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Abstract

The incidence and prevalence of inflammatory bowel disease (IBD) con-
tinues to increase worldwide. Furthermore, a considerable fraction of in-
dividuals with IBD do not respond effectively to conventional treatments,
suggesting a need for new therapeutic strategies. Butyrate and palmitoy-
lethanolamide (PEA) are individually recognised for their protective effect
on the gut epithelial permeability barrier. In this study, VitroScreen ORA™
intestinal 3D scaffold-free spheroids were used to mirror in vitro a model of
an inflamed colonic epithelium and to investigate, in a preliminary setting,
the protective mechanisms of a synergistic blend of butyrate and PEA.
Spheroids were produced using human colonic fibroblasts and primary
epithelial colonic cells. Differentiated spheroids were pretreated with ei-
ther mesalamine, butyrate, PEA, or a blend of butyrate and PEA in a 3:1
ratio. To evaluate the protective effect of these molecules, a stimulation with
interleukin 1B or with dextran sodium sulfate was applied to induce a
pro-inflammatory status and epithelial damage respectively. ELISA assay
and immunohistochemical techniques were used to detect the inflamma-
tory status and epithelium integrity. Butyrate mitigated the expression
and release of interleukin-1p while PEA increased zonula occludens-1 ex-
pression. Treatment with the blend consisting of butyrate and PEA showed
a synergistic effect on tight junctions in terms of zonula occludens-1 in-
creased expression and improved localization. Our preliminary data are
promising, suggesting an application of ORA™ intestinal spheroids as an
innovative platform with the ability to mirror gut inflammatory status.
Furthermore, the results suggest a novel application of butyrate and PEA
in clinical practice to better manage pathogenesis and flare-ups of IBD.

Keywords: 3D scaffold-free spheroids, inflammatory bowel disease,
palmitoylethanolamide, butyrate, mesalamine, tight junctions
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Introduction

Inflammatory bowel disease (IBD) in-
cludes chronic idiopathic disorders charac-
terised by repetitive episodes of gut inflam-
mation. Crohn’'s disease (CD) and ulcerative
colitis (UC) represent two of the most common
clinical forms of IBD and are differentiated by
their location and depth of involvement in the
bowel wall . The prevalence of IBD differs by
several sociodemographic aspects. It is much
more prevalent in Western countries than in
Asia or Africa. New data suggests that the inci-
dence and prevalence of IBD is still increasing
worldwide. Approximately 0.3% of the Europe-
an population and 0.5% of the North American
population have been diagnosed with IBD 23],

Although the pathogenesis remains un-
known, it has been hypothesized that IBD oc-
cursin genetically susceptible individuals. There
is also convincing evidence to implicate immu-
nological and environmental factors. Some
data suggests that heightened gut permeability
plays a key role in the pathogenesis of IBD .
IBD has been associated with poor quality of
life and often results in complications, including
hospitalizations and surgical procedures >,

There are two main challenges in the
therapeutic management of IBD: induction of
a response and maintenance of the remission.
Conventional treatments focus on the manage-
ment of symptoms through pharmacothera-
py, including aminosalicylates, corticosteroids,
immunomodulators, and biologics, with other
general measures and/or surgical resection if
necessary. However, a considerable number of
individuals with IBD do not respond to available
treatments or lose response over time, suggest-
ing a need for new therapeutic strategies "1,

Butyrate, a short-chain fatty acid (SCFA)
produced by bacterial fermentation of dietary
fibres, plays a key physiological role in main-
taining the health and integrity of the intesti-

nal mucosa by regulating the balance between
epithelial cell proliferation, differentiation and
apoptosis ®. It has been found that individuals
with IBD have reduced levels of well-known bu-
tyrate-producing bacteria in the gut . In view
of this, some research groups have proposed
oral butyrate supplementation as a nutraceu-
tical product to reach clinical improvement/
remission in individuals with IBD, proving the
safety and effectiveness of this SCFA [8]. Butyr-
ate has well-documented intestinal effects on
IBD. It acts by several mechanisms, such as rein-
forcing the colonic defensive barrier by increasing
production of mucins and decreasing intestinal
epithelial permeability by increasing the expres-
sion of tight junction (TJ) proteins %1,

