein bands and (B) relative densitometric analysis (arbitrary units normalized on the ex-
pression of the housekeeping protein B-actin) showing the effects of PEA (0.001-0.1 uM), given alone or in the presence of MK866 (3 uM) or
GW 9662 (9 nM), on the expression of Akt, mTOR and p70S6K phosphorylated proteins and HIF-1a pro-angiogenic modulator in Caco-2 cell
line. Results are expressed as mean + SEM of n = 5 experiments performed in triplicate. ***p < 0.001 and *p < 0.05 versus untreated Caco-

2 cells.

Caco-2 cell proliferation percentage by MTT assay.
Such effect was counteracted by selective PPAR-a but
not by PPAR-y antagonists, and these results were in
line with a significant reduction of BrdU staining of
PEA-treated versus untreated Caco-2 cells, suggesting
a PPAR-oa-mediated control of tumoral cell growth.
Also, PEA reduced the activation of pro-angiogenic
pathways by inhibiting the Akt/mTOR signaling path-
way. Our study demonstrates that PEA, in a PPAR-a
selective and concentration-dependent manner, signifi-
cantly reduced phosphorylation of Akt, mTOR and
p70S6 proteins in Caco-2 cells, leading to downstream
inhibition of HIF-1la. PEA caused a significant inhibi-
tion of VEGEF secretion and markedly reduced VEGF
receptor expression. Moreover, in the same experimen-
tal conditions, PEA caused a significant and PPAR-a-
dependent decrease of MMP-2 expression, leading to
a marked decrease of Caco-2 cells migration in vitro
as demonstrated by the wound healing test results.

Copyright © 2016 John Wiley & Sons, Ltd.

As largely demonstrated in the last decade, PPARs
are nuclear hormone receptors that control many cellu-
lar processes (Berger and Moller, 2002; Michalik et al.,
2004) including tumor growth and malignancy (Dubois
et al., 1998; Ikawa et al, 2001). We previously demon-
strated that PEA is an endogenous compound showing
antiinflammatory properties in experimental-induced
colitis and in cultured ulcerative colitis specimens
through a selective PPAR-o-dependent mechanism
(Esposito et al., 2014). This aspect is of considerable in-
terest, because PPAR-y rather than PPAR-a receptor
has been considered a possible target for anticancer
drugs in the treatment of colorectal carcinoma (Han
and Roman, 2007; Huin et al., 2002).

Despite this, functional studies suggested that PPAR-
o activation reduced epithelial proliferation with no
effect on apoptosis or necrosis. Different studies support
a central role for PPAR-a activation in preventing neo-
plastic transformation and growth, especially in colon
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cancer (Jackson et al., 2003). It has been in fact demon-
strated that bezafibrate, a PPAR-a ligand, inhibited the
formation of azoxymethane-induced aberrant crypt foci
in rats (Tanaka er al, 2001). Moreover, PPAR-a
activation by omega-3 fatty acids resulted in a reduced
CRC progression in animals (Nakagawa et al, 1997;
Takahashi et al,, 1994), and it caused a decrease in cell
proliferation in patients affected by familial adenoma-
tous polyposis (Anti et al, 1992). The results of our
study demonstrated that selective targeting of PPAR-a
receptors is a key step in mediating the antiproliferative
and antiangiogenic effect displayed by PEA in cultured
human colon carcinoma cells. Moreover, antiangiogenic
properties of PEA have been also demonstrated in differ-
ent conditions featured by chronic inflammation, such as
granuloma formation (De Filippis et al, 2010), reactive
gliosis following A stimulus in vitro and colitis (Esposito
et al., 2014; Scuderi et al., 2011). Although the antiprolif-
erative and antiangiogenic activity of PEA involves the
Akt/mTOR axis, we cannot reasonably exclude other
possible mechanisms by which this endogenous ALIA-
mide might exert its control on cancer growth and
neovascularization. PEA is indeed able to block the
p38MAPK/ERK signaling pathway and may conse-
quently markedly inhibit NF-kappaB activation resulting
in an antiinflammatory (Esposito et al, 2014) and
antiproliferative activity in colonic mucosa. Because of
the complexity and redundancy of different pathways
involved in colon cancer proliferation and angiogenesis,
a combined and multi-step targeting of different signaling
molecules may be ideally required, when developing new
chemotherapeutic drugs. Although PPAR-a receptor is
now recognized as the main pharmacological target of
PEA, the multi-faceted activity displayed by this

compound might endorse the antiproliferative effects of
other signaling pathways, including the vanilloid and
the endocannabinoid systems (Velasco et al, 2016).
Hence, PEA-mediated synergic blockage of converging
pathways leading to cancer cell growth, angiogenesis
and tissue remodeling/invasion significantly increases
the efficacy of potential anticancer compounds.

PEA is a safe compound and possesses a widely known
pharmacological and toxicological profile; moreover, it
can be easily prescribed as it has been already
introduced in clinical practice as food for special medical
purposes in chronic inflammatory conditions and chronic
pain states. Because of its abundant concentration in
different plants and phytotherapeutics, PEA has been
regarded with particular interest as a dietetic component
with cytoprotective properties against neuropathic pain
states, including chemotherapy-induced neuropathy
(Keppel Hesselink, 2013b; Truini et al., 2011).

Although PEA activity in colon carcinoma models
in vivo is yet to be confirmed, PEA may represent in
the future perspective as an intriguing pharmacological
tool able to counteract cell proliferation, angiogenesis
and tissue remodeling that negatively impact on colon
cancer prognosis. Apart from its neuroprotective and
analgesic properties, our data showing PEA intrinsic
tumorostatic effects strongly support its co-administration
to the current colon carcinoma chemotherapeutic
protocols.
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Abstract

Background and Aim

Angiogenesis is emerging as a pivotal process in chronic inflammatory pathologies, promot-
ing immune infiltration and prompting carcinogenesis. Ulcerative Colitis (UC) and Crohn’s
Disease (CD) represent paradigmatic examples of intestinal chronic inflammatory condi-
tions in which the process of neovascularization correlates with the severity and progres-
sion of the diseases. Molecules able to target the angiogenesis have thus the potential to
synergistically affect the disease course. Beyond its anti-inflammatory effect, palmitoyletha-
nolamide (PEA) is able to reduce angiogenesis in several chronic inflammatory conditions,
but no data about its anti-angiogenic activity in colitis have been produced, yet.

Methods

The effects of PEA on inflammation-associated angiogenesis in mice with dextran sulphate
sodium (DSS)-induced colitis and in patients with UC were assessed. The release of Vascu-
lar Endothelial Growth Factor (VEGF), the hemoglobin tissue content, the expression of
CD31 and of phosphatidylinositol 3-kinase/Akt/mammalian-target-of-rapamycin (nTOR)
signaling axis were all evaluated in the presence of different concentrations of PEA and
concomitant administration of PPAR-a and -y antagonists.
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Results

Our results demonstrated that PEA, in a selective peroxisome proliferator activated receptor
(PPAR)-a dependent mechanism, inhibits colitis-associated angiogenesis, decreasing
VEGF release and new vessels formation. Furthermore, we demonstrated that the mTOR/
Akt axis regulates, at least partly, the angiogenic process in IBD and that PEA directly
affects this pathway.

Conclusions

Our results suggest that PEA may improve inflammation-driven angiogenesis in colonic
mucosa, thus reducing the mucosal damage and potentially affecting disease progression
and the shift towards the carcinogenesis.

Introduction

Angiogenesis is the process of new vessels development from preexisting vasculature in adult
tissues and it is emerging as pivotal in the pathogenesis and progression of chronic inflamma-
tory pathologies [1-4].

There is evidence that angiogenesis contributes to a significant dysfunction of vessel archi-
tectures, promotes the recruitment of pro-inflammatory cells, and results in a progressive loss
of the epithelial integrity [5,6]. Inflammatory bowel diseases (IBD), such as Crohn’s disease
(CD) and ulcerative colitis (UC) are paradigmatic examples of chronic inflammatory diseases
in which angiogenesis-related factors affect diseases’ progression and severity [5-8].

A variegate class of signaling molecules/cytokines, involved in inflammation and tissue
remodeling processes, co-promotes angiogenesis, such as nitric oxide (NO) or prostaglandins
(PGs), but a prominent role has been identified for Vascular Endothelial Growth Factor A
(VEGF). This mediator, through the activation of a complex signaling network, yields to neo-
vascularization, worsening tissue damage and promoting the carcinogenic drift [9-10]. In
keeping with this, the inhibition of angiogenetic process may represent a potential therapeutic
target in IBDs, acting on both inflammation and carcinogenic risk [11,12].

Although the release of VEGF is regulated by different molecular pathways, the upstream
activation of phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin (mTOR) sig-
naling axis (Akt/mTOR pathway) has been recognized as pivotal in VEGF-related neovascular-
ization. Indeed, the activation of this pathway determines also the overexpression of the
Hypoxia-Inducible Factor (HIF)-1a, a specific transcriptional factor, which, in turn, further
increases the release of VEGF [12,13]. This complex network, is physiologically induced by
hypoxia in order to guarantee the appropriate tissue oxygenation, stimulating vessels forma-
tion, however a pathological over-activation of this pathway has been also described in differ-
ent inflammatory diseases and several tumors [14,15].

Palmitoylethanolamide (PEA) is an N-acylethanolamide (NAE), structurally and function-
ally related to anandamide (AEA), with anti-inflammatory and analgesic activities. The anti-
inflammatory effect of PEA depends on its ability to activate peroxisome proliferator activated
receptor (PPAR)-0, a member of nuclear hormone receptor superfamily of ligand activated
transcription factors [16,17]. In both mice and human colitis, PEA has been reported to
decrease the release of several pro-inflammatory cytokines [18-20], and there are data suggest-
ing that PEA also exerts a significant anti-angiogenic activity in other chronic inflammatory

PLOS ONE | DOI:10.1371/journal.pone.0156198 May 24, 2016 2/13



@’PLOS ‘ ONE

Antiangiogenic Effect of Palmitoylethanolamide in Colitis

conditions [21, 22]. However, we recently demonstrated that PEA is able to directly reduce the
release of pro-angiogenic factors in an “in vitro” model of colon cancer cells [23]. The potential
anti-angiogenic activity of PEA during colitis has never been reported, yet. With the present
study we aimed to evaluate the ability of PEA to reduce the inflammation-related angiogenesis
in the colon of mice with dextran sulphate sodium (DSS)-induced colitis and in UC patients,
and to characterize its mechanisms of action.

