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Abstract

La somministrazione orale di probiotici ha dimostrato di esercitare effetti positivi nei disordini sia
intestinali che extra-intestinali. Inoltre, un numero crescente di lavori scientifici evidenzia come i
probiotici possano apportare benefici a livello cutaneo non solo dopo assunzione orale ma anche in
seguito ad applicazione topica. Lo scopo del progetto di dottorato € stato quello di valutare gli
effetti in vitro di ceppi selezionati di probiotici su due differenti modelli di epitelio per valutare la
loro capacita di influenzare la riparazione tissutale. A tale scopo, & stato inizialmente analizzato
I'effetto della frazione solubile da lisati di ceppi selezionati di probiotici su un modello di
guarigione di ferita in vitro. Sono stati identificati i ceppi in grado di influenzare la velocita di
riparazione, con particolare attenzione ai due principali processi coinvolti nella guarigione delle
ferite: proliferazione cellulare e migrazione. E stato valutato il coinvolgimento del nitrossido nel
processo di accelerazione indotto dai diversi ceppi batterici analizzando, in particolare,
l'espressione e l'attivita dell’enzima nitrossido sintasi II . I campioni di S. thermophilus, L.
plantarum e L. acidophilus, erano in grado di favorire la riepitelizzazione dei monostrati feriti di
HaCat. Al contrario B. longum, B. infantis e B. breve inibivano il processo di riparazione del
monostrato, mentre L. bulgaricus non aveva alcun effetto.

Le proprieta in grado di favorire o inibire la riparazione del monostrato erano associate alla capacita
dei probiotici utilizzati di up- 0 down -modulare I’espressione e I’attivita della NOS2.

Questi risultati indicano come la scelta del probiotico giusto sia di importanza cruciale, poiché gli
effetti di questi batteri sono altamente ceppo-specifici.

Il secondo modello utilizzato e un modello di barriera epiteliale basato sulle cellule del carcinoma
del colon umano, le CaCo-2. Le CaCo-2 sono ampiamente utilizzate per la loro capacita di
differenziarsi spontaneamente in un monostrato polarizzato quando coltivate su inserti porosi,
assumendo molte caratteristiche morfo-funzionali dell’epitelio intestinale, ed esprimendo proteine
delle Tight Junctions simili a quelle dell'intestino tenue. Gli effetti di una formulazione probiotica
(VIVOMIXX), sono stati analizzati sulla resistenza elettrica trans-epiteliale (TEER), metodo
utilizzato per vautare ’integrita di barriera in vitro, sul flusso di destrano fluoresceinato (FD4),
metodo utilizzato per valutare la permeabilita paracellulare di un monostrato polarizzato e
sull’espressione delle proteine delle tight junctions, come Zonulina-1 (ZO-1) e occludina, in
presenza o assenza di un danno del monostrato cellulare causato da stress termico. Il Vivomixx € in
grado di contrastare la perdita dell'integrita della barriera e 1’aumento della permeabilita
paracellulare indotti dal trattamento con calore. Inoltre, il Vivomixx induceva un aumento dei
livelli di occludina, anche in presenza di stress da calore, dimostrando di avere un effetto protettivo
contro le lesioni intestinali. | nostri dati supportano anche come questo modello in vitro possa
essere utile per testare formulazioni probiotiche allo scopo di rilevare proprieta funzionali in vitro
che potrebbero essere clinicamente rilevanti.
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1. INTRODUCTION

1.1 PROBIOTICS

Probiotics are defined as live microorganisms with health-promoting properties.
The term “probiotics” was used for the first time by Lilly and Stillwell in 1965, but their
positive effects were previously illustrated more than a century ago by Elie Metchnikoff,
the Russian immunologist and Nobel Prize for Physiology or Medicine 1908.
Metchnikoff associated the constant consumption of yogurt to the delay of the aging
process and the promotion of a long life. In his book “The Prolongation of Life” (1907)

(Figure 1), he indicated that putrefactive bacteria present in the gut produce toxins and
other noxious molecules to the host.
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Figure 1. “THE PROLONGATION OF LIFE, OPTIMISTIC STUDIES”, Elie Metchnikoff, 1908

Currently, FAO and WHO (Food and Agriculture Organization of the United
Nations and the World Health Organization) state probiotics as “live microorganisms

that, when administered in adequate amounts, confer a health benefit on the host” [1].


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6521300/#B1-nutrients-11-00788

At birth, diverse commensal microorganisms begin colonizing the human body
and remain during the course of life [2] (Figure 2).
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Figure 2. Comparison of diet and gut microbiota variations throughout life. Habitual diet plays a role in shaping the
gut microbial environment, and hence, microbial composition. Dietary diversity has been associated with microbial
diversity. Throughout the year, the human diet tends to display a cyclical seasonal pattern due to seasonal availability
and dietary preferences. Large day to day variations in diet are not reflected in the gut microbiota, suggesting that
overall dietary habits have a greater impact on gut microbial composition [2].

Commensal bacteria present in symbiotic communities are able to survive
without harming host health whereas hindering pathogenic microorganisms which can
alter host barriers and contribute to disease pathogenesis [1]. Of interest, a noteworthy
co-evolution and functional integration have been established between microbiota and
the human body indicating that the microbiome plays a main role on multiple
physiological functions such as defense against infections and modulation of the
immune response. The importance of in maintaining host health was recognized early
in gut microbiota research. It was demonstrated that germ-free animals are more
sensitive to pathogen colonization [3], have impaired mucosal wound healing [4], and
are more prone to chemical intoxication [5].

