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new therapeutic approaches represents a crucial goal to achieve. The onset, maintenance, and progression of
inflammatory bowel disease are related to abnormal intestinal immune responses to environmental factors,

Keywords: . including diet and intestinal microflora components. This study aimed to evaluate the potential antiinflam-
glifelsmmatory bowel disease matory and antifibrotic effect of a biologically debittered olive cream and its probiotic oral administration in
Olive an experimental model of dextran sodium sulfate (DSS)—induced chronic colitis.

Probiotics Methods: Chronic colitis was induced in mice by three cycles of oral administration of 2.5% DSS (5 d of DSS
Lactiplantibacillus plantarum followed by 7 d of tap water). Mice were randomly divided into five groups: 10 control mice fed with stan-
Microbiome dard diet (SD), 20 mice receiving SD and DSS (SD+DSS), 20 mice receiving an enriched diet (ED) with olive

cream and DSS (ED+DSS), 20 mice receiving SD plus probiotics (PB; Lactiplantibacillus plantarum IMC513)
and DSS (SD+PB+DSS), and 20 mice receiving ED plus PB and DSS (ED+ PB+DSS). Clinical features and large
bowel macroscopic, histologic, and immunohistochemical findings were evaluated.
Results: The simultaneous administration of ED and PB induced a significant reduction in macroscopic and
microscopic colitis scores compared with the other DSS-treated groups. In addition, ED and PB led to a signif-
icant decrease in the expression of inflammatory cytokines and profibrotic molecules.
Conclusions: The concomitant oral administration of a diet enriched with biologically debittered olive cream
and a specific probiotic strain (Lactiplantibacillus plantarum IMC513) can exert synergistic antiinflammatory
and antifibrotic action in DSS-induced chronic colitis. Further studies are needed to define the cellular and
molecular mechanisms modulated by olive cream compounds and by Lactiplantibacillus plantarum IMC513.
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Introduction

Crohn'’s disease and ulcerative colitis are the two major inflam-
matory bowel diseases (IBDs). These chronic relapsing disorders
cause critical alterations to intestinal functions owing to the devel-
opment of fibrosis. Intestinal fibrosis can cause severe complica-
tions such as stenosis and obstructions [1—3]. Intestinal fibrosis is
the result of an abnormal and uncontrolled deposition of extracel-
lular matrix (ECM) proteins. The excessive accumulation of ECM
proteins is owed to their increased production by locally activated
myofibroblasts or to their reduced degradation by metalloprotei-
nases. In intestinal fibrogenesis related to chronic inflammation,
different cell types, including fibroblasts, subepithelial myofibro-
blasts, smooth muscle cells, epithelial cells, and endothelial cells,
as well as pericytes and staminal cells, undergo differentiation pro-
cesses and become activated ECM-producing myofibroblasts
[4-6].

In most organs, including the intestine, one of the key players of
inflammation and fibrosis is transforming growth factor 31 (TGF-
[31). This cytokine can act not only through its canonical interac-
tion with small mothers against decapentaplegic proteins (SMADs)
but also with several other transduction pathways such as mam-
malian target of rapamycin and mitogen-activated protein kinase.
Transforming growth factor B1 interacts with numerous proin-
flammatory and antiinflammatory signaling pathways as well as
profibrotic and antifibrotic molecules [7-13].

Current IBD therapies include the administration of 5-aminosa-
licylic acid, steroids, antibiotics, probiotics, and immunosuppres-
sive or biological drugs (anti—tumor necrosis factor [TNF],
anti—interleukin [IL]-6, anti-IL-17, anti-IL-12, anti-IL-23, anti-
a4P7, and anti—integrin monoclonal antibodies) [14—-17]. All
these drugs are effective in improving both acute and chronic
inflammation, but they fail to prevent or reverse intestinal fibrosis.
Bowel surgery remains the only available treatment for intestinal
fibrostenosis. Therefore, the identification of new preventive strat-
egies appears to be a necessary approach to avoid IBD-related
intestinal fibrosis.

It is well known that several plants and algae extracts (i.e., arte-
misinin and spirulin) act as nutraceuticals, exerting beneficial
effects on different diseases [18—23]. Natural drugs and dietary
components may strongly modulate the gut immune response and
microbiome [24-28]. In turn, the gut microbiome is known to
interact with and affect distant systems and their functions, such
as the central nervous system [29].

Furthermore, the microbiome can also be directly modulated by
a dietary regimen. The Mediterranean diet appears to be a promis-
ing nutritional regimen in the prevention and management of sev-
eral inflammatory disorders, including IBD. It is composed of a mix
of fruit and vegetables (rich in fiber, vitamins, and antioxidants),
grains and nuts, and virgin olive oil (containing monounsaturated
and polyunsaturated fatty acids and phenolic compounds)
[24,27,30-32]. In particular, in vitro and in vivo studies have
highlighted the ability of polyphenols from olive oil to mitigate
clinical and histological features of experimentally induced colitis
[33-36].