Materials and Methods
Animals and experimental design

Six-weeks-old wild-type (WT) male CD-1 mice (Harlan Laboratories, Udine, Italy) were
used for experiments. All procedures on mice were approved by La Sapienza University's
Ethics Committee. Animal care was in compliance with the IASP and European Community
(ECL358/1 18/12/86) guidelines on the use and protection of animals in experimental
research. Animals were randomly divided into six groups (n = 10 per group): non-colitic
control group; colitic group; colitic group receiving PEA 2 and 10 mg/kg, [24, 25]; colitic
group receiving PEA (10 mg/kg) and selective PPAR-o antagonist MK866 (10 mg/kg); coli-
tic group receiving PEA and selective PPAR-y antagonist GW9662 (1 mg/kg) [26]. Two
internal control groups (n = 5 per group) were also considered: colitic group receiving
PPAR-o or PPAR-y antagonist; non-colitic group receiving daily PEA 10 mg/kg. Immuno-
histochemistry was performed on five groups, excluding colitic group receiving the lowest
dosage of PEA.

Colitis was induced by administrating 4% DSS (MP Biomedicals, Solon, Ohio, USA) in
drinking water for six consecutive days. PEA alone, or combined with PPAR antagonists, was
given by intraperitoneal administration from day 2 to 6 and then animals were sacrificed at day
7 by carbon dioxide inhalation followed by cervical dislocation. Colons were isolated to per-
form histochemical and biochemical analyses as described below.

In order to further confirm the involvement of PPAR-o in mediating the effects of PEA,
additional sets of experiment were conducted in six-weeks-old wild-type PPAR-o null (KO)
mice (Taconic, Germantown, New York, USA), that were divided in the following groups: vehi-
cle; colitic; colitic receiving daily PEA 10, 50 or 100 mg/kg, n = 5 for each group, respectively.

Cultured human intestinal biopsies

The experimental group comprised 10 patients with a new diagnose of UC (4 women; age
range 21-58 years; endoscopic MAYO score>2) and 5 control subjects (3 men; age range 42—
60 years; absence of gastrointestinal symptoms) undergoing colonoscopy for colon cancer
screening. Exclusion criteria were history of cancer, use of 5-aminosalicylic acid, immunosup-
pressant, anti-platelet and anti-coagulant drugs. Also patients suffering from cardiovascular,
renal or respiratory comorbidities were excluded. All subjects received and signed an informed
consent and the Federico II University Ethical committee approved the protocol.

Four mucosal biopsies from the sigmoid region of UC patients and two biopsies from the
same site of controls were collected and cultured in FBS-supplemented Dulbecco Modified
Eagle’s Medium (DMEM) at 37°C in 5% CO2/95% air. All biopsies were cultured for 24 hours,
with or without PEA at the following concentrations 0,001, 0,01, 0,1 uM [27]. Biopsies were
then homogenized and analyzed by western blot as described below. PFA-fixed samples were
used for immunohistochemistry, this analysis was only performed on biopsies stimulated with
the highest dosage of PEA (0,1 uM).
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Protein extraction and western blot analysis

Mice and human specimens were homogenized in ice-cold hypotonic lysis buffer and protein
concentration was determined using Bio-Rad protein assay kit (Bio-Rad, Milan, Italy). Analysis
of total Akt, phosphor-Akt, total mTOR, phosphor-mTOR, total p70S6K, phosphor-p70S6K,
anti-VEGF-R, anti-EGF receptor, anti-HIF1o and B-actin protein expression was performed
on total protein fractions of homogenates. Equivalent amounts of homogenates (50 pg) under-
went electrophoresis through a polyacrilamide minigel. Proteins were then transferred onto
nitrocellulose membranes that were saturated by incubation with 10% nonfat dry milk in

1x PBS overnight at 4°C and then incubated, according to the experimental protocols with:
mouse anti-total Akt (1:1000 v/v, Cell signaling technology, Euroclone, Pero, MI, Italy); rabbit
monoclonal anti phosphor-Akt (Ser *”?), (1:2000 v/v, Cell signaling technology, Euroclone,
Pero, MI, Italy); rabbit polyclonal anti total mTOR (1:1000, Abcam, Cambridge, UK); rabbit
polyclonal anti phosphor-mTOR (pSer®***) (1:1000 v/v, Cell signaling technology, Euroclone,
Pero, MI, Italy); rabbit polyclonal anti total p70S6K (1:1000 v/v Cell Signaling Technology,
Euroclone, Pero, M1, Italy); and rabbit polyclonal anti-phosphor-p70S6K (Thr421/Ser424,
Thr389); (1:1000 v/v, Cell Signaling Technology, Euroclone, Pero, MI, Italy); rabbit monoclo-
nal anti-VEGF receptor (1:1000 v/v, Cell Signaling Technology, Euroclone, Pero, M1, Italy);
rabbit polyclonal anti-EGF receptor (1:1000 v/v, Abcam, Cambridge, UK); mouse monoclonal
anti-HIF1a (1:500 v/v, Sigma Aldrich, MI, Italy) and mouse anti-B-actin (1:2000 v/v, Santa
Cruz Biotechnology, Santa Cruz, California, USA). Membranes were then incubated with the
specific secondary antibodies conjugated to horseradish peroxidase (HRP) (Dako, Milan,
Italy). Inmune complexes were revealed by enhanced chemiluminescence detection reagents
(Amersham Biosciences, Milan, Italy). Blots were analyzed by scanning densitometry (GS-700
imaging densitometer; Bio-Rad). Results were expressed as OD (arbitrary units; mm?) and nor-
malized on the expression of the housekeeping protein B-actin.

Enzyme-linked immunosorbent assay for VEGF and EGF

Enzyme-linked immunosorbent assay (ELISA) for VEGF (Abcam, Cambridge, UK) was car-
ried out on mice and human specimens supernatants according to the manufacturer's protocol.
Absorbance was measured on a microtitre plate reader. In a subset of experiments an ELISA
for EGF (Abcam, Cambridge, UK) was also carried out on plasma of PPAR-o null (KO) mice;
VEGF and EGF levels were thus determined using standard curves method.

Immunohistochemistry

Mice and human specimens were fixed in buffered formalin, embedded in paraffin and cut
into 5pm-thick serial sections. According to manufacturer’s instructions, after heat-mediated
antigen retrieval, the tissue was formaldehyde fixed and blocked with serum. The tissue was
incubated with the primary antibody anti CD31 (1:50 v/v, Abcam, Cambridge, UK) for 20 min-
utes. After three 5-min washes, the secondary antibody was added and the samples were incu-
bated at room temperature for 20 min. The streptavidin-HRP detection system (Chemicon
Int., Temecula, CA, USA) was added and samples were incubated at room temperature. After
three 5-min washes, 50 pL of chromogen was added and the reaction terminated after 1 min in
water. Sections were then counterstained with haematoxylin eosin at room temperature. Nega-
tive controls were performed by omitting primary antibody. Slides were thus analyzed with a
microscope (Nikon Eclipse 80i by Nikon Instruments Europe), and images were captured at
20X magnification by a high-resolution digital camera (Nikon Digital Sight DS-U1). The
amount of vascularization in each colon section was quantified as a percentage of tissue area
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immunopositive for CD31 at a 20X magnification in 6 regions, each amounting to a 0,20- mm>
area, and expressed as vessel density of (%).

Haemoglobin content measurement

As previously demonstrated, hemoglobin content measurement represents an appropriate
method for the detection and quantification of angiogenesis in tissues [28,29]. Mice and
human colonic specimens were collected and weighted, samples were then homogenized in

1 x PBS. After centrifugation at 2500 x g for 20 min at 4°C, the supernatants were further cen-
trifuged at 5000 x g for 30 min, and hemoglobin concentration in the supernatant was deter-
mined spectrophotometrically at 450 nm by the hemoglobin assay kit (Sigma Aldrich, MI,
Italy). Values were expressed as mg haemoglobin/g of wet weight.

Statistical analysis

Results were expressed as mean+SD of n experiments. Statistical analysis was performed using
parametric one-way analysis of variance (ANOVA) and multiple comparisons were performed
by Bonferroni’s posthoc test; p values <0.05 were considered significant.

Results

Mice DSS-induced colitis is associated with an increase of angiogenesis
that is inhibited by Palmitoylethanolamide

In mice with DSS-induced colitis, bloody diarrhea together with loss of body weight and
increase of spleen size were observed from day 4 until the sacrifice. As expected, the immune
infiltrate and the inflammatory mediators (NO, PGE, and TNFa) were also significantly
increased in treated mice (data not shown).

Hemoglobin tissue content and the expression of CD31, a blood vessel endothelial marker,
were evaluated to detect the effect of PEA on angiogenesis. The hemoglobin content was signif-
icantly increased in mice with DSS-induced colitis compared to controls (36,6+2 vs 11,6+1,6
mgHb/gr tissue; p<0,0001), but such increase was significantly reduced in mice receiving PEA
(2 and 10 mg/kg) in a dose-dependent fashion (-36% and -60%, respectively; all p<0,001, Fig
1A). Co-administration of the PPAR-o antagonist, MK866, but not PPAR-y antagonist,
GW966, significantly reverted the effects of PEA on hemoglobin content, likely indicating the
selective involvement of PPAR-a (Fig 1A).