Butyrate also has anti-inflammatory ef-
fects. By inhibiting the histone deacetylase
activity (HDAC) that leads to hyperacetylation
of histones with suppression of nuclear factor
kappa B (NF-kB) in activated B cells, butyrate
can lead to activation and stimulation of histone
acetyltransferases activity, influencing several
cellular processes, including cell chemotaxis, dif-
ferentiation, proliferation, apoptosis and modu-
lation of oxidative stress ['2],

Palmitoylethanolamide (PEA) is an endo-
cannabinoid-like lipid mediator with extensive-
ly documented anti-inflammatory, analgesic,
antimicrobial, immunomodulatory and neu-
roprotective effects 3-8, Synthesized on de-
mand within the lipid bilayer, it acts locally and
is found in all tissues, including the gut. PEA is
thought to be produced as a pro-homeostatic
protective response to external stressors that
trigger inflammation, neuronal damage and
pain tissue injury. Therefore, the endogenous
production of PEA is usually upregulated in
disease conditions ".. However, in chronic in-
flammation, protracted stimulus may cause a
decrease in local PEA content. Exogenous ad-
ministration of PEA as a nutraceutical product
could be advantageous to restore appropriate
endogenous levels and to support its natural
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protective, anti-inflammatory and analgesic
effects 2922, Proposed direct or indirect tar-
gets for PEA actions include cannabinoid (CB)1
and CB2 receptors, transient receptor potential
vanilloid type-1 (TRPV1) ion channels and peroxi-
some proliferator-activated receptor (PPAR) q,
which are involved in the pathways controlling
intestinal inflammation. An increasing number
of studies have highlighted the benefits of ex-
ogenous administration of PEA for the manage-
ment of IBD thanks to its ability to attenuate in-
flammation and intestinal permeability and to
stimulate colonic cell proliferation [,

In our research study, the complexity of in-
testinal colonic architecture was reproduced by
tissue engineering (TE) that aimed to generate
a miniaturized intestinal scaffold-free spheroid
system by self-assembly in hanging drops of
primary human colonic stromal fibroblasts and
primary human epithelial colonic cells in a se-
quential co-culture. This approach allowed us to
recapitulate a stromal core surrounded by epi-
thelial cells with strong cell-matrix interactions.
Thanks to a TE bottom-up approach and to the
3D configuration, primary cells at early passag-
es can faithfully preserve the physiological phe-
notype, reproducing a complex and self-orga-
nized Micro Physiological System (MPS) where
tissue guidance, topographical signals, native
cell-cell interactions, and cell-matrix interaction
are mimicked well. After spontaneous cellular
self-assembly, scaffold-free intestinal spher-
oids were cultured for 10 days to allow for
cellular stabilization and differentiation. Vitro-
Screen ORA™ intestinal 3D scaffold-free spher-
oids were applied to this preliminary research
project with the aim of mirroring in vitro a mod-
el of an inflamed colonic epithelium induced by
interleukin 1B (IL-1%) exposure and by dextran
sulfate (DSS), which is a known key inducer of
colitis and intestinal barrier impairment 23 24
(both directly dosed in the colonic spheroids
culture media). We also aimed to investigate
the protective mechanisms of butyrate and

mesalamine compared with a synergistic blend
of butyrate and PEA. This multiple primary end-
points approach involved readout parameters
of the protein expression and localization by im-
munohistochemistry and biochemical assays.

Material and methods

Cell source and culture

Primary human colonic fibroblasts (HCoF)
and primary epithelial colonic cells (HCoEPIC)
were purchased from Innoprot (Derio, Spain),
seeded on a poly-L-Lysine coating (2 mg/cm?),
cultured and amplified at early passages in Fi-
broblast medium and HCoEPIC medium (Inno-
prot, Derio, Spain), respectively to obtain ap-
proximately 20 x 106 cells.