There is growing evidence that human microbiota can exert effects at sites quite
distant from the niches in which they reside. For instance, it was shown that gut bacteria

can affect memory and anxiety of animal models [6]. Interestingly, low microbiota


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5854537/#R3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5854537/#R4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6521300/#B7-nutrients-11-00788

diversity in the gut has been associated with increased asthma at school age [7]. In this
regard, probiotic action is not limited to the gut, but also imparts their beneficial effects
at distant sites and organs. Thushara et al. [8] reviewed experimental and clinical studies
of probiotic action against cardiovascular disorders, and an update of their effects on
metabolic diseases was provided by Aggarwal et al. [9]. Moreover, it has been
demonstrated that probiotic consumption results in production of anti-inflammatory
agents that promote bone health and integrity and protect against primary (estrogen-
deficiency) and secondary osteoporosis [10]. Similarly, probiotics have also been tested
for their wound-healing abilities, protection against UV-induced photodamage, and also
for alleviation of symptoms in skin diseases, such as dermatitis and psoriasis [11]. One
of the most exciting research areas is their potential functional impact on the nervous
system and neurological diseases. Studies in animal models have shown that
consumption of probiotics can lead to decreased rate of stress- and anxiety-related
symptoms [12]. Furthermore, probiotics have been documented in preclinical studies to
suppress pro-inflammatory and oxidative damage responses in the brain, and thus,
minimize the symptoms of neurodegenerative and demyelinating diseases [13].
However, as clinical evidence that supports probiotic action at distant sites is limited,
no specific recommendations and medical guidelines for appropriate administration are
available [14]. Due to important local and systemic effects of gut microbiota,
approaches that manipulate its composition to improve host metabolic, immunological,
and physiological functions, have become of growing importance. This led to the
identification of beneficial bacterial species that belong to symbiotic microbiota and
improve host welfare.

The most common microorganisms used as probiotics are lactic acid bacteria
(LAB), particularly the genus: Lactobacilli, Streptococci, Pediococcus, Enterococcus,
Bifidobacteria, and some yeast like Saccharomyces boulardii [15]. However, not all the
bacteria can be probiotic, as they need to be strain-specific. Probiotics have been
reported to be beneficial in the treatment or prevention of cutaneous inflammatory
conditions [16], prevention and management of diabetes [17], respiratory tract
infections [18], various gastro-intestinal (GI) disorders [19,20], urogenital infections

[21] and ulcerative colitis [22]. Recent studies also focused on the application of non-


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6521300/#B8-nutrients-11-00788
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viable probiotic metabolites, termed postbiotics, as a safer alternative to probiotics
[23,24,25] (Figure 3).
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Figure 3. Probiotic versus Prebiotic versus Postbiotic: The definition.



Postbiotics gained special importance in the treatment of inflammatory
disorders, where the application of live bacteria bears the risks associated with excessive
activation of the immune system. Several articles reviewed their mechanisms of action,
which include modulation of the immune system, induction of anti-inflammatory and
anti-oxidant responses, competitive pathogen exclusion, as well as production of anti-
microbial substances [26,27] (Figure 4).
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Figure 4. Specific postbiotic have local and systemic effects

1.1.1 Selection criteria and requirements for probiotic strains
According to the suggestions of the WHO, FAO, and EFSA (the European Food

Safety Authority), in their selection process, probiotic strains must meet both safety and



functionality criteria, as well as those related to their technological usefulness (Table
1). Probiotic characteristics are not associated with the genus or species of a
microorganism, but with few and specially selected strains of a particular species [28].
The safety of a strain is defined by its origin, the absence of association with pathogenic
cultures, and the antibiotic resistance profile. Functional aspects define their survivalin
the gastrointestinal tract and their immunomodulatory effect. Probiotic strains have to
meet the requirements associated with the technology of their production, which means
they have to be able to survive and maintain their properties throughout the storage and
distribution processes [29]. Probiotics should also have documented pro-health effects
consistent with the characteristics of the strain present in a marketed product. Review
papers and scientific studies on one strain may not be used for the promotion of other
strains as probiotics. It has to be considered, as well, that the studies documenting
probiotic properties of a particular strain at a tested dose do not constitute evidence of
similar properties of a different dose of the same strain. Also, the type of carrier/matrix
is important, as it may reduce the viability of a particular strain, thus changing the

properties of a product [30].

Table 1. Selection criteria of probiotic strains
CRITERION REQUIRED PROPERTIES

Human or animal origin.

Isolated from the gastrointestinal tract of healthy individuals.

History of safe use.

Precise diagnostic identification (phenotype and genotype traits).

Absence of data regarding an association with infective disease.

Absence of the ability to cleave bile acid salts.

No adverse effect.

Absence of genes responsible for antibiotic resistance localized in non-stable elements.

Safety

Competitiveness with respect to the microbiota inhabiting the intestinal ecosystem.
Ability to survive and maintain the metabolic activity, and to grow in the target site.
Resistance to bile salts and enzymes.

Resistance to low pH in the stomach.