A significant higher density of CD31 positive cells was also observed in the inflamed mucosa
of DSS-treated mice compared to controls, and, in line with the above described results, this
was significantly inhibited by PEA in PPAR-a dependent mechanism (Fig 1B).

In order to evaluate whether VEGF regulates the inflammatory-related angiogenesis in mice
colitis and if PEA may directly affect this specific pathway, we assessed the release of VEGF
and the expression of its receptor (VEGEF-R). As expected, in DSS-treated mice the release of
VEGEF was significantly higher than in controls, and this was associated with an increased
expression of VEGF-R (18,7+6,2 vs 137,5+14 pg/mL and 1,25+0,5 vs 5,27+0,7 OD*mm?,
respectively; all p<0,0001; Fig 1C and 1D). Again, the administration of PEA (2 and 10 mg)
significantly inhibited the release of VEGF and the expression of its receptor in a dose-depen-
dent manner (-32 and -72%, -33 and -66% vs DSS-treated mice, respectively; all p<0,001, Fig
1C and 1D), and this effect was significantly affected by MK866, but not by GW9662, co-
administration (Fig 1C and 1D).

In Fig 2 it is summarized that PEA failed to induce any significant effect in DSS-treated
PPAR-o null mice, further supporting the specific involvement of PPAR-o.
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Fig 1. Palmitoylethanolamide (PEA) inhibits colitis-associated angiogenesis in mice. (A) DSS-induced
colitis caused a significant increase of Hb-content in colonic mucosa, PEA is able to reduce, in a dose-
dependent fashion, the Hb-content in colitis mice; this effect persisted in presence of PPARy antagonist
(GW9662) while it was nullified by PPARa antagonist (MK866). (B) Immunohistochemical images showing
the expression of CD31 on untreated mice colonic mucosa (panel 1), DSS-treated mice colonic mucosa
(panel 2), DSS-treated mice colonic mucosa in presence of PEA (10 mg/Kg) alone (panel 3), PEA (10 mg/
Kg) plus MK866 10 mg/Kg (panel 4), and PEA (10 mg/Kg) plus GW9662 1 mg/Kg (panel 5). Magnification
20X; scale bar: 100pm. The graph summarizes the relative quantification of CD31 expression (%) on mice
colonic mucosa in the same experimental groups, showing the reduction of CD31 expression in colitic mice
after PEA administration, except for the group also treated with the antagonist of PPARa. (C) VEGF release
resulted increase in DSS-treated mice and it was significantly reduced by PEA treatment in a PPARa
dependent manner. (D) Western blot analysis and relative densitometric analysis (arbitrary units normalized
on the expression of housekeeping protein -actin) of VEGF-receptor (VEGF-R) expression, showing similar
results to VEGF release. Results are expressed as meanSD. *p<0.05, **p<0.01 and ***p<0.001 versus
DSS-treated mice.

doi:10.1371/journal.pone.0156198.g001

Palmitoylethanolamide inhibits the angiogenesis in the mucosa of
patients with UC

In order to verify the effect of PEA in the context of human colonic inflammation we per-
formed the same experimental protocol on mucosal biopsies from UC patients. As previously
reported [6,28,29], in the mucosa of UC patients the concentration of hemoglobin was higher
than in controls (43+6 vs 11,8+3 mgHb/g tissue p<0,001, Fig 2A) and challenge with PEA
induced a significant reduction of at hemoglobin content, in a dose dependent manner (-33,
-55 and -67%, for 0,001, 0,01 and 0,1 uM respectively; all p<0.01, Fig 2A). Similarly to what
observed in the inflamed colon of mice, 0,1 M of PEA were also able to significantly reduce
the number of CD31 positive cells in the mucosa of patients with UC (-50%; p<0,001, Fig 2B).

As compared to control biopsies, the release of VEGF and the expression of its receptor
were also significantly increased in the mucosa from UC patients (191,6+12 vs 41,6+8 pg/mL
and 10+0,8 vs 0,5+0,1 OD*mm?, respectively; all p<0,001, Fig 2C and 2D). Again, the chal-
lenge with PEA was demonstrated to induce a significant and dose-dependent reduction of
both VEGF release and VEGEFR expression (-37, -53 and -70%, and -30, -50 and -70%, for
0,001, 0,01 and 0,1 uM respectively; all p<0,001, Fig 2C and 2D). Similarly to what observed in
the mice all the above described effects of PEA were dependent by PPAR-a since co-
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Fig 2. PEA had no effects on colitis-associated angiogenesis in PPARa null (KO) mice. (A) DSS-
induced colitis caused a significant increase of Hb-content in colonic mucosa compared to untreated group,
PEA at different concentrations (10—100 mg/kg) did not show any effect on the Hb-content in colitis PPARa
(KO) mice. (B) Immunohistochemical images showing the expression of CD31 on untreated (panel 1), DSS-
treated (panel 2), and DSS-treated mice in presence of PEA (10 mg/Kg) (panel 3), PEA (50 mg/Kg) (panel 4)
and PEA (100 mg/Kg) (panel 5). Magnification 20X; scale bar: 100pym. The graph summarizes the relative
quantification of CD31 expression on mice colonic mucosa in each respective group of mice, and shows the
lack of any significant effect of PEA in reducing CD31 expression in colitic PPARa null mice. In PPARa null
mice, DSS-treatment significantly increased the release of VEGF (C) and EGF (D) and these were
unchanged by PEA administration, regardless of the concentrations used. (E) Western blot analysis and
relative densitometric analysis (arbitrary units normalized on the expression of housekeeping protein $-actin)
of VEGF-receptor (VEGF-R) and EGF-receptor (EGF-R) expression, showing similar results to VEGF and
EGF release. Results are expressed as meanSD. ***p<0.001 versus untreated mice.

doi:10.1371/journal.pone.0156198.g002

administration of MK866, but not of GW9662 significantly inhibited its effects even at the
highest dose (Fig 2A-2D)

The anti-angiogenic effect of PEA depend upon Akt/mTOR/p70S6K and
HIF-1a pathways downregulation

In order to verify whether PEA has a direct anti-angiogenic effect or this effect was related to
its anti-inflammatory properties, we evaluated the Akt/mTOR/p70S6K pathway, that is directly
involved in the angiogenesis. In the inflamed colon of DSS-treated mice phosphor-Akt, phos-
phor-mTOR and p70S6K- phosphorylation, were significantly up-regulated, and all were dose-
dependently and significantly reduced by intraperitoneal administration of PEA (Fig 3A and
3B). The expression of the hypoxia-Inducible Factor (HIF)-1a was also significantly reduced
by -43,3 and -64% after treatment with PEA at 2 and 10 mg/kg, respectively (Fig 3A and 3B).

Similarly to what observed in the mouse colon, the expression of phosphor-Akt, -mTOR,
-p70S6K and HIF-1a were all significantly overexpressed in the mucosa of UC patients (14,7
+1,5 vs 1,4%0,7, 13+1 vs 1,4+0,3, 12+0,8 vs 10,4 and 8,5+2,7 vs 0,4+0,1 OD = mm?, respec-
tively vs. control; all p<0,001; Fig 3C and 3D), and they were significantly reduced by PEA in a
dose-dependent fashion (all p<0,001, Fig 3C and 3D).

In both mouse and human specimens the ability of PEA to reduce the overexpression of
Akt/mTOR/p70S6K and HIF-1a pathways was significantly inhibited by concomitant admin-
istration of MK866 but not of GW9662, further supporting the concept that its effect involves
the PPARo activation (Fig 4A-4D). This finding was also supported by the observation that
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Fig 3. Effects of palmitoylethanolamide (PEA) on molecular markers of angiogenesis in human. (A)
Ulcerative colitis caused a significant increase of Hb-content in colonic mucosa, PEA is able to reduce, in a
dose-dependent fashion, the Hb-content in colitis patients; this effect persisted in presence of PPARy
antagonist (GW9662) while it was nullified by PPARa antagonist (MK866). (B) Immunohistochemical images
showing the expression of CD31 on: colonic mucosa of controls (panel 1), UC patients colonic mucosa
(panel 2), UC patients colonic mucosa in presence of PEA (0,1 uM) alone (panel 3), PEA (0,1 uM) plus
MK866 3 uM (panel 4), and PEA (0,1 uM) plus GW9662 (9nM) (panel 5). Magnification 20X; scale bar:
100pm. The graph summarizes the relative quantification of CD31 expression (%) on human colonic mucosa
in the same experimental groups, and, as described in mice, PEA administration caused a significant
reduction of CD31 expression, except after co-administration of PPARa antagonist. (C) VEGF release
resulted increase in uncreative colitis patients and it was significantly reduced by PEA treatment in a PPARa
dependent manner D) Western blot analysis and relative densitometric analysis (arbitrary units normalized on
the expression of housekeeping protein B-actin) of VEGF-receptor (VEGF-R) expression, showing a similar
behavior to VEGF release. Results are expressed as mean+SD. *p<0.05, **p<0.01 and ***p<0.001 versus
untreated biopsies from ulcerative colitis patients.

doi:10.1371/journal.pone.0156198.9003

PEA failed to significantly affect the Akt/mTOR/p70S6K and HIF-1o pathways in PPARc: null
mice (Fig 5).

Discussion

Current therapies for inflammatory bowel disease are still challenging because of the relatively
high rate of failure, the high costs and the risk of severe side effects due to immunosuppressive
agents [30,31]. New molecules able to target different steps and pathways of the inflammatory
response appear therefore a promising strategy for the treatment of these diseases.

Angiogenesis has been recently identified as a key event in the context of intestinal inflam-
mation, whose extent significantly correlates with both the severity and the progression of the
diseases [5-8], and favors the drift toward colonic carcinogenesis [32]; inhibition of angiogene-
sis appears thus as a synergistic and promising therapeutic strategy in IBDs [33,34].