Phenolic molecules suppress the expression of proinflamma-
tory molecules, inhibit the activity of oxidant enzymes, and regu-
late several inflammatory signaling pathways [33-36].
Furthermore, some reports have shown that the oral administra-
tion of probiotics (i.e., lactic acid bacteria [LAB] and Bifidobacterium
species) may contribute to the recovery of microbiome composi-
tions and the maintenance of intestinal mucosa integrity
[27,31,37,38]. Among the LAB, many strains of Lactiplantibacillus
(Lpb.) plantarum, such as Sanriku-SU7, LPO1, 03 06, and CBT LP3,

have been shown to exert beneficial effects on animal models of
colitis, including in patients with IBD [39-44], leading to an
increasing scientific interest in selecting specific probiotic strains
that are effective in the treatment of IBD [45,46]. The mechanisms
behind the beneficial effects of probiotics remain to be elucidated.

During the mechanical extraction of virgin olive oil, more than
47% of the total phenols present remain in the pomace [47]. The
destoned pomace may represent an important food source of phe-
nolic compounds, mainly derivatives of secoiridoids, but its gusta-
tory acceptability may be achieved (as in the case of table olives)
after a debittering process that is able to chemically or biologically
hydrolyze the bitter secoiridoids into their aglycon phenolic deriv-
atives. This processed product is a new kind of “olive cream.”

We hypothesize that the administration of a natural phenolic
source in association with probiotics could mitigate colitis. In par-
ticular, the antigenotoxic and immunomodulatory effects of these
compounds could be related to the activation of TGF-3—SMADs
and TGF-B—non-SMADs signaling. Therefore, this study aimed to
evaluate the potential antiinflammatory and antifibrotic role of
administering biologically debittered olive cream produced from
destoned pomace and a specific probiotic (Lpb. plantarum strain) in
dextran sodium sulfate (DSS)—induced chronic colitis.

Materials and methods

This study was conducted according to the guidelines of the Declaration of
Helsinki and the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals (publication number 85-23, 1985) and was approved by the Institu-
tional Review Board of the Ministero della Salute (authorization number 869/
2018-PR Prot. CE5C5.20).

Olive cream

Destoned pomaces for olive cream production were obtained from olives (cv.
Moraiolo) and processed by means of an industrial three-phase Alfa Laval decanter
(0.3 ton/h) equipped with an olive destoner machine (AlfaOliver 500). Pomaces
were subjected to the debittering process and analyzed for their phenolic compo-
sition by high-performance liquid chromatography with diode-array detection
after phenol extraction. The analysis method has been described by Tuffariello
etal. [48].

Bacterial strains and debittering process

All strains used in this study belong to the collection of the Faculty of Biosci-
ence and Technology for Food, Agriculture, and Environment of the University of
Teramo. In particular, two Lpb. pentosus strains, previously characterized for their
oleuropeinolytic activity, were used as starter culture mixtures to produce olive
cream through the biological debittering of the olive destoned pomace. Briefly,
before olive pomace inoculation, Lpb. pentosus strains (used as debittering starter
mixtures) were subcultured overnight in de Man, Rogosa, and Sharpe broth (Oxoid
Ltd., Basingstoke, United Kingdom) at 30°C. Subsequently, bacterial cells were centri-
fuged, washed, and resuspended in sterile saline solution (0.85% weight/volume).

Destoned olive pomace was unfrozen overnight at room temperature and ali-
quoted (800 g) into sterilized glass vessels. Subsequently, after the addition of glu-
cose (20g/L) and yeast extract powder (10 g/L), the olive pomace was thermally
stabilized in an autoclave at 121°C for 5 min. The olive pomace was inoculated
with a mixture (1:1 ratio) of the two Lpb. pentosus strains at a final concentration
of 107 colony forming units (CFU)/mL and incubated at 30°C for 72 h to allow fer-
mentation to occur. The fermentative activity of the starter mixture was confirmed
by monitoring microbial communities, pH, and titratable acidity as well as the evo-
lution of the phenolic composition (data not shown).

In addition, the human-derived probiotic Lpb. plantarum IMC513 (Synbiotec S.
r.l., Camerino, Italy), which previously has been characterized to possess several
beneficial properties including antiinflammatory effects in in vitro intestinal cell
models [49—53], was used as a dietary adjunct in tap water at a final concentration
of 10° CFU/mL/mice/die. The dosage was selected based on similar experiments
reported in the current literature [54,55].

Animals

The induction of experimental colitis was carried out at the Department of Bio-
technological and Applied Clinical Sciences, University of L’Aquila (L'Aquila, Italy).
All experiments complied with government guidelines (European Economic
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Community Council Directive 86/609, O] 358, December 1, 1987; Italian Legislative
Decree 116/92, Gazzetta Ufficiale della Repubblica Italiana no. 40, February 18,
1992; National Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals, publication no. 85-23, 1985) and approved by the Minister of Health (autho-
rization number 869/2018-PR Prot. CE5C5.20).

Ninety C57BL/6 wild-type male mice were included in the study (Charles River
Laboratories, Lyon, France). All animals were housed in a plastic cage and kept in a
pathogen-free environment at constant room temperature, with a 12 h/12 h light/
dark cycle and food and water ad libitum.