) ) Competitiveness with respect to microbial species inhabiting the intestinal ecosystem
Functionality (including closely related species).

e Antagonistic activity towards pathogens (e.g., H. pylori, Salmonella sp., Listeria
monocytogenes, Clostridium difficile).

o Resistance to bacteriocins and acids produced by the endogenic intestinal microbiota.

o Adherence and ability to colonize some particular sites within the host organism, and an
appropriate survival rate in the gastrointestinal system.

e Easy production of high biomass amounts and high productivity of cultures.
Technological ¢ Viability and stability of the desired properties of probiotic bacteria during the fixing process
usability (freezing, freeze-drying), preparation, and distribution of probiotic products.

o High storage survival rate in finished products (in aerobic and micro-aerophilic conditions).




Table 1. Selection criteria of probiotic strains
CRITERION REQUIRED PROPERTIES
e Guarantee of desired sensory properties of finished products (in the case of the food
industry).
e Genetic stability.
o Resistance to bacteriophages.

1.1.2 Probiotic microorganisms

Human probiotic microorganisms belong mostly to the following genera:
Lactobacillus, Bifidobacterium, and Lactococcus, Streptococcus, Enterococcus.
Moreover, strains of Gram-positive bacteria belonging to the genus Bacillus and some
yeast strains belonging to the genus Saccharomyces are commonly used in probiotic
products [31].

Probiotics are subject to regulations contained in the general food law, according
to which they should be safe for human and animal health. In the USA, microorganisms
used for consumption purposes should have the GRAS (Generally Regarded As Safe)
status, regulated by the FDA (Food and Drug Administration). In Europe, EFSA
introduced the term of QPS (Qualified Presumption of Safety). The QPS concept
involves some additional criteria of the safety assessment of bacterial supplements,
including the history of safe usage and absence of the risk of acquired resistance to
antibiotics [32,33]. Table 2 presents probiotic microorganisms contained in

pharmaceutical products and as food additives.

Table 2. Probiotic microorganisms used in human nutrition

Type Lactobacillus Bifid c;ll-));\?:teerium Other Lactic Acid Bacteria Other Microorganisms
L. acidophilus @* B. adolescentis @ |Enterococcus faecium @ Bacillus clausii @*
L. amylovorus ®* B. animalis @*  [Lactococcus lactis ®=* Escherichia coli Nissle 1917 @
L. casei @.b).x B. bifidum @ Streptococcus thermophilus ®*  |Saccharomyces cerevisiae (boulardi) @
L. gasseri @ B. breve ®
L. helveticus @ B. infantis @
L. johnsonii ®* B. longum @
L. pentosus ®)=*
L. plantarum ®)*
L. reuteri @*
L. rhamnosus ®-®)*

@Mostly as pharmaceutical products; ®mostly as food additives; * QPS (Qualified Presumption of Safety)
microorganisms.

1.1.3 Mechanism of action of probiotics




A significant progress has been observed lately in the field of studies on
probiotics, mostly in terms of the selection and characteristics of individual probiotic
cultures, their possible use, and their effect on health. Probiotics have numerous
advantageous functions in human organisms [34] (Figure 5).
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Figure 5. Diverse mechanisms are likely to drive probiotic benefits to host health [34]. In some cases, such as
production of antimicrobial products and cross-feeding other resident microorganisms, these mechanisms are driven
directly by interactions with the resident microbiota. In other cases, such as direct interaction with immune cells, their
effects might be direct via interaction with host cells. Overall, clinical benefits delivered by probiotics could result
from the combined action of several mechanisms. GABA, gamma-aminobutyric acid.

Their main advantage is the effect on the development of the microbiota
inhabiting the organism in the way ensuring proper balance between pathogens and the
bacteria that are necessary for a normal function of the organism [35]. Live
microorganisms meeting the applicable criteria are used in the production of functional
food and in the preservation of food products. Their positive effect is used for the
restoration of natural microbiota after antibiotic therapy [36,37]. Another function is
counteracting the activity of pathogenic intestinal microbiota, introduced from
contaminated food and environment. Therefore, probiotics may effectively inhibit the

development of pathogenic bacteria, such as Clostridium perfringens [38],
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Campylobacter jejuni [39], Salmonella enteritidis [40], Escherichia coli [41], various
species of Shigella [42], Staphylococcus [43], and Yersinia [44], thus preventing food
poisoning. A positive effect of probiotics on digestion processes, treatment of food
allergies [45], candidoses [46], dental caries [47], and periodontitis [48] has been
confirmed. Probiotic microorganisms such as Lactobacillus plantarum [49],
Lactobacillus reuteri [50], Bifidobacterium adolescentis, and Bifidobacterium
pseudocatenulatum [51] are natural producers of B group vitamins (B1, B2, B3, B6, B8,
B9, B12). They also increase the efficiency of the immunological system, enhance the
absorption of vitamins and mineral compounds, and stimulate the generation of organic
acids and amino acids. Probiotic microorganisms may also be able to produce enzymes,
such as esterase, lipase, and co-enzymes A, Q, NAD, and NADP. Some products of
probiotics’ metabolism may also show antibiotic (acidophiline, bacitracin, lactacin),
anti-cancerogenic, and immunosuppressive properties [52,53].