VEGF is implicated in the regulation of the angiogenic process in sustained inflammation,
and contributes to mucosal tissue remodeling, vascular permeability and leukocyte infiltration
of the inflamed mucosa [35-37]. Here we demonstrated that, both in vivo and in ex vivo, PEA,
in a concentration dependent manner, significantly reduced VEGF release and the expression
of its receptor, in mice and human inflamed colon, respectively; this result was also associated
with a significant decrease of mucosal hemoglobin content and CD31 positive vessels density.
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Fig 4. Effects of palmitoylethanolamide (PEA) on Akt/mTOR/p70S6K axis activation and HIF-1a
expression in DSS-induced colitis and in ulcerative colitis. (A) Western Blot analysis and (B) relative
densitometric analysis showing the effects of PEA (2 mg/Kg and 10 mg/Kg), given alone or in the presence of
MK866 (10 mg/Kg) or GW 9662 (1 mg/Kg), on the expression of phosphor-Akt, phosphor-mTOR, phosphor-
p70S6K and HIF-1a in mice with DSS-induced colitis. Western blot analysis (C) and relative densitometric
analysis showing the effects of PEA at increasing concentration (0.001 uM, 0.01 uM and 0.1 uM) given alone
and in the presence of MK866 (3 M) or GW9662 (9 nM), on the expression of phosphor-Akt, phosphor-
mTOR, phosphor-p70S6K and HIF-1a in UC patients biopsies. In both human and mice, colitis induced the
activation of pro-angiogenic Akt/mTOR/p70S6K pathway, and PEA resulted able to reduce it, in a dose-
dependent and PPARa dependent fashion. Results are expressed as mean + SD. *p<0.05, **p<0.01 and
**%p<0.001 versus DSS-treated mice (A and B) or vs untreated colonic biopsies from UC patients (C and D).

doi:10.1371/journal.pone.0156198.9g004
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Fig 5. Palmitoylethanolamide (PEA) failed to significantly affect DSS-induced Akt/mTOR/p70S6K axis
activation and HIF-1a expression in PPARa null (KO) mice. (A) Western Blot analysis and (B) relative
densitometric analysis showing the effects of PEA (10—-100 mg/kg) on the expression of phosphor-Akt,
phosphor-mTOR, phosphor-p70S6K and HIF-1a in DSS-treated PPARa null (KO) mice. DSS exposure
significantly induced the activation of the pro-angiogenetic Akt/mTOR/p70S6K pathway as compared to
untreated mice, but treatment with PEA had no significant effect in treated mice, regardless of the
concentration used. Results are expressed as mean + SD. ***p<0.001 versus untreated mice.

doi:10.1371/journal.pone.0156198.g005
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It has been described that PEA is able to exert an antiangiogenic activity in other experimen-
tal models of chronic inflammation, likely supporting the concept that this ability is dependent
by its anti-inflammatory effects [21,22,38]. However, we recently demonstrated that PEA
directly reduces the release of pro-angiogenic factors in an in vitro model of colon cancer cells,
through an Akt-mTOR pathway-dependent VEGF inhibition; these results suggest that the
anti-angiogenic activity displayed by PEA in the inflamed colon is not solely related by its anti-
inflammatory effects [23].

In our setting, we therefore investigated whether PEA-dependent VEGF signaling inhibition
modulated by the AKT/mTOR axis. Different molecular pathways are involved in the angiogen-
esis, but the activation of AKT/mTOR axis has been specifically related to neo-vascularization in
the development of inflammation-sustained colon cancer [39-41]. In particular, it induces the
over-expression of HIF-1g, a transcriptional factor related to hypoxia, that cooperates with reac-
tive oxygen species (ROS), stimulating the release of VEGF and eventually neo-angiogenesis
[42-44]. Our results demonstrated that PEA, in a PPAR-a selective and concentration depen-
dent-manner, significantly reduced the phosphorylation of Akt, nTOR and p70S6 proteins in
mice colon and ex-vivo human mucosa, leading to downstream inhibition of HIF-1a with con-
sequent inhibition of VEGF and EGF secretion and the respective receptors expression.

Remarkably, here we also showed that all the above-described pleiotropic effects of PEA are
specifically related to the activation of the PPAR-o pathway. Although the role of PPAR-y as
putative site of action of anti-inflammatory and anti-cancer drugs has been specifically
addressed [45,46], the importance of PPAR-a pathway is recently emerging [16,23,27]. In
keeping with this, we have demonstrated that the inhibition of the mTOR/AKT axis depends
on PPAR-a activation, supporting its contribution in IBD-related angiogenesis and suggesting
its protective role in inflammation-associated carcinogenesis. In addition, we provide data sug-
gesting that PEA is able to act on the process of angiogenesis by directly modulating the endo-
thelial cell’s functioning, as demonstrated by its effect to significantly inhibit inflammatory-
associated proliferation and migration of HUVEC cells (S1 Fig).

As stated, anti-angiogenetic drugs represent an intriguing approach to treat IBDs, due to the
effect on both inflammation and tumorigenesis. However, the efficacy of anti-angiogenic drugs
is limited by the complexity and redundancy of the molecular pathways converging in neovas-
cularization. In this context, PEA appears as a very interesting compound, since together with
its activity on the AKT/mTOR pathway, it also significantly reduces the p38/MAPK/NF-kB
axis [47-49]. It has been indeed previously demonstrated that PEA is able to inhibit the NF-kB
(nuclear factor kappa-light-chain-enhancer of activated B cells) pro-inflammatory pathway,
determining a strong downregulation of cyclooxygenase (COX)-2 and inducible nitric oxide
synthase (INOS) expression, with a consequent reduction of prostaglandins and nitric oxide
release [48, 49]. While the role of these mediators in the inflammatory process is well estab-
lished, there is evidence about their involvement in neo-vascularization and tumor growth,
supporting the inflammation-associated carcinogenesis assumption [50, 51]. Interestingly,
besides such anti-angiogenic and anti-inflammatory activity, PEA, as the others cannabinomi-
metic fatty acid derivatives, also exerts an antiproliferative effect on cancer cells, supporting its
protective effects in both inflammation and cancer prevention [23, 52, 53].

To date, mesalamine is the unique drug, widely used in IBD, with both anti-inflammatory
and potential anti-carcinogenic proprieties [54, 55]. However, even if rare, severe side effects to
this compound, such as pancreatitis and interstitial nephritis, have been described [56]. PEA is
a safe drug with a well known toxicological profile and it is already available as orally adminis-
tered supplement in clinical practice [57, 58].

Although further studies are needed, palmitoylethanolamide, due to its anti-inflammatory
and anti-angiogenic effects, might represent a promising “food therapy” for the prevention of
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inflammation-associated colon cancer, and, most importantly, be part of a combined and
multi-target therapy in the management of inflammation-associated angiogenesis and the
potential anti-carcinogenic activity.

Supporting Information

S1 Fig. Palmitoylethanolamide reduced migration and proliferation in DSS-treated
HUVEC cells.
(DOCX)
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Background: Clostridium difficile infections (CDIs) caused by Clostridium difficile toxin A
(TcdA) lead to severe ulceration, inflammation and bleeding of the colon, and are difficult
to treat.

Aim: The study aimed to evaluate the effect of rifaximin on TcdA-induced apoptosis in
intestinal epithelial cells and investigate the role of PXR in its mechanism of action.

Methods: Caco-2 cells were incubated with TcdA and treated with rifaximin (0.1-10 M)
with or without ketoconazole (10 wM). The transepithelial electrical resistance (TEER)
and viability of the treated cells was determined. Also, the expression of zona occludens-
1 (ZO-1), toll-like receptor 4 (TLR4), Bcl-2-associated X protein (Bax), transforming
growth factor-g-activated kinase-1 (TAK1), myeloid differentiation factor 88 (MyD88), and
nuclear factor-kappaB (NF-kB) was determined.

Results: Rifaximin treatment (0.1, 1.0, and 10 wM) caused a significant and
concentration-dependent increase in the TEER of Caco-2 cells (360, 480, and 680%
vs. TcdA treatment) 24 h after the treatment and improved their viability (61, 79, and
105%). Treatment also concentration-dependently decreased the expression of Bax
protein (=29, —65, and —77%) and increased the expression of ZO-1 (25, 54, and
87%) and occludin (71, 114, and 262%) versus TcdA treatment. The expression of TLR4
(=88, =50, and —75%), MyD88 (—29, —60, and —81%) and TAK1 (-37, —63, and
—79%) were also reduced with rifaximin versus TcdA treatment. Ketoconazole treatment
inhibited these effects.

Conclusion: Rifaximin improved TcdA-induced toxicity in Caco-2 cells by the PXR-
dependent TLR4/MyD88/NF-kB pathway mechanism, and may be useful in the
treatment of CDls.

Keywords: Caco-2 cells, Clostridium difficile toxin A, pregnane X receptor, rifaximin, pseudomembranous colitis
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INTRODUCTION

Pseudomembranous colitis is a condition of the large intestine
characterized by inflammation and bleeding (Surawicz and
McFarland, 1999). It is mainly caused by the anaerobic Gram-
positive bacteria, Clostridium difficile. These spore producing
bacteria colonize the large intestine and produce toxins
[Clostridium difficile toxin A (TcdA) and Clostridium difficile
toxin B (TcdB)] which lead to severe diarrhea, colitis, shock and
death in severe cases (Rupnik et al., 2009; Leffler and Lamont,
2015). The cost of treatment and duration of hospitalization
is also significantly increased in affected individuals (Jodlowski
et al., 2006). Clostridium difficile infections (CDIs) are common
in hospital settings due to excessive use of antibiotics, which wash
out the normal gastrointestinal flora, making individuals more
vulnerable to bacterial attack (Rupnik et al., 2009). Currently
available treatment strategies for CDIs include the use of specific
antibiotics against Clostridium difficile, fecal transplant and
surgery (Waltz and Zuckerbraun, 2016). However, treatment of
severe and recurrent CDIs remains a challenge, with limited
treatment options available (Ebigbo and Messmann, 2013).