We provided animals with 20 g dry weight of food at 100 g/animal/d, accord-
ing to Animal Research Review Panel guidelines. The animals were housed two or
three per cage to guarantee social behavior and equal access to food. At 20 d of
life, the mice were randomly divided into five groups: 10 mice received a standard
diet (SD) and were used as controls; 20 received SD and DSS (SD+DSS); 20 received
an enriched diet (ED) with 10% biologically debittered olive cream and DSS (ED
+DSS); 20 received SD plus probiotic (PB; Lpb. plantarum IMC513) and DSS (SD+PB
+DSS); and 20 received ED plus PB and DSS (ED+PB+DSS).

Experimental procedures

Chronic colitis was induced in mice by oral administration of 2.5% w/v DSS
(molecular weight: 36 000—44 000 kDa, purchased from TdB Labs, Uppsala, Swe-
den). The DSS was solubilized in autoclaved tap water and administered ad libitum
for three cycles (5 d of DSS followed by 7 d of tap water). The control group
received only tap water.

Two groups of animals (ED+DSS and ED+PB+DSS) received DSS in tap water
and were fed with chow enriched with 10% biologically debittered, core-free olive
cream. The phenolic composition of the fermented cream used in the enriched
diet is reported in Table 1. Both SD and ED chow were produced by Mucedola S.r.1.
(Milan, Italy).

Two groups of animals (SD+PB+DSS and ED+PB+DSS) received DSS and the Lpb.
plantarum IMC513 probiotic strain in tap water as follows: 10° CFU/mL/mouse/d,
equivalent to 10 mg in 10 mL of tap water/mouse/die.

Sample recovery, preparation, and assessment of colonic injury

Animals were monitored daily for fluid intake and weight changes and exam-
ined for signs of colitis, including weight loss and diarrhea (scored on a 0—2 scale
as follows: 0 = absence, 1 = mild, and 2 = severe) [56].

Body weight was measured every week. Four days after the last DSS cycle, all
animals were euthanized by carbon dioxide. Following laparotomy, the colon was
identified, rapidly excised, and photographed. On a scale from O to 2, the presence
of adhesions between the colon and adjacent organs was assessed. The length and
the weight of the colon were measured and the colon was then scored for macro-
scopic lesions. Then, colonic tissue samples were fixed in 4% buffered formalde-
hyde and embedded in paraffin for histological and immunohistochemical
analysis.

Macroscopic and microscopic evaluation of colonic injury

Colon length and weight were measured to score the macroscopic lesions by
two independent observers on a 0-2 scale as follows: colonic adhesions
(0 = absence, 1 = mild or focal zonal, 2 = severe or diffuse); colonic dilation
(0 = absence, 1 = mild, 2 = severe); and colonic thickness (0 = normal, 1 = mild

Table 1
Phenolic composition of the fermented olive cream included in the enriched diet
chow (formula weight)

Compound Quantity

3,4-DHPEA 1159.33 + 5.7 mg/kg

p-HPEA 404.84 + 0.7 mg/kg
Vannilic acid 622.48 + 2.4 mg/kg
Hydroxytyrosol acetate 153.32 £+ 1.3 mg/kg

Caffeic acid 114.87 £ 0.7 mg/kg
Verbascoside 1118.64 + 6.4 mg/kg
Isoverbascoside 441.94 + 6.7 mg/kg
3,4-DHPEA-EDA 33535 + 4.2 mg/kg

p-HPEA-EDA 56.70 + 1.9 mg/kg
Rutin 159.51 £ 6.1 mg/kg

(+) - 1-Acetoxypinoresinol
(+) — Pinoresinol

Luteolin

Total amount of phenols

37.194 + 0.4 mg/kg
17.492 £ 0.9 mg/kg
79.30 + 3.3 mg/kg
4701.0 + 13.2 mg/kg

3,4-DHPEA, 3,4-dihydroxyphenylethanol-elenolic acid; p-HPEA, para-hydroxy-
phenyl ethyl alcohol; 3,4-DHPEA-EDA, 3,4-dihydroxyphenylethanol-elenolic acid
dialdehyde

increase, 2 = marked increase [>3 mm]) [56]. The total macroscopic score was
expressed as the sum of the individual scores of colonic alterations.

To evaluate microscopic features, colonic samples were subjected to conven-
tional histological procedures: they were fixed in 4% buffered formalin in phos-
phate buffer saline (PBS) at pH 7.4 for 3 h at room temperature and then paraffin
embedded. Serial 3-pum sections were stained with hematoxylin and eosin to
assess organ morphology and highlight the degree of inflammation and with Mas-
son’s trichrome stain to detect connective tissue deposition and evaluate the stage
of fibrosis. The stained sections were observed under an Olympus BX51 Light
Microscope (Olympus Optical Co. Ltd, Tokyo, Japan) and scored in a double-blind
manner according to the presence of ulcerations (0 = absent, 1 = small ulcers,
2 = big ulcers), degree of inflammation (0 = absent, 1 = mild, 2 = moderate, and
3 = severe), depth of the lesions (0 = absent, 1 = lesions extending into the submu-
cosa, 2 = lesions in the muscularis propria, and 3 = lesions in the serosa), and
degree of fibrosis (0 = absent, 1 = mild, 2 = moderate, 3 = severe) [49]. The total
microscopic score was expressed as the sum of the individual scores.