Molecular and genetic studies allowed the determination of the basics of the
beneficial effect of probiotics, involving four mechanisms [54]:

1. Antagonism through the production of antimicrobial substances;
2. Competition with pathogens for adhesion to the epithelium and for nutrients;
3. Immunomodulation of the host;

4. Inhibition of bacterial toxin production.

The first two mechanisms are directly associated with their effect on other
microorganisms. Those mechanisms are important in prophylaxis and treatment of
infections, and in the maintenance of balance of the host’s intestinal microbiota. The
ability of probiotic strains to co-aggregate, as one of their mechanisms of action, may
lead to the formation of a protective barrier preventing pathogenic bacteria from the
colonization of the epithelium [55]. Probiotic bacteria may be able to adhere to epithelial
cells, thus blocking pathogens. That mechanism exerts an important effect on the host’s
health condition. Moreover, the adhesion of probiotic microorganisms to epithelial cells
may trigger a signalling cascade, leading to immunological modulation. Alternatively,
the release of some soluble components may cause a direct or indirect (through epithelial
cells) activation of immunological cells. This effect plays an important role in the
prevention and treatment of contagious diseases, as well as in chronic inflammation of

the alimentary tract or of a part thereof [35].
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Results of in vitro studies indicate the role of low-molecular-weight substances
produced by probiotic microorganisms (e.g., hydroperoxide and short-chain fatty acids)
in inhibiting the replication of pathogens [35]. For example, Lactobacillus genus
bacteria may be able to produce bacteriocins, including low-molecular-weight
substances (LMWB—antibacterial peptides), as well as high-molecular-weight ones
(class 111 bacteriocins), and some antibiotics. Probiotic bacteria (e.g., Lactobacillusand
Bifidobacterium) may produce the so-called de-conjugated bile acids (derivatives of bile
acids), demonstrating stronger antibacterial effect than the bile salts produced by their
host [35,56]. Further studies are necessary to explain the mechanism of acquiring
resistance to their own metabolites by Lactobacillus genus bacteria. The nutrient
essential for nearly all bacteria, except for lactic acid bacteria, is iron. It turns out that
Lactobacillus bacteria do not need iron in their natural environment, which may be their
crucial advantage over other microorganisms [57]. Lactobacillus delbrueckii affects the
function of other microbes by binding iron hydroxide to its cellular surface, thus making
it unavailable to other microbes [58].

The immunomodulatory effect of the intestinal microbiota, including probiotic
bacteria, is based on three, seemingly contradictory phenomena [59]:

1. Induction and maintenance of the state of immunological tolerance to
environmental antigens (nutritional and inhalatory);

2. Induction and control of immunological reactions against pathogens of
bacterial and viral origin;

3. Inhibition of auto-aggressive and allergic reactions.

Probiotic-induced immunological stimulation is also manifested by the increased
production of immunoglobulins, enhanced activity of macrophages and lymphocytes,
and stimulation of y-interferon production. Probiotics may influence the congenital and
acquired immunological system through metabolites, components of the cellular wall,
and DNA, recognized by specialized cells of the host (e.g., those equipped with
receptors) [35]. The principal host cells that are important in the context of the immune
response are intestinal epithelial cells and intestinal immune cells. Components of the
cellular wall of lactic acid bacteria stimulate the activity of macrophages. Those, in turn,
are able to destroy microbes rapidly by the increased production of free oxygen radicals
and lysosomal enzymes. Probiotic bacteria are also able to stimulate the production of

cytokines by immunocompetent cells of the gastrointestinal tract [60,61] (Figure 6).
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On the other hand, the immunological activity of yeast is associated with the
presence of glucans in their cellular wall. Those compounds stimulate the response of
the reticuloendothelial system [62]. The last of the abovementioned probiotic effects—
inhibition of the production of bacterial toxins—is based on actions leading to toxin
inactivation and help with the removal of toxins from the body. Help in detoxification
from the body can take place by adsorption (some strains can bind toxins to their cell
wall and reduce the intestinal absorption of toxins) but can also result from the

metabolism of mycotoxins (e.g., aflatoxin) by microorganisms [63,64,65].
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However, not all probiotics exhibit detoxifying properties, as it is a strain-related
characteristic. Studies should therefore be conducted to select strains with such
characteristics. The effectiveness of some probiotics in combating diarrhea is probably
associated with their ability to protect the host from toxins. The reduction of metabolic
reactions leading to the production of toxins is also associated with the stimulation of
pathways leading to the production of native enzymes, vitamins, and antimicrobial
substances [35].

Most probably, all of the abovementioned mechanisms of probiotic action have
an effect on the protection against infections, cancer, and the stabilization of balance of
the host’s intestinal microbiota. However, it seems unlikely that each of the probiotic
microorganisms has properties of all four aspects simultaneously and constitutes a
universal remedy to multiple diseases. An important role in the action of probiotics is
played by species- and strain-specific traits, such as: cellular structure, cell surface, size,
metabolic properties, and substances secreted by microorganisms. The use of a
combination of probiotics demonstrating various mechanisms of action may provide

enhanced protection offered by a bio-therapeutic product [54].