Rifaximin, a synthetic analog of rifamycin, is a broad spectrum
antibiotic effective against several Gram-positive as well as
Gram-negative aerobic and anaerobic bacteria (Scarpignato and
Pelosini, 2006). It is poorly absorbed on oral administration
and has no systemic adverse events (Scarpignato and Pelosini,
2005). Rifaximin is mainly used for the treatment of travelers’
diarrhea, hepatic encephalopathy, and irritable bowel syndrome
(Layer and Andresen, 2010; Sanchez-Delgado and Miquel, 2015;
Cash et al., 2016). Besides its antibiotic effect, rifaximin is a gut-
specific activator of human pregnane X receptor (PXR), which is
anuclear receptor expressed in the small intestine that is involved
in maintaining the integrity of the intestinal epithelial barrier (Ma
etal., 2007; Cheng et al., 2010; Wan et al.,, 2015)

The aim of the present study was to evaluate the effect of
rifaximin on TcdA-induced apoptosis, using the Caco-2 cell line
as a model for the human intestinal barrier, and to investigate the
role of PXR in its mechanism of action.

MATERIALS AND METHODS

Caco-2 cells were purchased from European Collection of
Cell Cultures (ECACC, Public Health England Porton Down,
Salisbury, UK). Cell medium, chemicals and reagents used for
cell culture, and TcdA were purchased from Sigma-Aldrich (St.
Louis, MO, USA), unless otherwise stated. Instruments, reagents,
and materials used for western blot analysis were obtained from
Bio-Rad Laboratories (Milan, Italy). Rabbit anti-zona occludens-
1 (ZO-1), anti-occludin and anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibodies were procured from Cell
Signaling Technology (Danvers, MA, USA). Rabbit anti-toll-
like receptor 4 (TLR4), mouse anti-ZO-1, anti-Bcl-2-associated
X protein (Bax), mouse anti-MyD88, rabbit anti-transforming
growth factor-B-activated kinase-1 (pTAK1), and mouse anti-
TAKI antibody were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and horseradish peroxidase (HRP) was

obtained from Dako (Milan, Italy). Fluorescein isothiocyanate-
conjugated anti-rabbit antibody and Texas red conjugated anti-
mouse antibody were purchased from Abcam (Cambridge, UK),
and custom oligonucleotides for electrophoretic mobility shift
assay (EMSA) analysis were synthesized by TIB Molbiol (Berlin,
Germany).

Cell Culture

Caco-2 cells were cultured in 6-well plates in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, 2 mM L-glutamate, and 1%
non-essential amino acids. A total of 1 x 10° cells/well were
plated and incubated for 24 h. Upon reaching confluence, the cells
were washed three times with phosphate-buffered saline (PBS),
detached with trypsin/ethylene diamine tetraacetic acid (EDTA),
plated in a 10 cm diameter petri dish and allowed to adhere for
further 24 h.

The Caco-2 cells were randomly divided into six groups:
vehicle group, 30 ng/ml TcdA group, 30 ng/ml TcdA plus 0.1 pM
rifaximin, 30 ng/ml TcdA plus 1 WM rifaximin (Alfa Wasserman
S.p.A, Bologna, Italy), 30 ng/ml TcdA plus 10 WM rifaximin,
and 30 ng/ml TcdA plus 10 pM rifaximin plus 10 uM PXR
antagonist ketoconazole. Rifaximin concentrations were chosen
on the basis of previous studies (Terc et al., 2014). Depending
upon the experiments, Caco-2 cells were cultured in either 6-
well plates or 96-well plates. The cells were treated with different
concentrations of rifaximin (0.1-10 wM) and incubated at 37°C
for 24 h, followed by TcdA exposure (30 ng/ml) for 24 h.

Transepithelial Electrical Resistance

Measurement

The transepithelial electrical resistance (TEER) of the epithelial
cell monolayer was determined using the EVOM volt-ohm
meter (World Precision Instruments Germany, Berlin, Germany)
according to the method described by Wells et al. (1998).
Briefly, cells plated between 14 and 21 days were used for
experimentation, and each epithelial cell layer with a TEER value
greater than 1000 Q/cm?, was considered to have tight adhesion.
TEER was calculated using the following formula: TEER
(Q/cm?) = (Total resistance — blank resistance) (Q) x Area
(cm?).

Western Blot Analysis

Protein expression in the Caco-2 cells was evaluated using
western blot analysis. Following the treatments, the cells (1 x 10°
cells/well) were harvested, washed twice with ice-cold PBS and
centrifuged at 180 x g for 10 min at 4°C. The pellet of
cells obtained after centrifugation was resuspended in 100 l
ice-cold hypotonic lysis buffer [10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM phenylmethylsulphonylfluoride, 1.5 jug/ml soybean
trypsin inhibitor, 7 pg/ml pepstatin A, 5 pg/ml leupeptin,
0.1 mM benzamidine and 0.5 mM dithiothreitol (DTT)]. The
suspension was rapidly passed through a syringe needle five to
six times to lyse the cells and then centrifuged for 15 min at
13,000 x g to obtain the cytoplasmic fraction. The proteins
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from the cytoplasmic fraction were mixed with a non-reducing
gel loading buffer [50 mM Tris(hydroxymethyl)aminomethane
(Tris), 10% sodium dodecyl sulfate (SDS), 10% glycerol, 2 mg
bromophenol/ml] at a 1:1 ratio, and boiled for 3 min followed
by centrifugation at 10,000 x g for 10 min. The protein
concentration was determined using the Bradford assay and
50 g of each homogenate was used for electrophoresis using
polyacrylamide mini gels.

Proteins were transferred to nitrocellulose membranes that
were saturated by incubation with 10% non-fat dry milk in 1X
PBS overnight at 4°C and then incubated with rabbit anti-ZO-
1, rabbit anti-occludin, rabbit anti-TLR4, rabbit anti-Bax, rabbit
anti-p-TAK1, mouse anti-TAK1, mouse anti-MyD88, or rabbit
anti-GAPDH antibodies, according to standard experimental
protocols. Membranes were then incubated with the specific
secondary antibodies conjugated to HRP. Immune complexes
were identified by enhanced chemiluminescence detection
reagents (Amersham Biosciences, Milan, Italy) and the blots
were analyzed by scanning densitometry (GS-700 Imaging
Densitometer; Bio-Rad, Segrate, Italy). Results were expressed
as optical density (OD; arbitrary units; mm?) and normalized
against the expression of the housekeeping protein GAPDH.

Immunofluorescence Staining Analysis
Caco-2 cells were harvested, washed with PBS, fixed in 4%
formaldehyde in PBS for 15 min and permeabilized with 0.3%
Triton-X100 in PBS for 1 h. Two percent bovine serum albumin
(BSA) was used to block the non-specific binding sites. The
cells were then incubated overnight with mouse anti-ZO-1
(1:100) and rabbit anti-occludin antibody (1:100), or rabbit
monoclonal anti-active caspase-3 (1:100; Abcam, Cambridge,
UK) and further incubated in the dark with the appropriate
secondary antibody (fluorescein isothiocyanate conjugated anti-
rabbit or Texas red conjugated anti-mouse). The cells were
analyzed using a microscope (Nikon Eclipse 80i), and images
were captured by a high-resolution digital camera (Nikon Digital
Sight DS-U1). Appropriate negative controls were done by
omitting primary or secondary antibodies.

Cytotoxicity Assay

The  3-[4,5-dimethylthiazol-2-yl]-2,5  diphenyltetrazolium
bromide (MTT) assay was used to determine cell proliferation
and survival in the Caco-2 cells (Mosmann, 1983). The cells
(5 x 10* cells/well) were plated in 96-well plates and allowed to
adhere for 3 h. DMEM was then replaced with fresh medium
and the cells were untreated or treated with 30 ng/ml TcdA alone
or together with increasing concentrations of rifaximin (0.1,
1.0, and 10 wM) dissolved in ultrapure and pyrogen-free sterile
vehicle, in the presence or absence of 10 uM ketoconazole. After
4 h, 25 pl MTT (5 mg/ml MTT in DMEM) was added to the
cells and the mixture was incubated for a further 3 h at 37°C.
Subsequently, the cells were lysed and the dark blue crystals
were solubilized using a 100 pl solution containing 50% N,N-
dimethylformamide and 20% (w/v) SDS (pH 4.5). The OD of
each well was determined using a microplate spectrophotometer
equipped with a 620 nm filter (PerkinElmer, Inc; Waltham, MA,
USA).

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay was performed to detect
nuclear factor-kappaB (NF-kB) activation in Caco-2 cells after
TcdA with or without rifaximin treatment. Briefly, 10 mg of cell
extracts were incubated in a binding buffer (8 mM HEPES, pH
7.0, 10% glycerol, 20 mM KCl, 4 mM MgCl,, 1 mM sodium
pyrophosphate) containing 1.0 mg of poly(dI-dC) and y-32P
end-labeled probe. The probe had a sequence as follows: A)
5’AAC TCC GGG AAT TTC CCT GGC CC3’ and B) 5GGG
CCA GGG AAA TTC CCG GAG TT3'. Nuclear extracts were
incubated for 15 min with radiolabelled oligonucleotides (2.5-
5.0 x 10* cpm) in a 20 ml reaction buffer containing 2 mg
poly(dI-dC), 10 mM Tris-HCI (pH 7.5), 100 mM NaCl, 1 mM
EDTA, 1 mM DTT 1 mg/ml BSA, and 10% (v/v) glycerol.
Nuclear protein-oligonucleotide complexes were resolved by
electrophoresis on a 6% non-denaturing polyacrylamide gel in
Tris-Borate-EDTA buffer at 150 V for 2 h at 4°C. The gel was
dried and autoradiographed with an intensifying screen at —80°C
for 20 h. The relative bands were quantified by densitometric
scanning with Versadoc (Bio-Rad Laboratories) and a computer
program (Quantity One Software, Bio-Rad Laboratories).