VitroScreen ORA™ intestinal
model production and
inflammatory status induction

HCoF and HCoEPIC were detached when
90% confluence was reached. To develop an
ORA™ intestinal model, a sequential co-culture
was performed according to VitroScreen inter-
nal procedure as described in the international
publication W0O/2019/092667 A1 (patents.goo-
gle.com/patent/W02019092667A1/en). Spher-
oids were produced using HCoF that were first
detached, washed twice with DPBS 1X (Merck
Life Science S.r.l., Milan, Italy)and incubated with
Trypsin/EDTA (TE) solution (Primary Detach Kit,
Innoprot, Derio, Spain) for 5 minutes. Cells were
counted, centrifuged and seeded in Akura®Pate
(InSphero AG, Schlieren, Switzerland) by ViaFlo
Assist Plus (Integra Bioscience AG, Zizers, Swit-
zerland) in order to obtain 8,000 cells/spher-
oids. Using the hanging drop technique, specific
geometrical guidance allowed cells to self-as-
semble and aggregate, forming round-shaped
tridimensional scaffold-free spheroids. After 3
days in the hanging drop system, intestinal co-
lonic stroma was well formed, and spheroids
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were ready for HCOEPIC seeding. HCoOEPIC were
detached, washed twice with DPBS 1X (Merck
Life Science S.r.l, Milan, Italy) and incubated
with TE solution (Primary Detach Kit, Innoprot,
Derio, Spain) for 5 minutes. Cells were counted
(2,000 cells/spheroids), centrifuged and seeded
in hanging drops of colonic spheroids to obtain
intestinal spheroids of 10,000 cells/each. Once
assembled, ORA™ spheroids were transferred
into Akura 96 V2°® plate (InSphero AG, Schlie-
ren, Switzerland). Tissues were cultured in this
configuration for an additional 10 days in order
to allow cell stabilization and intestinal epithe-
lial differentiation with specific 3D architecture.
On ORA™ spheroids the pro-inflammatory state
was induced by exposure to IL-13 (human re-
combinant, Merck Life Science S.r.l., Milan, Italy)
10 ng/mL for 24 hours. After 24 hours of stimu-
lation, fresh culture media was added to allow
IL-1B elimination and to avoid interference with
endogenous IL-13 dosed in the culture media.
The barrier damage was induced by exposure to
DSS, a molecule that is well-known to induce UC
in mice. DSS was added to the culture medium
at 3% for 72 hours. Triplicate of culture media
and samples (20 pooled spheroids/each repli-
cate) were collected for ELISA assay and whole
mount immunofluorescence staining. The final
3D configuration of the ORA™ intestinal model
is shown in Fig. 1.

ATP assay for cell viability
detection

ATP measure is used as an indicator of
metabolic activity and to identify a potential
toxic effect. It was performed on ORA™ intesti-
nal spheroids by 3D CellTiter Glo Luminescent
Cell Viability (Promega, Madison, WI, USA) using
Adenosine-5-triphosphate (ATP) quantification.
The assay procedures include the addition of
a single reagent directly to tissues cultured in
medium. The cell lysis and the generation of
a luminescent signal was proportional to the
amount of available ATP. A luminescence read-

) Intestinal
epithelium

Figure 1 VitroScreen ORA™ intestinal spheroids.

(A) internal colonic stromal core;

(B) Intestinal epithelium surrounding the stroma.

A stromal core (white circle, A) is visible inside the 3D spheroids
surrounded by the epithelial compartment (black arrow, B).
Brightfield microscope acquisition 10x mag.

er can detect a stable luminescent signal 30
minutes after the reagent is added and mixed.