1.2 PROBIOTICS AND GUT

A complex ecosystem of microorganisms is present in the human gastrointestinal
tract, acting as commensal can perform several functions useful for the host, such as
secrete different nutrients, defend against intestinal pathogens, and affect a
physiological immunological response. When this ecosystem appears unbalanced, it’s
necessary to restore the equilibrium to preserving the health condition of the host by
introducing selected bacteria strains as probiotics into diet or as pharmaceutical
formulas and functional food. The selected probiotics have several effects due
principally to their immune system modulation and anti-inflammatory properties, which
justify their use for the treatment of chronic diseases. The clinical studies report
numerous benefic applications of probiotics on several diseases as gastrointestinal
diseases (e.g., irritable bowel syndrome, gastrointestinal disorders, inflammatory bowel
disease, diarrheas) and allergic diseases (e.g., atopic dermatitis) as well as obesity,
insulin resistance syndrome, type 2 diabetes, and non-alcoholic fatty liver disease and

also in aging. Other positive effects of probiotic use have been reported in different
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types of cancer through recommended doses and specific formulations, suggesting that
probiotic effects are related to the selected strain, to the combination of multiple strains,
dose, and single component.

In the face of widespread diseases and aging societies, the use of comprehension
on microbiocenosis of the gastrointestinal tract and the beneficial effect of probiotic
bacteria is becoming increasingly important. The eating of pre-processed food (fast
food), with excessive amounts of fat and insufficient amounts of vegetables, is another
element of the dangerous alteration of human gut microbiota. It's becoming more and
more evident that the healthy intestinal microorganisms and its necessary modification
with probiotic preparations may protect the individuals against intestinal problems and
influence the overall improvement of health [66].

1.2.1 Anti-inflammatory effects of probiotics in intestinal chronic diseases

The chronic intestinal diseases, including inflammatory bowel diseases (IBDs),
necrotizing enterocolitis (NEC), and malabsorption syndromes, represent the most
serious pathological conditions both in the developed regions and in the developing ones
[67,68]. Ulcerative colitis (UC), Crohn’s disease (CD), pouchitis, and microscopic
colitis, included in inflammatory bowel diseases (IBDs), arise from an alteration of the
epithelial barrier function with the addition of the innate immunity and commensal
enteric bacteria [66,69,70] (Figure 7).
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Figure 7. Summary of probiotic anti-inflammatory effects in intestinal chronic diseases in different scientific
approaches. DSS, dextran sulfate sodium; IBD, inflammatory bowel disease; MAPK, mitogen-activated protein

kinase; NF-«B, nuclear factor kappa-B; SCFA, short-chain fatty acids; TNBS, 2,4,6 trinitrobenzenesulfonic acid;
TLR, toll-like receptor; UC, ulcerative colitis [66].

The IBD patients are currently treated with topical or systemic 5-aminosalicylic
acids (5-ASA), corticosteroids, or immunomodulators to induce and maintain the
remission [71,72]. Clinical benefits are also obtained with selected probiotics thanks to
their ability to affect the intestinal microbiota [73,74], and for their anti-inflammatory

properties.

In vitro studies

In vitro studies demonstrate strain-specific anti-inflammatory effects of
probiotics on several cell models of the intestinal epithelium, in particular using
conditions in which the functional epithelial barrier is compromised [75]. Previous
reports showed that in UC patients the DCs showed [76,77] an inadequate ability to
stimulate the T-cell response, the stimulated T-cells were characterized by high levels
of skin-homing markers and augmented secretion of IL-4 was associated with reduced
release of IL-22 and interferon (IFN)-y. When UC-derived DCs were treated with
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Lactobacillus casei Shirota (LcS), the normal stimulatory ability was detected through
a reduction of the expression of the Toll-like receptor (TLR)-2 and TLR4 [76,77], well-
known pattern recognition receptors able to identify several microbial components [78].
Wau et al. [79] reported the effect of Lactobacillus plantarum strain CGMCC1258 on
IPEC-J2 monolayer model damaged by enterotoxigenic Escherichia coli K88, the
epithelial permeability, the inflammatory cytokine expressions, and the levels of tight
junction proteins were analyzed. The L. plantarum treatment was able to reduce the
MRNA levels of IL-8, tumor necrosis factor (TNF-a), and negative regulators of TLRs
and the occludin expression at the level of gene and protein [79]. The obtained data
suggested that the anti-inflammatory effects of this selected probiotic involved the
TLR modulation nuclear factor kappa-B (NF-«B) and mitogen-activated protein kinase
(MAPK) pathways [79]. In another study, the ability of Lactobacillus delbrueckii subsp.
delbrueckii TUA4408L to affect the activation of the MAPK and NF-xB pathways
induced by E. coli 987P in PIE cells was investigated. The results showed that L.
delbrueckii was able to downregulate these mechanisms via the upregulation of TLR
negative regulators [80].

Prisciandaro et al. [81] studied the capacity of cell-free supernatants (CFS) from
E. coli Nissle 1917 and Lactobacillus rhamnosus GG to avoid 5-fluorouracil-induced
damage to IEC-6. Indeed, the enterocyte apoptosis and the loss of the intestinal barrier
function induced by 5-fluorouracil were hindered (inhibit or prevent) when the selected
strains were added before the damage, suggesting a preventive effect on the alteration
of intestinal mucosa.