Signs of intestinal inflammation were scored as absent, mild, moderate, or
severe according to the density and the extent of the inflammatory infiltrate, the
loss of goblet cells, and the thickening of the bowel wall.

Fibrosis staging was assessed by Masson’s trichrome staining as mild, moder-
ate, or severe based on the density and the extent of the connective tissue as well
as the disruption of tissue architecture.

Immunohistochemistry analyses

Colonic specimens were fixed in 4% buffered formalin in PBS (pH 7.4) for 3 h,
dehydrated in graded ethanol, and embedded in low-melting paraffin. Sections
(3 pm thick) were incubated in methanol for 40 min and then in 3% hydrogen per-
oxide for 5 min. Samples were incubated overnight at 4°C with specific antibodies
(Table 2). To control for the specificity of the immune reactions, control sections
were incubated omitting the primary antibody.

The specimens were washed in PBS (three times for 5 min each) and incubated
with streptavidin-biotin-peroxidase—conjugated secondary antibody (K0675;
DakoCytomation, Milano, Italy). After being rinsed in PBS for 10 min, the sections
were incubated with 3,3- diaminobenzidine-tetrahydrochloride for 1-3 min.
Finally, the sections were counterstained with Mayer’s hematoxylin, mounted,
and observed under an Olympus BX51 Light Microscope.

Semiquantitative digital image analysis of immunohistochemical staining

Semiquantitative comparison of immunohistochemical staining was measured
using Image], public domain software for digital image analysis [57]. The immuno-
histochemistry profiler software plugin was required. Immunopositivity was
expressed as a percentage of the total software-classified areas, and the data
obtained were plotted as histograms. Results were expressed as means + standard
deviation; a P value <0.05 was considered statistically significant.

Statistical analysis

Histological scores were reported as means + standard error of the means.
Analysis of variance with the post hoc Mann—Whitney U test was used to deter-
mine differences between groups for normally and not normally distributed data,
respectively, at P < 0.05. Analyses were conducted using GraphPad Prism, version
7.00 (GraphPad Software, Inc., La Jolla, California, United States).

Results

Biologically debittered olive cream and probiotic oral adminis-
tration improved DSS-induced chronic colitis and fibrosis.

Effect of the administration of biologically debittered olive cream and
probiotics on clinical features and macroscopic and microscopic
findings

First, the effects of treatments on the health and zoometric
parameters were assessed. Male C57BL/6] mice were monitored
for body weight at 1, 2, 3, and 4 wk, and no significant loss of body
weight was observed in any group (Fig. 1A). Dextran sodium sul-
fate acts as chemical irritant in the large intestine, inducing inflam-
mation and alteration in the organ structure. Macroscopic
evaluation revealed a significant increase in colon weight (referred
to as the last 8 cm of the distal large bowel) and a reduction in
colon length in SD+DSS mice compared with the control group
(Fig. 1B, C; Table 3).
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Table 2
Antibodies used with their sources and dilutions
Antibody Source Dilution
Interleukin (IL)-13 Santa Cruz Biotechnology Inc., Santa Cruz, California, USA; code sc-32294 1:100
IL-6 Santa Cruz Biotechnology Inc., Santa Cruz, California, USA; code sc-28343 1:100
Tumor necrosis factor Biorbyt Ltd, Cowley Road, Cambridge, Cambridgeshire, UK; code orb323199 1:100
(TNF)-au
Transforming growth factor (TGF)-1 Santa Cruz Biotechnology Inc., Santa Cruz, California, USA; code sc-146 1:100
Phosphorylated small mothers against decapentaplegic (p-SMAD)3 Santa Cruz Biotechnology Inc., Santa Cruz, California, USA; code sc-130218 1:200
Phosphatidylinositol 3-kinase (PI3K) Thermo Fisher Scientific, Waltham, Massachusetts, USA; code PA5-28070 1:100
Phosphorylated protein kinase B (p-Akt) Biorbyt Ltd, Orwell Furlong, Cowley Rd, Cambridge, UK; code orb397210 1:100
Alpha smooth muscle actin (a-SMA) Santa Cruz Biotechnology Inc., Santa Cruz, California, USA; code sc-32251 1:200
Collagen I-II1 Santa Cruz Biotechnology Inc., Santa Cruz, California, USA; codes sc-8784; sc-8781 1:200
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Fig. 1. (A) Body weights. Mice were weighed at 1, 2, 3, and 4 wk. No significant differences were found among the groups. (B) Macroscopic evaluation of explanted colons at
36 d posttreatment. Representative images of the macroscopic appearance of the colon from mice in the five different groups (SD, SD+DSS, ED+DSS, SD+PB+DSS, and ED+PB
+DSS). (C) Assessment of colon length. Values are means =+ standard errors of means. Statistical significance was calculated via analysis of variance (P < 0.05). DSS, dextran

sodium sulfate; ED, enriched diet; PB, probiotic; SD, standard diet.

The main macroscopic signs associated with chronic DSS
administration (dilatation, thickness, stenosis, and adhesions)
were improved in mice that were simultaneously fed with olive
cream—enriched chow and probiotics. The total macroscopic score
was lower in mice treated with ED+PB+DSS versus those treated
with SD+DSS (Table 3; Fig. 2).