ELISA assay for quantification of
released IL-1P3

The enzyme-linked immune-absorbent
assay (R&D Systems, MN, USA) is a test based
on the specific recognition of an antigen by an
antibody. The accuracy of the spectro-photo-
metrical measurements was in the 0-2 optical
density (OD) range: < +/- (1% + 10 mean OD).
The raw data of OD were directly recorded in
the Microplate autoreader (TECAN INFINITE
M-200) further processed by Software iControl
and reported in an Excel file. The biological rep-
licate OD has been interpolated in the concen-
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tration-OD curve of hIL-1B standards (0 pg/mL,
3.9 pg/mL, 7.8 pg/mL, 15.6 pg/mL, 31.3 pg/mL,
62.5 pg/mL, 125 pg/mL, and 250 pg/mL) to cal-
culate the IL-1B concentration in the samples.
If one sample, whether treated with negative
control or with positive control, was outside the
sensitivity range (<1 pg/mL), the results were
reported as <3.9 pg/mL or >250 pg/mL.

Immunofluorescence staining for
zonula occludens-1 (ZO-1)

VitroScreen ORA™ intestinal model
DSS-exposed series (w/o treatments), were col-
lected for histological analysis to evaluate the
effect on barrier function integrity by detection
of ZO-1 expression and localization. Tissues
were washed in PBS 1x and fixed in formalin
buffered solution 10% (Merck Life Science S.r.l.,
Milan, Italy) for 1 hour at room temperature.
After tissue fixation, samples were prepared
for histological clearing before incubation with
the primary antibody. Visikol Histo-M Starter
Kit® (Visikol, Hampton, NJ, USA) was used as
a clearing reagent and samples were treated
according to internal procedure: pooled sam-
ples (n=10/each pool) were dehydrated and
rehydrated in cycles of 15 minutes by incuba-
tions with increasing concentrations of ET-OH
solutions (from 50% to 100%). After permea-
bilization with PBS-Triton solution 0.2% and
Visikol Histo® Permeabilization Buffer (Visikol,
Hampton, NJ, USA), the blocking of specific
sites was performed by incubation with Visikol
Histo® Blocking Solution (Visikol, Hampton, NJ,
USA). Samples were incubated with ZO-1 rab-
bit polyclonal primary antibody (HPA001636,
Merck Life Science, dilution: 1:500) overnight
at 4°C. Alexa 555 donkey anti-rabbit and Alexa
488 goat anti-mouse (Life Technologies, at ap-
propriate dilutions) were used as a secondary
antibody while nuclei were stained with DAPI
(Merck, 1:2500). Stained intestinal spheroids
were cleared with Visikol Histo®-M overnight at
4°C. The acquisitions were performed by Leica

THUNDER DMi8 3D Cell Imager and Z-stacks
video was acquired with a Leica sSCMOS Cam-
era and post-processed by LASX 3.0.1 software
(Leica Microsystems Srl, Milan, Italy). Z-stacks
were acquired to observe the whole volumes
of 3D spheroids. Signal expression acquisition
was optimized by the Large Volume Thunder
Computational Clearing (LVCC) algorithm and
some more informative optical planes were
extrapolated from the Z-stack video. For the
efficacy study, the ZO-1 expression signal was
quantified by Leica LASX software Leica (Mi-
crosystems S.r.l., Milan, Italy) on 2D maximum
projection images, derived from each Z-stacks
to quantify the intensity of expression signal on
whole 3D samples, considering the contribute
of all focal planes.

Model Induction and gut spheroids
treatment

After 10 days of culture, and once com-
pletely differentiated, spheroids were pretreat-
ed within 48 hours with either mesalamine 20
mM (Merck Life Science S.r.l., Milan, Italy), sodi-
um butyrate 6 mM (Unifarco SPA), PEA 6 mM,
(Unifarco SPA) or with butyrate and PEA blend-
ed in a 3:1 ratio, added to the culture medium.
After 48 hours, the media were changed, and
a direct inflammatory stimulus was performed
by exposure to IL-18 10 ng/mL for 24 hours
to evaluate the inflammatory status of ORA™
spheroids. After 24 hours of stimulation, all
media were discarded, and fresh media were
added to the culture, avoiding interference of
residual IL-1B and the endogenous IL-1(3 re-
leased after stimulation. To simulate the barri-
er damage, another series was stimulated with
DSS 3%, which was added within 72 hours. At
the end of all stimulation, culture media of all
series were collected for ELISA assay and whole
mount immunofluorescence.
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Results

The statistical analysis was performed by
one way- ANOVA (** p< 0.01, *** p< 0.005).