Previously, Bermudez-Brito and his group evaluated in vitro the anti-
inflammatory effects of selected probiotic strains using human DCs derived from
CD34+ progenitor cells (hematopoietic stem cells) isolated from umbilical cord blood,
obtaining a cell system similar to the lamina propria DCs in the gut [82-84]. The
intestinal-like human DCs were incubated with Bifidobacterium breve CNCM 1-4035
or its CFS, and Salmonella typhi CECT 725, and the TLR-9 gene transcription appeared
up-regulated. Also, the pro-inflammatory cytokines and chemokines were reduced when
DCs were threatened with S. typhi in the presence of CFS. The similar results were
obtained using Lactobacillus paracasei CNCM 1-4034, and its CFS in the human
intestinal DCs damaged with S. typhi CECT 725. Moreover, the treatment with L.
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paracasei CNCM 1-4034 induced the TGF-B2 secretion, while the CFS stimulated
innate immunity via the TLR signaling activation. Furthermore, when the DCs were
challenged with E. coli CECT 742, CECT 515, and CECT 729, the treatment with L.
rhamnosus CNCM 1-4036 stimulated the production of TGF-p1 and TGF-2 and TLR-
2 and TLR-4 gene expression also while the CFS augmented the TGF-B1 release and
the TLR-1 and TLR-5 gene expression [82-84]. Based on this evidence, it surmises that
the inhibitory effect of specific probiotic strains and CFS on the pro-inflammatory
cytokine expression is mediated by TLRs.

In vivo studies
Animals

The experimental animal models widely used to evaluate the anti-inflammatory
effects of probiotics are represented by spontaneous and chemically induced colitis. In
these systems, the animals were supplemented with probiotics, and a downregulated
production of inflammatory cytokines, as well as regulatory mechanisms, were observed

depending on the strain selected [75].

Dextran Sulfate Sodium. Dextran sulfate sodium (DSS)-induced colitis in Swiss mice
represents a reliable model of UC to investigate the anti-inflammatory effects of
Lactobacillus acidophilus, L. plantarum, Bifidobacterium lactis, B. breve, and inulin.
The aforementioned probiotics were able to reduce the colitis severity and the nitric
oxide (NO) levels detected in the supernatants of peritoneal macrophage cultures [85].

Atkins et al. [86] observed the effects of Lactobacillus reuteri BR11 treatment
on experimental animal IBD model obtained by 2% DSS administration. In particular,
L. reuteri BR11 or L. reuteri BR11 mutants deficient in the cystine-uptake system were
supplemented for 12 days. When the wild-type strain was administrated, the 1BD
severity was partially reduced, while the treatment with mutant strain was not able to
alleviate DSS-induced colitis.

Cui et al. [87] investigated the therapeutic effects of Lactobacillus fermentum
CCTCC M206110, Lactobacillus crispatus CCTCC M206119, and L. plantarum
NCIMB8826 on experimental colitis in BALB/c mice treated with DSS. The results
showed that L. fermentum CCTCC M206110 treatment caused a reduced weight loss,
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colon length shortening, disease activity index scores, and histologic scores, while the
L. crispatus CCTCC M206119 treatment provoked greater weight loss and colon length
shortening, histologic scores, and more severe inflammatory infiltration. The
administration of L. plantarum NCIMB8826 enhanced the weight loss and colon length
shortening, but it was not able to affect the disease activity index and histologic damage
in the colitis model [87]. Moreover, the L. crispatus CCTCC M206119 supplement
worsened DSS-induced colitis, while L. fermentum CCTCC M206110 effectively
improved DSS-induced colitis.

Wong et al. [88] previously studied the effect of the intrarectal administration of
mouse cathelin-related antimicrobial peptide (NCRAMP) on DSS-induced colitis. The
results demonstrated that the treatment maintained the mucus layer and decreased the
pro-inflammatory cytokine secretion. In this study, a mutant of Lactococcus lactis
NZ3900, able to produce mMCRAMP, was used in a murine model of DSS-induced colitis
for seven days. The treatment with cathelicidin-transformed L. lactis improved the
clinical symptoms, maintained crypt integrity and the mucus content, and significantly
decreased the number of apoptotic cells, myeloperoxidase (MPO) activity, and
malondialdehyde level.

Hong et al. [89] investigated a combination of Lactobacillus brevis HY7401,
Lactobacillus sp. HY7801, and Bifidobacterium longum HY8004 in an acute DSS-
induced colitis model for a week. The results reported an increase of the acetate,
butyrate, and glutamine levels, in addition to reduced levels of trimethylamine, in the
feces of the probiotic group when compared to the DSS-alone-treated mice. The data
demonstrated that the benefic probiotic effects against DSS-induced colitis were based
on the modulation of the gut microbiota.

E. coli Nissle, 1917 was tested in a mouse model of reactivated colitis. A mouse
model of reactivated colitis obtained by adding DSS for five days and by subsequent
exposure to DSS after two weeks later was used to evaluate the effect of E. coli Nissle,
1917 administration. In this animal model following probiotic administration, the
intestinal anti-inflammatory effects, attenuated colitis reactivation, as well as a
reduction of the expression of pro-inflammatory cytokines and increased intestinal
mucin-like and zona occludens-1 expression were observed [90]. Moreover, the effects

of L. rhamnosus NutRes 1 and B. breve NutRes 204 were analyzed on a DSS-induced
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chronic murine colitis model induced by two DSS treatment cycles with a 10-day rest
period. After the first DSS treatment cycle, probiotic exposure was administrated and
continued until the end of the experiment. L. rhamnosus NutRes 1, but not B. breve
NutRes 204, rapidly and effectively improve the DSS-induced bloody diarrhea during
the resolution phase. However, L. rhamnosus supplementation caused an augmented
expression of TLR2, TLR6, chemokine (C-C motif) ligand 2, IL-1B, TNF-o, and 1L-6
in DSS-treated mice. These results suggest caution in the use of probiotics in the relapse
stages of IBD [91].