The other DSS-treated groups did not show significant
improvement in colonic parameters associated with DSS adminis-
tration or a reduction in total macroscopic score compared with SD
+DSS mice (Table 3; Fig. 2). After the second cycle of oral adminis-
tration of DSS, evident signs of disease, including reduced mobility,
a decrease of social interactions, raised fur, and diarrhea, were
detected in all DSS-treated mice.

Chronic administration of DSS can induce both colorectal
inflammation and fibrosis. Histomorphology evaluation, as
assessed by hematoxylin and eosin staining, showed marked
signs of inflammation in SD+DSS mice compared with SD mice

and ED+PB+DSS mice (Fig. 3A). Inflammation involved the
mucosal and submucosal layers and was characterized by
increased infiltration of inflammatory cells and a decrease in
goblet cells as well as reduction and alteration of crypt archi-
tecture. Features of inflammation were also found in ED+DSS
and ED+PB+DSS mice, although to lesser degree compared with
SD+DSS mice (Fig. 3A). Masson’s trichrome staining highlighted
signs of fibrosis in SD+DSS mice compared with the other
groups (Fig. 3B). In particular, an increase in collagen deposi-
tion was observed in the mucosa, submucosa, and serosa layer
of SD+DSS mice, which decreased in the other DSS-treated
groups (mainly in ED+PB+DSS mice) (Fig. 3B). The total micro-
scopic score showed a significant reduction in inflammation
and signs of fibrosis in the ED+PB+DSS group compared with
SD+DSS-treated mice (Fig. 3C, D). No noticeable improvement
in these parameters was observed in mice receiving ED+DSS or
SD+PB+DSS (Fig. 3C, D).
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Table 3
Effect of a diet enriched with fermented olive cream and probiotics on the macroscopic features of DSS-induced colitis
Parameter SD SD+DSS ED+DSS SD+PB+DSS ED+PB+DSS
Duration of DSS administration, d - 36 36 36 36
Duration of diet administration, d 36 36 36 36 36
Duration of probiotic administration, d - - - 36 36
Number of mice 10 20 20 20 20
Body weight, g 30.5 + 0.67 25.6 +£0.58 ™ 25934+045"™ 24254+ 057" 23.04+0.54"™
Colon weight, g 0.11 £ 0.003 0.25 £ 0.006 * 0.20 +0.019"" 0.19 + 0.02* 0.18 £ 0.013 "
Colon length, cm 7.25+0.13 537+0.12" 6.2 +0.2" 58+021" 6.95 +0.011 "
Colon weight/body weight, % 0.3 £+ 0.005 094+0.01"™ 0.7 +£ 0.42" 0.8+0.035" 0.8 +£0.024 ™
Dilatation np 1.28+£0.11° 1.16 £ 0.23* 1.10+£0.21° 0.75+0.10 "
Thickness np 112+012° 1.09 £ 0.25* 1.12+£023* 0.88+0.13 "
Stenosis np 0.72+0.11" 0.65 4+ 0.28" 0.85+0.25 " 030+0.12"
Adhesions np 0424+0.15" 0.36 + 0.27* 033+024" 0.10+0.16 "
Total macroscopic score - 354+028" 3.26 +0.59" 34+054" 2.03+0.28
DSS, dextran sodium sulfates; ED, enriched diet; ns, not significant; np, not present; PB, probiotic; SD, standard diet
Data are expressed as mean =+ standard error of the mean
*P < 0.05 versus SD
P < 0.05 versus SD+DSS
P < 0.05 versus ED+DSS
P < 0.05 versus SD+PB+DSS
o 9
N Il SD
*
® 4 : Bl SD+DSS
Q
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o 31 *g
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p<0.05 * vs SD; $ vs SD+DSS.

Fig. 2. Total macroscopic score evaluation. The total macroscopic score was calculated as the sum of the score of individual macroscopic lesions (dilatation, thickness, stenosis,
and adhesions). Mice receiving ED+PB+DSS showed a significant reduction in macroscopic score compared with the group receiving SD+DSS. DSS, dextran sodium sulfate; ED,

enriched diet; PB, probiotic; SD, standard diet.

Effect of fermented olive cream and probiotic oral administration on
the expression of inflammatory and fibrotic cytokines

Generally, macroscopic and structural changes of the intestine
owing to inflammation and fibrogenesis are associated with an
abnormal cytokine profile. To assess the degree of inflammation,
we performed immunohistochemical analysis, examining the
inflammatory cytokines IL-1f3, IL-6, and TNF-a (Fig. 4A-C). As
expected, all three markers were increased in SD+DSS mice com-
pared with the controls. Furthermore, a noticeable reduction was
detected in ED+PB+DSS mice compared with the other groups, as
confirmed by semiquantitative analysis of each of the examined
cytokines (Fig. 4D—F).