Cell viability

In order to evaluate the non-toxic dose at
the defined exposure ATP, quantification was
performed on the intestinal spheroids series af-
ter treatment with DSS and IL-13 compared with
untreated negative control (NC). In Fig. 2 the per-
centage (%) of viability was reported compared
with NC=100%. The safe and non-toxic doses for
all compounds were chosen after a preliminary
cytotoxicity assay (data not shown).
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Fig. 2 Metabolic activity evaluated by ATP assay. Negative
Control (NC) compared with treated samples (individual
biological replicates n=6). Each series was exposed for a
defined time to the inducers.

As shown in Fig. 2, the different treat-
ments did not severely affect cellular viability
and metabolic activity of intestinal spheroids
with values close to untreated controls (89%,
91% and 100%, respectively).

Release of IL-1P3 by spheroids
Quantification of IL-13 release dosed in
the culture media by ELISA assay was used to
confirm the pro-inflammatory state of spheroids
induced by exogenous IL-13 and DSS 3% expo-
sure (separate series). The profile of endoge-
nous IL-1( release is reported in the Fig. 3.
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Fig. 3 IL-1B quantification on intestinal ORA™ spheroids.
(<1 pg/mL sensitivity range). ** p< 0.01 (by one-way ANOVA).

As observed in the Fig. 3, exposure to DSS
did not detect a significant release of the tar-
geted pro-inflammatory cytokine. On the con-
trary, the direct inflammation of intestinal ORA™
models with IL-13 10 ng/mL allowed the highest
cytokine amount in the culture media (445 pg/
mL) during 24 hours of exposure (and an addi-
tional 24 hours of recovery without stimulation).

Inflammatory response
modulation

ORA™ intestinal spheroids were cultured
for 10 days to allow complete tissue differenti-
ation. They were pretreated for 48 hours with
either sodium butyrate (SB) 0.6 mM, PEA 0.6
mM or a blend of both in a 3:1 ratio (MIX), be-
fore exposure to pro-inflammatory cytokine.
Mesalamine 20 mM was employed as reference
compound. After 48 hours of pretreatment, in-
testinal spheroids were exposed to IL-13 10 ng/
mL for 24 hours. After 24 hours of stimulation,
media was discarded to avoid exogenous IL-1[3
interference. After an additional 24 hours of re-
covery, endogenous IL-1[3 release was quantified
in the culture medium to evaluate the efficacy
of sodium butyrate and/or PEA in counteracting
inflammation as a result of cytokine exposure.
Fig. 4 shows the IL-1[3 trend following pretreat-
ment with direct exposure to IL-1 cytokine and
with sodium butyrate and/or PEA.
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Fig. 4 IL-1B quantification on ORA™ intestinal model in
evaluating efficacy of nutraceuticals. (<1 pg/mL sensitivity
range). ** p<0.01 (by one-way ANOVA).

Pro-inflammatory induction by exposure
of treated spheroids to IL-13 10 ng/mL for 24
hours led to an increase in cytokine production
compared with untreated samples, which con-
firmed the response observed in the prelimi-
nary data. Pretreatment with sodium butyrate
0.6 mM for 48 hours SB+IL-1[3 series) showed a
positive effectin reducing IL-1[3 release (p<0.05)
compared with samples that were not pretreat-
ed, suggesting a protective effect against direct
pro-inflammatory induction. Pretreatment with

NC IL1|

PEA (PEA+IL-1( series) 0.6 mM and with the so-
dium butyrate and PEA blend for 48 hours (MIX-
+IL-1B series) did not show the same protective
effect against inflammation, with values close to
those for inflamed and untreated samples (68.5
pg/mL and 81.46 pg/mL, respectively). Pretreat-
ment with mesalamine 20 mM for 48 hours
(MESA+IL-1B series) reduced the IL-1[3 release
if compared with PEA and blend exposure, due
to a preventive anti-inflammatory activity. Of all
treatments, sodium butyrate showed a specific
early anti-inflammatory effect.