The administration of capsules with bifidobacteria, lactobacilli, and
Streptococcus thermophilus DSM24731 to mice exposed to 5, 10, and 15 cycles of DSS
was able to reduce the disease activity index score and colon inflammation, as well as
the histological alterations and the incidence of colonic dysplastic lesions in the three
periods studied. Moreover, the probiotic mixture induced a reduction of the proliferating
cell nuclear antigen labeling index and TNF-a, IL-1B, IL-6 secretion, and
cyclooxygenase (COX)-2 expression, and increased IL-10 levels in colon tissue in the
three periods assayed [92]. Also, when the rats were exposed with DSS for seven days,
the probiotic formulation showed anti-inflammatory properties, such as decreasing the
disease activity index, MPO activity, INOS, COX-2, NF-kB, TNF-a, IL-6, and p-Akt
expression, and augmentation IL-10 expression in colonic tissue. Also, the probiotic
treatment decreased TNF-a and IL-6 and increased IL-10 levels in the serum [93]. In
another work, probiotic exposure studied in acute intestinal ischemia/reperfusion injury
in adult 129/SvVEv mice, was able to reduce local tissue inflammation and injury with a
significant concomitant significant reduction in active IL-1pB levels and MPO level in
the tissue. Active NF-kB levels were significantly higher in the control group, consistent
with the tissue inflammation. Inflammation was attenuated by probiotic administration.
Finally, the administration of bifidobacteria, lactobacilli, and S. thermophilus did not
cause any systemic inflammation or lung injury [94].

Zhang et al. [95] investigated the effect of Bacillus subtilis R179 in a mouse DSS

model of colitis, reporting an improvement of the gut inflammation and dysbiosis.

2,4,6-Trinitrobenzenesulfonic Acid. The effect of L. plantarum 21 on inflammatory

molecules in 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis in rats hasbeen
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investigated. L. plantarum 21 exposure for 14 days after the induction of colitis, reduced
thiobarbituric acid reactive substances (TBARS) and NO, and increased glutathione
concentrations. The IL-1p and TNF-a cytokines, were down-regulated, whereas I1L-10
has up-regulated in L. plantarum 21-exposed rats. Moreover, probiotic treatment
reduced the macroscopic colonic damage and histopathological changes induced by
TNBS [96]. The effects of lactobacilli and bifidobacteria treatment on TNF-a and TLR4
expression in a rat colitis model stimulated by TNBS were also evaluated. The treatment
with probiotics for two weeks did not affect TLR4 and TNF-a expression, while when
the exposure was for four weeks, significant reductions were detected in rats treated
with probiotics compared with the TNBS control group [97]. Eeckhaut et al. [98]
investigated the effects of Butyricicoccus pullicaecorum CCUG 55,265 on a rat colitis
model with TNBS and a Caco-2 cell model. The results reported that B. pullicaecorum
treatment caused a significant protective effect as detected with macroscopic and
histological criteria and a reduction of intestinal MPO, TNF-a, and 1L-12 levels. Also,

B. pullicaecorum supernatant prevented the increase of the TNF-a- and IFN-y-induced

IL-8 release in a Caco-2 cell model.

Other intestinal inflammation models. An aberrant immune response towards the
intestinal microbiome is the main cause of chronic enteropathies (CE). The in vitro
effects of the probiotic Enterococcus faecium NCIMB 10,415 E1707 were previously
evaluated in a canine cell model. However, the in vivo efficacy was not detected. Dogs
with CE were prospectively used and treated with a hydrolyzed elimination diet, in
addition to either a synbiotic product containing E. faecium NCIMB 10,415 E1707 ora
placebo for six weeks. Both veterinary staff and owners were blinded to the treatment.
Of the 45 cases recruited, 12 completed the clinical trial. In the project, the symbiotic
product was administrated to seven dogs and placebo products to five animals. The
clinical efficacy and histology scores did not show a difference between groups or
treatments [99]. Casp-1 and NLRP3 gene expression was decreased in the CE samples
if compared with the controls. When E. faecium NCIMB 10,415 E1707 were ex Vvivo
administrated, the NLRP3 expression reduced in the control samples [99]. Another
intestinal malfunction mouse model was obtained with lincomycin hydrochloride and