Chronic inflammation leads to extracellular matrix deposition
and contributes to the onset and progression of fibrosis. To evalu-
ate the fibrogenesis status in our experimental groups, we assessed
the expression of TGF-31, the pivotal driver of intestinal fibrosis.
Although TGF-31 was expressed in all DSS-treated mice (Fig. 5A), a
significant increase in this protein was detectable in SD+DSS mice
compared with the ED+PB+DSS group, confirming the ability of
olive phenols and probiotics to reduce the progression of fibrosis
(Fig. 5A, C).

The TGF-[31 profibrotic signal acts through the activation of the
downstream SMADs cascade. Accordingly, we found a significant
overexpression of p-SMAD3 in SD+DSS mice as well in the other
DSS-treated mice compared with the ED+PB+DSS group (Fig. 5B,

D). These data for both TGF-31 and p-SMAD3 were supported by
the semiquantitative analyses results (Fig. 5C, D).

To analyze the ability of TGF-31 to regulate fibrosis through its
noncanonical pathway, we assessed the expression of phosphati-
dylinositol 3-kinase (PI3K) and phosphorylated protein kinase (p-
Akt) (Fig. 6). These molecules are strongly associated with the
release of inflammatory cytokines and the fibrotic process.

Expression of PI3K was significantly increased in SD+DSS mice
compared not only with the SD group but also with ED+DSS+PB
mice, confirming an improvement in fibrosis attributable to the
simultaneous administration of olive cream and probiotics
(Fig. 6A).

Similarly, immunohistochemistry staining for p-Akt showed a
noticeable reduction in ED+PB+DSS mice, comparable with SD
mice, with respect to the other experimental groups (Fig. 6B).
These results were validated by semiquantitative analyses (Fig. 6C,
D).

To investigate the beneficial effects of the administration of fer-
mented olive cream and Lpb. plantarum on DSS-induced colitis, we
assessed the fibrotic markers alpha smooth muscle actin (x-SMA)
and collagens I-III (Fig. 7).

Immunohistochemistry analysis highlighted the increased
expression of a-SMA in SD+DSS mice compared with the other
groups (Fig. 7A). In particular, in SD+DSS-treated animals, a-SMA
immunopositivity was present not only in the muscle cells of the
muscularis mucosa and muscularis propria but in the lamina
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Fig. 3. (A) Hematoxylin and eosin staining. (B) Masson'’s trichrome staining. Original magnification: 10 x; scale bar: 100 wm. Mice receiving ED+PB+DSS showed a significant
reduction in signs of chronic inflammation and fibrosis compared with the other DSS-treated groups. (C) Inflammation score. (D) Fibrosis score. Graphs of inflammation (cal-
culated as 0 = absent, 1 = mild, 2 = moderate, and 3 = severe) and fibrosis (calculated as 0 = absent, 1 = mild, 2 = moderate, and 3= severe) scores showed a significant reduction
in colitis features in ED+PB+DSS mice compared with mice in other groups. DSS, dextran sodium sulfate; ED, enriched diet; PB, probiotic; SD, standard diet.

propria, submucosa, and serosa layers. In ED+PB+DSS mice, expres-
sion was mostly restricted to the typical layers, which was also
observed for SD-fed mice (Fig. 7A). Evaluation of collagens I-III
revealed poor immunopositivity in ED+PB+DSS the group, which
was similar to the control. Conversely, the expression of collagens
[-IIl was significantly increased in the other DSS-treated mice
(Fig. 7B). These results, for both a-SMA and collagens I-III, were
confirmed by semiquantitative evaluation (Fig. 7C, D).

Discussion

Chronic intestinal inflammation commonly leads to fibrosis,
owing to the uncontrolled production and deposition of ECM com-
ponents. This process is modulated by both profibrotic and antifi-
brotic factors [9]. Intestinal fibrosis plays a central role in the
changes that occur to the intestinal wall architecture, which can
lead to strictures, obstruction, and loss of function. The pathophysi-
ology of intestinal fibrosis is still unclear, although several risk fac-
tors including diet, environmental factors, immune response,
pathogens, genetic alterations, and the intestinal microbiome con-
tribute to its onset and progression [58—62]. The gut microbiome
ecosystem is essential for the maintenance of intestinal barrier
functions, and its disruption seems to play a pivotal role in the
development of chronic intestinal inflammation and fibrosis,
which occurs in IBD.

Various animal models have provided significant and rele-
vant insights toward understanding the histopathological and
morphological changes that occur in the intestinal wall. Colitis
induced by DSS, one of the most frequently used models of
experimental colitis, causes intestinal epithelial barrier disrup-
tion with a consequent massive passage of intraluminal
microbes and antigens into the mucosa and submucosa,

triggering the local inflammatory response [63]. Dextran
sodium sulfate induces mucin depletion, altering the mucus
layers adhering to the mucosal surface, making it more perme-
able to luminal microbes. Colitis induced by DSS is associated
with significant intestinal dysbiosis [63,64].

Dietary habits have been strongly linked to the maintenance of
intestinal epithelium homeostasis. Alterations of this homeostasis
contribute to the pathogenesis of chronic intestinal inflammation
and the related risk of colorectal cancer. In recent years, great
attention has been focused on the correlation between the West-
ern diet, characterized by a high amount of fat and low amounts of
fruits and vegetables, and the alarming increase in the incidence of
several disorders, including IBD and colorectal cancer
[58-61,65,66]. On the contrary, the Mediterranean diet, which is
rich in fruits, vegetables, grains, nuts, and olive oil, represents one
of the most promising dietary regimens for the prevention and
management of intestinal disorders [67].