Evaluation of T)
structure modification after
inflammatory status induction
by immunofluorescence for ZO-1
Differential localization and expression
were followed by whole mount immunoflu-
orescence for the main T] protein ZO-1: 3D
spheroids were challenged by direct exposure
to IL-1B and DSS for barrier function impair-
ment compared with the untreated series.
Fig.5 shows the main optical plane for each
experimental condition extrapolated from 3D
Z-stacks.
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Figure 5 Whole mount ZO-1
Immunofluorescence in 3D.
Main optical planes are re-
ported from 3D Z-Stack.

DSS and indirect induction
with IL-13 showed a very
similar ZO-1 pattern (white
arrows). 20x mag.
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Untreated (NC) and inflamed series induced
by exposure to IL-1B3 10 ng/mL did not show vis-
ible differences in terms of ZO-1 intensity signal
and protein localization. Exposure to DSS led to
an increase of ZO-1 expression as a defence
mechanism with a cytoplasmatic localization.
The evaluation of barrier function of butyrate
and/or PEA was conducted by ZO-1 expression
analysis. Immunofluorescent images extrapolat-
ed from 3D Z-stacks are reported in Fig. 6.

Despite no significant differences observed
between NC, DSS and SB + DSS series in terms
of signal quantification, red signal associated to
Z0-1 protein in untreated samples (NC) appeared
linear and continuous, and diffused among cells.
Exposure to DSS revealed a slight difference
in terms of intensity and localization, showing
a spotted signal inside and around cells. Pre-
treatment with sodium butyrate for 48 hours
revealed a slightly increased ZO-1 signal, and
the point-like localization becomes more peri-
cellular, suggesting a possible protective role
on barrier integrity. A similar configuration
was also observed for PEA pretreated tissues
(PEA+DSS series). Pretreatment with the blend
led to a more evident signal increase and a re-
covery of point-like localization surrounding nu-

clei inside the greater focal planes, with a con-
figuration very close to mesalamine pretreated
series. Pretreatment with PEA preserved and
increased ZO-1 expression with higher values
if compared with a sodium butyrate effect. So-
dium butyrate and PEA blended in a 3:1 ratio
(SB+DSS and MIX+DSS series) showed the high-
est effect in terms of zonulin expression, with
values overlapping to mesalamine stimulation.
A signal quantification was performed, and the
results are shown in Fig. 7.
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Figure 7 ZO-1 signal quantification on intestinal ORA™ intes-
tinal model in evaluating efficacy of nutraceuticals. * p< 0.05,
**% p<0.0001 (by one-way ANOVA).

Figure 6 ZO-1 expression by whole mount immunofluorescence on intestinal ORA™ intestinal model treated and ex-

posed to DSS 3%. 20x mag.
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Discussion

Cellular viability by ATP

In the adopted experimental conditions,
treatment with DSS did not affect the metabol-
ic homeostasis of intestinal spheroids (Fig. 2).
This result is in line with previous data generat-
ed on Caco-2 systems [25-27],

Quantification of IL-13 release

As expected, and according to literature
on simplified intestinal cells systems such as
Caco-2 8, as a preliminary starting point, the
exposure of intestinal spheroids to a pro-in-
flammatory stimulus induces a significant re-
lease of IL-13 compared with untreated control
(Fig. 4). This data suggests that ORA™ intestinal
spheroids could be susceptible to pro-inflam-
matory induction and that the stimulus goes
over the induction time (up to 48 hours). Pre-
treatment of spheroids with sodium butyrate
showed a protective effect against pro-inflam-
matory stimulus, which is in agreement with lit-
erature findings [2%3%, Since butyrate acts as a
barrier protection agent against inflammatory
insults, we presume that this SCFA works as an
effective molecular shield protecting epithelial
cells. The hypothesis of a preventive role of this
compound is also corroborated by Magnusson
et al. ¥ who demonstrated that expression of
inflammatory pathways could be more effec-
tively downregulated by butyrate in non-in-
flamed colonic biopsies of individuals with UC
thanininflamed ones. On the one hand, a weak-
er response of inflamed gut to butyrate could
depend, at least in part, on downregulation of
gene encoding enzymes involved in butyrate
metabolism and oxidation. On the other hand,
during gut inflammation, it is well known that
crypts lose physiological architecture 32331, This
phenomenon exposes stem cells located in the
bottom of crypts to the luminal butyrate, which
could inhibit proliferation of undifferentiated