DNA Fragmentation Assay

Following treatments Caco-2 cells were harvested, lysed with
400 wl sodium chloride EDTA buffer (75 mM NaCl and 25 mM
EDTA) containing 1% (w/v) SDS and 2 U/ml proteinase K, and
incubated for 2 h at 55°C. Proteins were precipitated by adding
140 pl 5 M NaCl. After centrifugation, DNA in the supernatant
was precipitated by addition ethanol and centrifugation was
performed again (15 min; 11,000 x g). After washing with 70%
ethanol (v/v), the DNA was re-suspended in H20, separated by
agarose gel electrophoresis and stained with ethidium bromide.

Statistical Analysis

Results were expressed as mean £ SEM of n = 5 experiments
in triplicate. Statistical analysis was performed using parametric
one way analysis of variance (ANOVA) and Bonferroni’s post hoc
test was used for multiple comparisons. P-values < 0.05 were
considered significant.

RESULTS

Transepithelial Electrical Resistance

The TEER values in the presence of rifaximin (0.1-10 wM) alone
or in the presence of ketoconazole (10 pM) were determined in
order to evaluate the barrier integrity of Caco-2 cells exposed
to 24 h of TcdA challenge. As seen in Figure 1A, a significant
time-dependent reduction in TEER was observed starting from
2 h after 30 ng/ml TcdA exposure when compared with the
vehicle group. The TEER values at 2, 3, 5, 7, 12, 18, and
24 h were —30,—37, —49, —57, =70, —82, and —91% versus
the vehicle group, respectively. Starting at 5 h following the
start of the toxin challenge, the effect of TcdA on TEER
decrease was significantly counteracted by rifaximin treatment in
a concentration-dependent manner. The TEER observed in the
0.1 wM rifaximin group at 5, 7, 12, 18, and 24 h was 19, 43, 56,
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FIGURE 1 | Effects of increasing concentrations of rifaximin (0.1, 1.0, and 10 wM) alone and rifaximin plus ketoconazole (10 .M) against TcdA

(30 ng/ml) in Caco-2 cells: (A) 24-h time course TEER changes (n = 4); (B) MTT cell viability absorbance at 24 h (n = 5); (C) Imnmunoreactive bands
corresponding to Bax, ZO-1, and occludin expression at 24 h following the TcdA challenge; (D) Relative densitometric analysis of immunoreactive
bands (arbitrary units normalized against the expression of the housekeeping GAPDH protein; n = 5), and (E) Immunofluorescent staining showing
the effects of TcdA challenge on ZO-1 and occludin co-expression at 24 h. Nuclei were also investigated using DAPI staining (Scale bar = 25 um). Results
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177, and 360%, and in the 1.0 WM rifaximin group was 36, 69,
103, 233, and 480%, when compared with the TcdA group. When
rifaximin 10 mM was used, TEER reduction was seen starting at
2 h following TcdA stimulus and continued for all the time point
intervals (24, 28, 57, 93, 150, 350, and 680% vs. the TcdA group
at 2, 3, 5,7, 12, 18, and 24 h; Figure 1A). The effect of rifaximin
on the TEER was abolished by the treatment with ketoconazole
(Figure 1A).

Cell Viability and Cytotoxicity

As seen in Figure 1B, a significant decrease in Caco-2 cell viability
(—54%) was observed at 24 h following the TcdA challenge,
when compared with the vehicle group (assumed to be 100%
viable cells). Under the same experimental conditions, rifaximin
caused a significant and concentration-dependent inhibition of
cytotoxicity induced by TcdA, resulting in an increased viability
of the cultured cells (61, 79, and 105% with 0.1, 1.0, and 10 uM
rifaximin, respectively, vs. TcdA group). The effect of rifaximin
was almost totally inhibited by ketoconazole (Figure 1B).

Western Blot and Immunofluorescence
Staining

The TcdA challenge caused a significant increase in pro-
apoptotic Bax protein expression in Caco-2 cell homogenates

(955%; p < 0.001 vs. vehicle), as seen in Figures 1C,D.
Treatment with rifaximin resulted in a concentration-dependent
decrease in Bax protein expression under the same experimental
conditions (—29, —65, and —77% with 0.1, 1.0, and 10 uM
rifaximin, respectively, vs. TcdA group). Here again, this anti-
apoptotic effect of rifaximin was reverted by ketoconazole
(Figures 1C,D). To further confirm the ability of rifaximin to
significantly affect the TcdA-induced apoptosis also the DNA
fragmentation and the expression of caspase-3 were significantly
and, in a similar PXR-manner, reduced (Supplementary
Figure S1).

Also, there was a significant decrease in the expression
of ZO-1 (=75%) and occludin (—50%) 24 h after the TcdA
exposure (Figures 1C,D), versus their respective vehicle
groups. Along with its protective effect on cell viability,
rifaximin concentration-dependently increased ZO-1 (0.1,
1.0, and 10 uM rifaximin: 25, 54, and 87%, respectively, vs.
TcdA group) and occludin (71, 114, and 262%, respectively,
vs. TcdA group) expression. Immunofluorescence analysis
(Figures 1C-E) showed that rifaximin, at a dose of 10 uM,
resulted in an impressive preservation of epithelial barrier
architecture, counteracting TcdA-induced decrease in ZO-1
and occludin co-expression in cultured cells (Figure 1E).
Once again, ketoconazole caused complete loss of the
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rifaximin-mediated rescue of ZO-1 and occludin proteins
(Figures 1C,D).

TLR4/MyD88/NF-kB Expression

There was a significant increase in the expression of TLR4
(1411%) and myeloid differentiation factor 88 (MyD88; 1250%),
and phosphorylation of TAK1 (2800%) in the Caco-2 cells
24 h after the TcdA challenge, when compared with the vehicle
group (Figures 2A,B). The EMSA analysis showed significant
up-regulation of NF-kB activity by TcdA versus the vehicle
group (348%; Figures 2A,B). Rifaximin at 0.1, 1.0, and 10 pM
inhibited TLR4 expression (—33, —50, and —75%) and reduced
MyD88 (—29, —60, and —81%) and TAKI1 expression (—37,
—63, and —79%) in a concentration-dependent manner, when
compared with the TcdA group (Figures 2A,B). Also, rifaximin
caused a significant and concentration-dependent decrease in
the expression of NF-kB (—38, —50, and —63% at 0.1, 1.0, and
10 WM, respectively, vs. TcdA group; Figures 2C,D). These effects
of rifaximin were inhibited by ketoconazole (Figure 2).

DISCUSSION

In the present study, treatment with rifaximin significantly
increased the TEER in Caco-2 cells in a time-dependent manner
when compared with TcdA treatment. Treatment also reduced
the cytotoxicity of the TcdA challenge and improved cell viability.
Further, rifaximin caused a concentration-dependent decrease
in the expression of Bax, caspase-3, and an increase in ZO-1
and occludin expression, and inhibited the expression of TLR4,
MyD88, TAK1, and NF-kB in the Caco-2 cells. These effects of
rifaximin were inhibited by the PXR antagonist, ketoconazole.
Transepithelial electrical resistance measurement is used as
an index of monolayer confluence and integrity in cell culture
experiments (Huynh-Delerme et al., 2005). TEER has also been
used to measure the paracellular permeability of cell monolayers
(Madara et al., 1988). In the present study, TcdA challenge caused
a time-dependent marked loss of electrical resistance and barrier
integrity of the Caco-2 cells, as seen by the reduction in the TEER
after the challenge. Rifaximin treatment improved the TEER
values and cell viability in a concentration-dependent manner,
demonstrating its efficacy in the prevention of TcdA-induced
apoptosis and maintaining barrier integrity. That the effects of
rifaximin were inhibited by the PXR antagonist ketoconazole,
indicates the mechanism of action of rifaximin involves PXR.
Treatment with rifaximin also caused a decrease in the
expression of Bax, and an increase in the expression of ZO-1
and occludin in the Caco-2 cells, in a concentration-dependent
manner, and preserved the epithelial barrier architecture in the
cultured cells. ZO-1 is a tight junction protein that interacts
with the transmembrane protein occludin to maintain the cell
barrier integrity (Fanning et al, 1998). while Bax is a protein
involved in the promotion of apoptosis (Pawlowski and Kraft,
2000; Westphal et al., 2011) Thus, a decrease in Bax expression
should decrease the likelihood of apoptosis, and an increase
in ZO-1 and occludin expression should ensure maintenance
of barrier integrity, which is what was seen in the present

study, with rifaximin effectively maintaining the integrity of
the Caco-2 epithelial cell barrier and down-regulating the
apoptotic signaling pathway. Again, these effects of rifaximin
were completely reversed by ketoconazole, suggesting a PXR-
dependent mechanism of action.

Rifaximin treatment also down-regulated the TLR4/MyD88/
NF-kB pathway induced by TcdA, through a PXR-dependent
mechanism. TLR4 is a transmembrane receptor that is
overexpressed in tumor cells (Rakoff-Nahoum and Medzhitov,
2009). TLR4 and its adaptor proteins MyD88 and TAKI1 are
involved in the activation of the NF-kB pathway causing
the release of inflammatory mediators (Akira and Hoshino,
2003; O’Neill et al., 2003; Sato et al., 2005; Kawai and Akira,
2007) In the present study, treatment with rifaximin caused a
significant reduction in the expression of TLR4, MyD88, TAKI,
and NF-kB after the TcdA challenge, indicating its usefulness
in the prevention of TcdA-induced apoptosis by acting on
the inflammatory environment. Once again, ketoconazole
co-incubation showed complete loss of rifaximin-mediated
suppression of these proteins, indicating a role for PXR in these
changes.