In particular, the beneficial effects on health of extra virgin olive
oil, attributed to the monounsaturated fat content and to the pres-
ence of phenolic compounds, include antioxidant, anti-inflamma-
tory, and immunomodulatory properties. Among dietary
components, monounsaturated fatty acids and phenolic com-
pounds appear to be beneficial for gut health [68,69].

Consumption of extra virgin olive oil causes a strong antiin-
flammatory effect on the gut mucosa, because it interacts with
antioxidant molecules (i.e., hydroxytyrosol, squalene, and oleuro-
pein derivatives) to modulate intestinal permeability and modify
the intestinal microbiota [70,71].

Moreover, increasing attention has been paid to the develop-
ment of nondairy fermented foods such as vegetable food matrices
to overcome the limitations of lactose intolerance and vegetarian
or cholesterol-restricted diets. Among the products of vegetable
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Fig. 4. (A—C) Immunohistochemistry of the inflammatory cytokines IL-6, IL-1[, and TNF-c.. Original magnification: 10 x; scale bar: 100 wm. The expression of the indicated
inflammatory molecules was decreased in ED+PB+DSS mice compared with the other DSS-treated groups. (D—F) Semiquantitative evaluation of IL-6, IL-13, and TNF-a. This
analysis confirmed a significant reduction in the examined inflammatory cytokines in the ED+PB+DSS group. P < 0.05 versus SD (*) and SD+DSS (*). DSS, dextran sodium sul-
fates; ED, enriched diet; IL, interleukin; PB, probiotic; SD, standard diet; TNF, tumor necrosis factor.

origin, table olives and their derivatives (i.e., olive cream) repre-
sent an important source of fiber and bioactive molecules such as
phenolic compounds and triterpene acids. The palatability of olive
cream (as for table olives) is achieved after a fermentation process
that is able to hydrolyze bitter secoiridoids and enhance the sen-
sory and aromatic profile of the final product. Biotransformation
using selected LAB is a suitable alternative to chemical hydrolysis
[72]. Several studies have shown that olive hydrophilic phenols
(mainly secoiridoids, exclusive to the Oleaceae family) exert anti-
oxidant, antimicrobial, and antiinflammatory activities, leading
to numerous health benefits such as a reduction in cardiovas-
cular risk factors and the prevention of various chronic dis-
eases, chronic inflammation, stroke, and other degenerative
diseases [48,73-76].

Accordingly, several studies have shown the ability of some
probiotics to reduce intestinal inflammation in experimental mod-
els of colitis [76—78]. Among probiotics, Lpb. plantarum represents
one of the most versatile and promising species for its various
health-promoting effects; thus, the administration of Lpb. planta-
rum strains has shown a promising role in ameliorating colon

inflammation in different models of experimental colitis
[43,79—83]. The promising use of Lpb. plantarum probiotic strains
as a dietary intervention to prevent and/or attenuate gut inflam-
matory diseases such as IBD was also recently confirmed in human
intervention studies [84—86].

In general, probiotics attenuate colon inflammation by downre-
gulating inflammatory signaling as well as modulating mucosal
immunity and gut microbiota [43]. The mechanisms behind these
beneficial effects are still unclear; however, Lpb. plantarum has
been found to be able to prevent and/or ameliorate IBD conditions,
mainly by modulating specific proinflammatory and antiinflamma-
tory pathways [87].

In particular, the production of proinflammatory cytokines such
as TNF-a, IL-1[3, and IL-6 in Bagg Albino/c in DSS-induced colitis in
mice was reduced by the oral administration of Lpb. plantarum K68
[88]. A similar antiinflammatory effect was found following the
administration of Lactobacillus brevis K65 [89]. The beneficial effect
of Lpb. plantarum 06CC2 in DSS-induced colitis in mice was found
to be mainly owed to the increased production of the antiinflam-
matory cytokine IL-10 [82].
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Fig. 5. (A, B) Immunohistochemistry of TGF-B1 and p-SMAD3 molecules. Original magnification: 10 x; scale bar: 100 wm. An increased expression of both TGF-1 and p-
SMAD3 was seen in DSS-treated mice compared with the ED+PB+DSS group. (C, D) Semiquantitative evaluation of TGF-31 and p-SMAD3. This analysis validated the signifi-
cant increase in the expression of these molecules in SD+DSS mice compared with the ED+PB+DSS group. P < 0.05 versus SD (*) and SD+DSS (*). DSS, dextran sodium sulfates;
ED, enriched diet; PB, probiotic; SD, standard diet; SMAD, small mothers against decapentaplegic protein; TGF, transforming growth factor.