cells because of butyrate-paradox B4. In order
to avoid a delayed wound repair, it would be
reasonable to evaluate the use of low doses of
butyrate during the acute phase of IBD. Overall,
these data suggest that butyrate supplementa-
tion may contribute effectively to the induction
of disease remission and even sustain it over
time. Thus, butyrate can play a role against the
activation of immune-mediated response, in-
terrupting the vicious circle that characterizes
gut barrier damage in intestinal inflammatory
diseases. Mesalamine, the chosen anti-inflam-
matory reference compound, reduced the
spheroids secretion of IL-1B. However, it is in-
teresting to note that sodium butyrate appears
more effective than mesalamine because the
concentration of sodium butyrate applied on
spheroids is 30 times lower than that of mesa-
lamine. Based on this evidence, we speculate
that the human colonic epithelium is more re-
sponsive to sodium butyrate compared with
mesalamine, supporting the use of butyrate in
gastroenterology to prevent gut inflammatory
conditions and to better manage acute and re-
mission phases of IBD. However, neither pre-
treatment with PEA alone nor PEA mixed with
sodium butyrate seem to have an influence on
IL-1B release. These results, which appear to
contradict the known anti-inflammatory activi-
ty of PEA, could be explained by the absence of
submucosal cells in our spheroid model. Sub-
mucosal cells, such as dendritic cells, mast cells
and macrophages are generally highly respon-
sive to PEA 31, Furthermore, it has been report-
ed that the expression of some PEA receptors
in the colonic epithelium increases only during
inflammatory events 33l Therefore, in our ex-
perimental setting based on a pretreatment of
healthy spheroids, the colonic epithelium may
not express significant levels of PEA receptors
such as to ensure a local anti-inflammatory re-
sponse. Likewise, pretreatment with PEA and
sodium butyrate did not seem to trigger a pro-
tective effect against inflammation. The reason
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why PEA seems to neutralize the benefits of
butyrate in this in vitro model remains to be as-
certained. Although further investigations are
needed, it is possible to hypothesize that both
sodium butyrate and mesalamine act by a pro-
tective mechanism on colonic epithelium while
PEA properties cannot be investigated in our
experimental conditions.

Z0-1 expression and localization

As reported in Fig. 6, ZO-1 protein local-
ization appeared linear, continuous and dif-
fused among cells in untreated samples (NC
series). In contrast, exposure to DSS showed a
spotted signal inside and around cells, which
suggests a barrier impairment. The point-like
Z0-1 signal became more pericellular in spher-
oids pretreated with butyrate, with a simi-
lar pattern observed for PEA treated tissues
(PEA+DSS series). Moreover, pretreatment with
the blend of butyrate and PEA (MIX + DSS) led
to a more evident signal increase and a recov-
ery of the physiological protein localization with
greater focal planes, and with a configuration
very close to the mesalamine pretreated se-
ries (MESA + DSS). These data suggest a sort of
protective role of butyrate and PEA on barrier
integrity. In Fig. 7 ZO-1 signal quantification is
reported: untreated and DSS exposed tissues
did not show visible differences in terms of
Z0O-1 intensity signal and protein localization.
No significant signal intensity differences were
observed between NC, DSS and sodium butyr-
ate plus DSS series (SB + DSS). On the contrary,
pretreatment with PEA was associated with a
significant increase of ZO-1 expression. At the
same time, the blend of sodium butyrate and
PEA (MIX + DSS) showed the highest effect in
terms of ZO-1 expression, with values overlap-
ping those of mesalamine stimulation. In the
adopted experimental conditions, DSS expo-
sure does not induce a significant imbalance
of ZO-1 expression in terms of signal intensity,
although a slight shift of the cellular localization