Pregnane X receptor is a receptor belonging to the nuclear
receptor subfamily that are present in the liver and intestine,
which are involved in the clearance of xenobiotics from cells
(Mani et al, 2013; Smutny et al., 2013). Activation of PXR
promotes the expression of several enzymes and transporters
that assist in detoxification and removal of xenobiotics, and
help in maintaining the integrity of the intestinal barrier (Zhang
et al., 2008; Mencarelli et al., 2010). PXR activation also leads
to inhibition of the NF-kB pathway and reduces the expression
of inflammatory mediators (Cheng et al., 2010; Dou et al,
2012; Zhang et al, 2015) In the present study, reversal of
the effects of rifaximin by the PXR antagonist ketoconazole
confirm the role of PXR in its mechanism of action. Thus, it
appears that rifaximin activates PXR in Caco-2 cells leading to a
reduction in TcdA-induced inflammation by down-regulation of
the TLR4/MyD88/NF-kB pathway, and improvement of the cell
layer integrity.

Rifaximin is a poorly absorbed antibiotic with a favorable
safety profile (Scarpignato and Pelosini, 2005). Due to its poor
absorption, most of the drug is available in the intestine to locally
exert its effects on TcdA-induced apoptosis in the colon. Thus, it
may be a promising molecule in the treatment of CDIs.

CONCLUSION

Rifaximin effectively inhibited TcdA-induced apoptosis in a
cellular model of the intestinal barrier by a PXR-dependent
TLR4/MyD88/NF-«kB pathway mechanism. Further studies in
clinical settings are required to confirm its efficacy in the
treatment of CDIs.
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Abstract

In addition to the well-known involvement of macrophages and neutrophils, other cell types have been recently reported
to substantially contribute to the onset and progression of inflammatory bowel diseases (IBD). Enteric glial cells (EGC)
are the equivalent cell type of astrocyte in the central nervous system (CNS) and share with them many neurotrophic
and neuro-immunomodulatory properties. This short review highlights the role of EGC in IBD, describing the role
played by these cells in the maintenance of gut homeostasis, and their modulation of enteric neuronal activities. In
pathological conditions, EGC have been reported to trigger and support bowel inflammation through the specific over-
secretion of SI00B protein, a pivotal neurotrophic factor able to induce chronic inflammatory changes in gut mucosa.
New pharmacological tools that may improve the current therapeutic strategies for inflammatory bowel diseases (IBD),
lowering side effects (i.e. corticosteroids) and costs (i.e. anti-TNFo. monoclonal antibodies) represent a very important
challenge for gastroenterologists and pharmacologists. Novel drugs capable to modulate enteric glia reactivity, limiting
the pro-inflammatory release of SI00B, may thus represent a significant innovation in the field of pharmacological
interventions for inflammatory bowel diseases.
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factor-alpha (TNFa) antibodies (Infliximab and
Adalimumab) in the therapy of IBD has radically
changed their management, since these drugs are
effective both in controlling moderate-to-severe
forms of UC and CD and providing an efficient
prevention of their relapses.® However, the long-
term safety concerns of these drugs (i.e. the possi-
bility to allow the developing of aggressive form of
cancer, particularly leukemia and lymphoma?®),
together with the high costs, limit the ordinary use
of these therapeutics. Moreover, a poor response to
anti-TNFo therapy has been observed in some
forms of UC and CD.!° For these reasons, there is
an urgent need for novel effective drugs, with man-
ageable side toxicity and low costs for patients. In
this perspective, the identification and characteri-
zation of new therapeutic targets for the develop-
ment of innovative anti-IBD drugs appear to be
crucial. The etiology of IBD has been extensively
studied and several efforts have been made aiming
at a better understanding of the pathophysiological
mechanisms underlying the disease. Different
studies have demonstrated the involvement of
some risk factors including infectious agents,
viruses and bacteria, autoimmune response, food
allergies, hereditary factors, and co-morbid stress-
ing conditions.!’'2 Generally, CD and UC have
been univocally identified as autoimmune patholo-
gies and the mucosal macrophages and lympho-
cytes infiltration has been considered as the main
responsible for the chronic inflammation, occur-
ring in the gut mucosa. Severe dysfunction of the
mucosal immune system has been thus described
to play an important role in the pathogenesis of
IBD.!3-14 In general, a wide range of inflammatory
cells in the gut, such as mucosal CD4+ T cells, are
thought to play a central role in both the induction
and the persistence of chronic inflammation by
producing pro-inflammatory cytokines.!> Several
studies have demonstrated that the levels of T
helper 1 (Thl)-related cytokines (e.g. TNFa, inter-
feron gamma (IFN)-v, interleukin (IL)-12), as well
as the concentration of other cytokines (e.g.
IL-17A, 1IL-21, IL-23), are increased in the
inflamed mucosa of these patients when compared
to normal subjects.!-20 Pro-inflammatory cytokines
may profoundly affect intestinal mucosal homeo-
stasis by inducing chronic inflammatory changes,
including T cell and macrophage proliferation,
expression of adhesion molecules and chemokines,
and secretion of other pro-inflammatory cytokines

that perpetuate, in turn, the chronic inflammation
in the gut.!%-20

From mucosal inflammation concept to the
enteric-driven neuroinflammation concept

Inrecent years, it has become clear that the mucosal
immune system alone may not account for all the
aspects of IBD pathogenesis and pursuit of new
players in CD and UC pathophysiology led to
investigate the involvement of the enteric nervous
system (ENS) in intestinal inflammation, enlarging
the concept of inflammation to neuro-inflamma-
tion in IBD.

Although in patients with IBD morphological
abnormalities of the ENS have been consistently
described, only in the last decade have recent stud-
ies highlighted the changes occurring in both
enteric neurons and enteric glial cells during intes-
tinal inflammation.?!-24

The ENS takes part to the peripheral nervous
system and it is located within the wall of the gas-
trointestinal tract. It has been considered the “brain
of the gut” since, independently from the central
nervous system (CNS), it coordinates many aspects
of digestive functions such as motility, blood flow,
and immune/inflammatory processes.>> Many fea-
tures of digestive function are guided by the ENS,
a complex network of neurons and glia that works
independently from the central nervous system.
The ENS originates from the neural crest, which
invades, proliferates, and migrates within the intes-
tinal wall until the whole bowel is colonized with
enteric neural crest-derived cells (ENCDCs). Due
to different factors and morphogens, the ENCDCs
develop further, differentiating into glia and neu-
ronal sub-types, interplaying to form a functional
nervous system.?¢ Histologically, the ENS is organ-
ized in two major ganglionated plexuses, the myen-
teric (Auerbach’s) and the submucosal (Meissner’s
and Henle’s) plexus (Figure la). These ganglia
contain neuron cell bodies and are interconnected
by bundles of nerve processes. The myenteric
plexus is located between the longitudinal and cir-
cular muscle throughout the gut, from the esopha-
gus to the rectum. It mainly innervates the
muscolaris externa and controls intestinal motility.
The sub-mucosal plexus, lying between the mucosa
and the circular muscle, is involved in the regula-
tion of bowel secretion, especially in the small
intestine where it is most located. A number of
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Figure la. Schematic representation of the gut wall.
Myenteric plexus innervates the muscularis externa and
controls the intestinal motility; the submucosal plexus
innervates the submucosal blood vessels and is basically
involved in the control of the intestinal secretory functions.
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Figure Ib. GFAP immunofluorescence staining in the enteric
nervous system. The figure shows the localization of myenteric
plexus and submucosal plexus networks in mice intestine
indicated by green arrows. White arrows indicate the close
proximity of enteric glial cell processes with epithelial cells in
the mucosa. Magnification 100x%.

morphological and functional distinct neurons are
located in both plexuses, including primary affer-
ent neurons, sensitive to chemical and mechanical
stimuli, interneurons, and motor neurons. Most of
the enteric neurons involved in motor functions are
located in the myenteric plexus with some primary
afferent neurons located in submucosal plexus.?’.
Though not fully understood, the neuroinflam-
matory process occurring during IBD refers to

several structural and functional abnormalities
occurring in the ENS. In these conditions both
macroscopic changes (hypertrophy and hyperpla-
sia of nerve bundles and ganglia) and neurotrans-
mitter release adaptations in the ENS are commonly
observed.?? In patients with IBD, morphological
changes occurring in the ENS, ranging from the
alteration of submucosal plexus structure to the
retraction of neuronal fibers and the appearance of
neuromatous lesions, are observed.??

Moreover, although the exact mechanism(s) at
the basis of such alteration has/have not been fully
understood, it is commonly accepted that the
increased apoptosis of enteric neurons and EGC is
closely correlated to several functional distur-
bances observed in IBD patients, such as gut dys-
motility and increased sensory perception.?!-23