This study showed that the simultaneous oral administra- fibrosis in the experimental model of DSS-induced colitis. The
tion of a diet enriched with fermented olive cream and a probi- mice receiving ED+PB+DSS showed a reduction in the clinical
otic significantly improved both intestinal inflammation and features and the macroscopic and microscopic parameters of
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Fig. 6. (A, B) Immunohistochemistry of PI3K and p-Akt. Original magnification: 10 x; scale bar: 100 wm. A significant increase in PI3K and Akt expression was seen in DSS-
treated groups compared with ED+PB+DSS mice, in which the positivity was similar to control mice. (C, D) Semiquantitative analysis of PI3K and p-Akt. This analysis con-
firmed the significant increase of these molecules in the SD+DSS group compared with ED+PB+DSS-treated mice. P < 0.05 * versus SD (*) and SD+DSS (*). DSS, dextran sodium
sulfates; ED, enriched diet; p-Akt, phosphorylated protein kinase; PB, probiotic; PI3K, phosphatidylinositol 3-kinase; SD, standard diet.
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significantly reduced in ED+PB+DSS mice compared with the other DSS-tested groups. (C) (D) Semiquantitative analysis of a-SMA and collagen I-III. This analysis highlighted
the significant decrease in the expression of these molecules in ED+PB+DSS-treated mice compared with the other fibrotic groups. P < 0.05 * versus SD; $ versus SD+DSS.
a-SMA, alpha smooth muscle actin; DSS, dextran sodium sulfates; ED, enriched diet; PB, probiotic; SD, standard diet.

large bowel inflammation and fibrosis compared with the mice
in other groups.

Histological analyses revealed that inflammatory infiltrates and
the signs of fibrosis were significantly ameliorated in mice receiv-
ing ED+PB+DSS. In this group, we detected a decreased expression
of the inflammatory molecules IL-1[3, IL-6, and TNF-a compared
with the SD+DSS, ED+DSS, and SD+PB+DSS groups, as supported by
semiquantitative evaluation.

Immunohistochemical and semiquantitative analyses for TGF-
31, p-SMAD3, PI3K, p-Akt, a-SMA, and collagens I-IIl showed a
decreased expression of these inflammatory and fibrotic markers
in the ED+PB+DSS group. These data show the efficacy of the olive
compounds and the probiotic to modulate the profibrotic signaling
induced by both the TGF-3 canonical and noncanonical pathways.

These results show that the oral administration of a diet
enriched in fermented olive cream and Lpb. plantarum IMC513
exerted a beneficial role toward the prevention and development
of chronic inflammation, but only when they had been concomi-
tantly administered (Fig. 8). These results can be explained in part
by the fact that the olive cream used in this study preserved most
of the compounds present in the olive and a retained high concen-
tration of their hydrolyzed hydrophilic derivates, which are par-
tially lost during the separation of extra virgin olive oil.

Some olive cream components may be the preferred fermenta-
tion substrates for Lpb. Plantarum strains, leading to the production
of beneficial metabolites for the gut mucosa, such as short chain
fatty acids [90]. Of the short chain fatty acids, butyrate represents
the main energy substrate of colonocytes and is an important fac-
tor in the regulation of the local intestinal immune response [91].
Furthermore, the reduced production of butyrate is also involved
in colorectal carcinogenesis [92]. Lpb. plantarum strains interacting
with specific components of olive cream may acquire protective
properties for the intestinal mucosa. This study’s data represent a
good starting point to improve understanding of the relationship

between diet habits and intestinal flora composition in order to
identify new approaches for the prevention and/or treatment of
chronic intestinal inflammation such as IBD and its related intesti-
nal fibrosis and cancer. Although the exact etiology of IBD is still
unknown, diet is one of the major environmental factors involved
in its pathogenesis [93—-95] as well in the pathogenesis of other
intestinal disorders such as microscopic colitis and irritable bowel
syndrome [96,97]. Some components of the diet act, on one hand,
by modifying the diversity of the microbiota gut, and on the other,
by acting directly on the metabolism of the intestinal mucosa,
with both processes being responsible for maintaining the
intestinal barrier function. The synergistic action of the phenols
of olive cream with Lpb. plantarum could act in the mainte-
nance or even in the strengthening of the mucosal barrier func-
tions and therefore could have benefits not only for IBD and
irritable bowel syndrome but also for microscopic colitis. Fur-
thermore, the antifibrotic action on the intestine shown by the
association of the olive phenols with Lpb. plantarum could play
a favorable role in preventing or slowing down the fibrogenesis
process that occurs in IBD. Potentially, the phenols of the olive
cream could be used in IBD, microscopic colitis, and irritable
bowel syndrome directly as a dietary supplement or as a food
fortification with these compounds.

Conclusions

This study’s preliminary results prompted us to hypothesize
that olive cream with its potential prebiotic effects and the Lpb.
plantarum IMC513 strain could restore the gut-microbiome ecosys-
tem. It is widely accepted that in general, both prebiotics and pro-
biotics may improve the gut dysbiosis in chronic colitis [94—96].
Further studies are needed to define the cellular and molecular
mechanisms that are modulated by olive cream compounds and by
Lpb. plantarum IMC513.
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are released. A persistent inflammation status leads to myofibroblast activation and consequently to an abnormal deposition of extracellular matrix proteins. These events
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PI3K, phosphatidylinositol 3-kinase; SMAD, small mothers against decapentaplegic protein; TGF, transforming growth factor; TNF, tumor necrosis factor.
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