of ZO-1 was detected, suggesting a non-signif-
icant barrier damage. As previously reported
on Caco-2 systems, DSS and other molecules
known to induce epithelial damage (such as
LPS, pro-inflammatory cytokines, pathogen
bacteria, alcohol etc.) led to TJ remodelling
and specifically to the mis-localization of ZO-1
through the inhibition of cell protein trafficking
136-391, The biological effect associated with DSS
cannot be described as a clear barrier integrity
damage, as in most of papers, but as an early
response of the colonic epithelium to recover
an early attempt at barrier integrity, mirroring a
proactive defence mechanism. Apparently, this
result is in contrast with previous in vitro and in
vivo findings in which the ZO-1 expression in gut
mucosa decreased by DSS-treatment affecting
the permeability #0-43.251, However, it should be
noted that the effect of DSS on ZO-1 expression
could be strongly influenced by the concentra-
tion of DSS employed in the experiment, dura-
tion of the treatment and above all the biolog-
ical system. To the best of our knowledge, no
papers have been published with the protocol
adopted in this work. Within this framework; itis
worth emphasizing that pretreatment with PEA
increases ZO-1 expression. To the best of our
knowledge, no previous work has highlighted a
direct effect of PEA on colonic ZO-1 expression.
Therefore, in view of the above, we speculate
that PEA can enhance ZO-1 expression as an
early defence mechanism by acting on PPARs
or endocannabinoid receptors. Moreover, as
previously reported, the blend of butyrate and
PEA is more effective than PEA alone in increas-
ing ZO-1 expression. For this reason, we could
speculate that butyrate acts as an enhancer of
PEA receptor expression.

Although these hypotheses need to be
confirmed by further data, the interpretation
of results is corroborated by previous studies.
On the one hand, several data suggest that the
anti-inflammatory and anti-hyperalgesic ac-
tivities of PEA involve the activation of PPAR-&
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and PPAR-y as well as PPAR-a 431, Furthermore,
Wachtershauser et al demonstrated the ability
of butyrate to upregulate PPAR-y mRNA and
protein in Caco-2 cells in a dose- and time-de-
pendent manner ®3. On the other hand, it is
well known that PEA targets transient receptor
potential ion channels (TRPs) 6 47 18 For in-
stance, PEA can activate the TRPV1 receptor at
the apical Caco-2 membrane, modulating per-
meability “8. At the same time, in a model of
kidney epithelial cells, butyrate seems to mod-
ulate TRPV1 activity in a dose-dependent man-
ner as partial agonist. Interestingly, butyrate
alone does not result in significant activation
of TRPV1, however, preactivation of channels
with capsaicin primes marked TRPV1 activation
when butyrate is subsequently applied, regard-
less of whether capsaicin was still present 91, In
view of the above, we speculate that butyrate
could contribute to amplify the effect of PEA
on the ZO-1 expression. Although further stud-
ies are needed to clarify how butyrate exactly
affects PEA properties, it is reasonable to sup-
pose that PPARs and TRPs represent the cross-
roads in a signalling pathway where these two
molecules interact.

Conclusion

VitroScreen ORA™ intestinal spheroids
represent a new, ethical and advanced micro-
physiological system suitable for pre-clinical
studies applied to nutritional ingredients mir-
roring both the morphological and biochemical
features of inflamed gut epithelium. Overall,
our preliminary results are encouraging. They
demonstrate a protective role of sodium butyr-
ate and PEA in gut barrier integrity and suggest
the adoption of these nutraceuticals in clinical
practice to better manage pathogenesis and
IBD flare-ups. When taken together, all results
pave the way for further investigations to gain
a deeper understanding the molecular mech-

anism of action of butyrate and PEA alone on
intestinal epithelium and the synergic combina-
tion of both by a multiparametric approach.
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