Enteric glia: The beautiful and the bad weather
in the gut

Enteric glial cells (EGC), the phenotypical equiva-
lent of astrocytes into the CNS, are small cells with
a star-like shape and are believed to represent the
most abundant cells in the ENS;28 EGCs are for
these reasons considered as active partners in ENS
function.?? They display dynamic responses to
neuronal inputs and may take part into the release
of neuro-active factors. At present, EGCs of human
gut are usually identified by the expression of the
S100B and GFAP protein, as well as by the expres-
sion of more recently recognized markers such as
Sox 10.3933 EGCs surround enteric neuron bodies
and axons,* as well as intestinal blood vessels3?
while their processes extend into the mucosa.’
Despite the previous assumption that EGCs may
serve as mechanical support for enteric neurons,
nowadays the knowledge on these cells is consist-
ently expanded. Functionally, EGCs are believed
to be responsible for many of peripheral neurons
functions trough the release of a variety of soluble
factors.’” Under physiological conditions, major
histocompatibility complex class I (MHC I) mole-
cules are constitutively expressed by EGCs, while
MHC class II molecules are almost undetecta-
ble.383 It has become increasing clear that EGCs
play a pivotal role in the regulation of intestinal
homeostasis, leading to a more multifaceted and
comprehensive knowledge of these cells.*? Beside
their trophic and cytoprotective functions toward
enteric neurons, enteric glial cells play a key role in
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the intestinal epithelial barrier homeostasis and
integrity.*! The intestinal barrier regulates the pas-
sage of the intestinal contents, preventing the dif-
fusion of microbes and other pathogens (including
viruses) through the mucosa. EGCs are in close
proximity of gut epithelial cells and similarly to
their counterparts in the CNS, they may affect
intestinal permeability through the release of sev-
eral mediators, directly controlling epithelial bar-
rier functions.*> Among the different EGC-related
mediators, glial-derived neurotrophic factor
(GDNF) plays a fundamental role in the preserva-
tion of mucosal integrity under the enteric glia sur-
veillance. GDNF indeed exerts anti-inflammatory
effects via a dual mechanism; on one hand, it inhib-
its EGCs apoptosis in an autocrine manner; on the
other, via a paracrine mechanism, it lowers the
level of pro-inflammatory cytokines, such as IL-1§
and TNFa, that significantly increases during IBD
and gut infections.** Recently it has been shown
that EGCs can assure the integrity of the intestinal
barrier through the release of S-nitrosoglutathione
(GSNO).#* The effect of this metabolite is associ-
ated with the overexpression of tight junction asso-
ciated-proteins, for example zonula occludens-1
(ZO-1) and occludin, that in turn prevents the
intestinal barrier breakdown during an inflamma-
tory insult, linking with actin cytoskeleton ring and
myosin light chain (MLC). Thus, EGCs play
important functions in the maintenance of ENS
homeostasis, but they may also proliferate and be
activated in response to injury and inflammation,
undergoing reactive gliosis (entero-gliosis).*3:4647
In these conditions, EGCs activity is profoundly
altered and, following injury and inflammation,
these activated cells undergo a dynamic process
associated with an increased proliferation and a
pro-inflammatory phenotype.*>4748  Enteroglial
activation is characterized by the over-release of
neurotrophins, growth factors, and cytokines that,
in turn, recruit infiltrating immune cells such as
macrophages, neutrophils, and mast cells in the
colonic mucosa.*’#° During the onset and perpetu-
ation of the inflammatory state of the mucosa,
EGCs control of mucosal integrity is markedly
altered.’® These results are in line with several
studies3>3 showing that ECGs can regulate the
expression of genes responsible for adhesion, dif-
ferentiation, and proliferation of epithelial cells,>*
further confirming the importance of enteric glia in
the epithelial barrier homeostasis. In the context of

signaling molecules released by ECGs, the produc-
tion of transforming growth factor-p1 (TGF- B1)
and vascular endothelial growth factor (VEGF)
might be involved in the onset and metastasis of
colon cancer during IBD, thanks to their effects on
the epithelial cells proliferation and formation of
new blood vessels.> Very interestingly, different
evidences let hypothesize that EGCs act as primum
movens in triggering and amplifying the inflamma-
tory cascade during chronic inflammatory insult of
the gut.#>4656 An intriguing correlation between
the degree of enteric gliosis and severity of gut
inflammation has been also reported and an inti-
mate interaction between EGCs and the mucosal
immune system has been observed.>%-57

EGC drive neuroinflammation in IBD: The role of
S100B protein and its partnership with nitric oxide

In recent years, it has been assumed that EGCs are
involved in the chronic mucosal inflammation in
UC; and many EGC-related signaling molecules
thought to orchestrate such neuroinflammatory
cross-talk are under extensive investigation.’%>°
The S100B protein, one of the typical markers of
EGC, seems to play a crucial role in IBD.#5 S100B
is the homodimer of subunit and belongs to a
Ca?+-Zn?+ binding proteins super-family that com-
prises more than 20 proteins.> In the gut, S100B
protein is constitutively expressed by EGCs* while
other members of S100 family, such as S100AS,
S100A9, and S100A12 are expressed only under
inflammatory conditions by phagocytes and intesti-
nal epithelial cells.*>%° The role exerted by S100B
in gut inflammation has been only recently high-
lighted.*>! S100B is a pivotal signaling molecule
that participates at the onset and progression of the
inflammatory status, as it coordinates a wide range
of signal activation pathways, directly correlated
with the severity of tissue damage.®! This is high-
lighted by the observation that rectal specimens
from early diagnosed UC patients show an increased
S100B protein expression (Figure 2a).45

The upregulation of S100B runs in parallel with
an increased production of NO via the stimulation
of iNOS protein expression. This is a very impor-
tant point since a large group of studies pointed out
that in UC patients an abnormal NO secretion by
pro-inflammatory cytokines has been observed due
to the progressive activation of iNOS protein.6263
In more detail, researches performed by comparing
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Figure 2a. SI00B protein in ulcerative colitis (UC).
Immunofluorescence analysis showing the upregulation of
S100B protein in UC versus healthy specimen. Arrows indicate
SI100B protein expression spots in both in myenteric plexus
and in mucosa. Magnification 100x.

patients with UC and healthy subjects demon-
strated that rectal specimens from UC patients
show an increased immunoreactivity for S100B
protein and a significantly enhanced protein secre-
tion and expression.>® This upregulation cannot be
considered a mere epiphenomenon because it is
related to the specific activation of inducible NO
synthase (iNOS) protein leading to an increase of
NO level. Thus, S100B upregulation has a promi-
nent role during ulcerative colitis. The correlation
between S100B upregulation and NO production is
very interesting since, as previously described, UC
is characterized by abnormal mucosal NO produc-
tion.®3 EGCs ability of modulating NO levels via
S100B release has been confirmed also in absence
of a chronic inflammatory scenario. In fact, the
administration of micromolar concentration of
exogenous S100B is able to induce a concentra-
tion-dependent activation of iNOS expression and
a subsequent enhanced NO production, in rectal
mucosa of healthy subjects.’¢ In line with this it has
been suggested that EGCs modulate the
NO-dependent inflammatory response through the
release of S100B within the intestinal milieu and
let hypothesize that S100B release might be a first
step in the onset of inflammation.®* Once released,
S100B may accumulate at the RAGE (Receptor for

(si008 )
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p3BMAPK activation

J+

NF-kappaB activation

gt )

iNOS IL1B
TNFa

Figure 2b. Schematic representation of the SI00B pro-
inflammatory signaling. The linkage between S-100B and RAGE
is able to increase the production of NO and other pro-
inflammatory cytokines via the activation of NFkB.

Advanced Glycation End products) site in micro-
molar concentrations.®>%¢ Such interaction leads
then to mitogen-activated protein kinase (MAPK)
phosphorylation and consequent nuclear factor-
kappaB (NF-kB) activation which, in turn, induces
the transcription of different cytokines, such as
iNOS protein, IL-1B, TNFa (Figure 2b).67:68
Although the mechanisms by which EGCs and
their signaling molecule S100B may coordinate
such a complex inflammatory scenario is just ini-
tially conceived; more recently, a close relation-
ship with toll-like receptors (TLRs) activation has
been proposed.®! In fact, the direct interaction
between S100B and RAGE receptors during colitis
has to be considered an initial event triggering the
activation of a specific downstream pathway
involved in the maintenance of a persistent entero-
glial-sustained inflammation in the human gut.
RAGE is also involved in the enteroglial TLRs
signaling network, and it has become clear that,
since  EGCs express different TLR subtypes
depending upon their pathophysiological func-
tions;% these cells may be involved in a wider net-
work  of  neuro-immunological  pathways.
Supporting this hypothesis, a specific S100B/
RAGE/TLR-4 axis during gut inflammation has
thus been observed as a pivotal molecular mecha-
nism sustaining EGC activation during UC.6!
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Conclusions and perspectives: Could
we consider EGC targeting as a novel
approach to develop anti-IBD drugs?

The wurgent need of new pharmacological
approaches that may enlarge the tools against IBD,
as well as a better knowledge on new molecular
players involved in the triggering and perpetuation
of inflammation in the gut is a very important chal-
lenge for pharmacologists and gastroenterologists.
This review highlighted the importance of EGCs as
fundamental cell type within the ENS that partici-
pate to the modulation of inflammatory responses
in the human gut. ENS alterations, featured by
apoptotic bodies of neurons and glia,”® especially
in submucosal plexi, is commonly observed in
human IBD, and it has been postulated to play a
fundamental role in the in the occurrence of disor-
ders of intestinal motility and or secretion.?!?3

EGCs trigger and promote chronic inflamma-
tion in the intestinal mucosa since these cells over-
release S100B that in turn determinates NO
production. Such detrimental loop is responsible
for a substantial recruitment of other target cells,
including immune cells. In fact, EGC-derived
S100B is able to affect peripheral macrophages
and intestinal mucosal immune cell. A better under-
standing of the molecular mechanisms underlying
EGC dysfunction, might constitute a new approach
to increase the efficacy of new enteric-glia oriented
drugs that may overcome the lack of long-term
effectiveness of immunosuppressant agents used
for IBD.

In the next future, molecules capable to selec-
tively target EGC-mediated neuroinflammation,
might represent a novel approach to develop new
therapeutic strategies for IBD. In this context, the
possibility to interfere with the SI00B/NO axis
may pave the way to a significant improvement of
the actual therapies against UC or CD. To this aim,
in preclinical studies, we demonstrated that the
specific inhibition of SI00B protein activity with
pentamidine, an antiprotozoal drug, resulted in a
marked reduction of EGC-mediated neuroinflam-
mation severity in mice.”! Similar results were
obtained in vivo in mice and in human UC-deriving
cultured biopsies with palmitoylethanolamide
(PEA), an endogenous autacoid local inflamma-
tion antagonism (ALIA)-mide, able to downregu-
late S100B protein expression and to inhibit
S100B-dependent activation of TLR-4 on enteric

glia.®! Both pharmacological approaches resulted
in a significant downregulation of inflammatory
parameters, and improved significantly the disease
course through a selective enteroglial-specific tar-
geting, although in a preclinical evidence.

In conclusion, most of the studies on the role of
enteric glia have been carried out in preclinical ani-
mal models of IBD. Although this might appear as
a limitative factor due to the unpreventable differ-
ences emerging by the IBD process in vivo and the
human disease, EGCs powerfully emerge as a very
intriguing target on which develop selective drugs
to treat CD and UC.
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