the effects of L. delbrueckii subsp. bulgaricus were evaluated. The results showed that
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L. delbrueckii treatment induced an increase of secretory immunoglobulin A and
reduction of pathological intestinal damage [100]. In a rat model of chronic
inflammation caused by N,N-dimethylhydrazine, the secretion of IL-2, IL-6, IL-17, and
TNF-a, as well as the levels of NF-xB, COX-2, and iNOS, and the depletion of goblet
cells were evaluated using L. plantarum LS/07 CCM7766 alone or in combinationwith
inulin. The results showed removal of the inflammatory process in the jejunal mucosa
due to inhibition of the release of pro-inflammatory cytokines and stimulation of IL-10
cytokine synthesis, while the TGF-B1 levels did not change significantly [101]. L.
rhamnosus OLL2838, Bifidobacterium infantis ATCC 15,697, and S. thermophilus Sfi
39 were assessed on the maturation of bone marrow-derived DCs from mice [102]. S.
thermophilus Sfi 39 basically induced 1L-12 and TNF-a, while L. rhamnosus OLL2838
stimulated substantial levels of IL-10 and NO secretion [102]. Moreover, L.rhamnosus
OLL2838 when it was studied on an in vivo model of gluten-specific enteropathy high
levels of intestinal IFN-y, augmented cell apoptosis in lamina propria and decreased
intestinal glutathione S-transferase activity were reported. In addition, the total
glutathione and glutathione S-transferase activity increased after probiotic treatment,
while caspase-3 activity was decreased. However, the recovery of the normal histology
and the high intestinal IFN-vy level probiotic strain failed to recover the normal histology
and further increased intestinal IFN-y [102]. In conclusion, Wu et al. recognized a new
role of probiotics in stimulating vitamin D receptor (VDR), thus constraining
inflammation, by cell models and VDR knockout mice [103]. The probiotics L.
rhamnosus GG ATCC 53,103 and L. plantarum enhanced VDR protein expression in
both mouse and human intestinal epithelial cells. In addition, the ability of probiotics in
modulating VDR signaling was evaluated in vivo using a Salmonella typhimurium
ATCC 14,028-induced colitis model in VDR knockout mice. The treatment with
probiotic physiologically and histologically protected the mice from colitis, but no effect
was detectable in knockout mice. Probiotic treatment also increased the number of
Paneth cells, which produce AMPs for host defense [103]. Animal models seem to be
more widely employed than cell models for evaluating of probiotic roles. Even if
probiotic treatment can ameliorate clinical symptoms, histological modifications, and

mucus secretion in the majority of the analyzed studies, some observations suggest that

22



attention should be taken when the probiotics are administered in the relapse stages of
IBD. Moreover, no effects on chronic enteropathies were observed.

Humans

Ulcerative colitis. UC, a chronic IBD, is identified by acute exacerbations of intestinal
complications, followed by remissions. Moreover, UC is with unknown etiology, seem
to be provoked by an unnecessary immune response to endogenous bacteria in
genetically predisposed individuals. Therefore, an appealing therapy for UC consistsof
manipulating intestinal microbiota to decrease the inflammatory ability to colonize
bacteria. Recent studies have reported the efficacy of probiotic therapy in patients with
UC. Tamaki et al. [104] evaluated the usefulness and safety of probiotic treatment with
B. longum 536 in Japanese patients with active UC using an RCT. The probiotic
treatment was able to ameliorate clinical symptoms, such as the UC disease activity
index and Rachmilewitz endoscopic index, in patients with mild to moderately active
UC, however additional studies are needed to explain the efficacy and safety of B.
longum 536 for UC [104]. To evaluate the ability of probiotic treatment for one year,
including a mixture of the strains Streptococcus faecalis T-110, Clostridium butyricum
TO-A, and Bacillus mesentericus TO-A, to prevent the relapse of UC in patients who
were already in remission, a single-center, randomized, double-blind, placebo-
controlled study was performed. The treatment significantly enhanced the relapse rates
at three and nine months, but no differences were observed at 12 months. Moreover,
using the cluster analysis of fecal microbiota, which consists of the molecular method
that compares the diversity and colony structure of microbial complexes, seven subjects
were categorized in cluster I; 32 in cluster 11, which represents the “appropriate intestinal
microbiota”; and seven in cluster III. As a consequence, probiotic treatment could be
useful for UC, especially in cluster | patients [105]. Krag [106] evaluated the clinical
efficacy of profermin on patients with relapsing UC, through a randomized controlled
trial (RCT). The proferin is a food with fermented oats containing L. plantarum 299v
and other ingredients (i.e., barley malt and lecithin). The probiotic supplementation was
able to reduce significantly Simple Clinical Colitis Activity Index (SCCAI) score in

patients with a mild-to-moderate flare-up of UC, showing initially a SCCAI score >5
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and <l. Of note, the treatment with L. plantarum 299v, safe, well-tolerated, and
palatable, showed the ability to cause a significantly clinical decrease in the SCCAI
score when compared with placebo treatment [106].

Crohn’s Disease. The CD patients have a systemic disorder characterized by genetic
susceptibility as an important etiological factor. Several studies have reported
differences in the microbiota of subjects with CD, defined by a decrease of anti-
inflammatory bacteria and an enhancement of pro-inflammatory bacteria respect to the
microbiota of healthy subjects. Some recent studies have investigated the effect of
selected strains on CD. Of note, the effects of E. coli, a member of the phylogenetic
group B2, have been assessed by Petersen et al., along with its association with both CD
and UC [107]. Of note, the probiotic E. coli Nissle, 1917 treatment shows the same
result of the mesalazine in preventing disease flares in UC patients, and also antibiotics
can be useful in the treatment of IBD patients. For this reason, these authors evaluated
if the treatment with ciprofloxacin for one week, followed by treatment with E. coli
Nissle, 1917 for seven weeks, or either of these treatments alone, affect the remission
rate among patients with UC. Nevertheless, the use of E. coli Nissle 1917 as an add-on
treatment to the conventional approach for active UC did not cause benefic effects [107].
The effects of capsules with lactobacilli, bifidobacteria, and S. thermophilus DSM24731
in avoiding the relapse of CD after surgery were investigated [108]. The relapse after
intestinal resection in CD is a relatively common aspect. In this work, within one month
of ileocolonic resection and re-anastomosis, CD patients were grouped and randomly
treated with capsules versus a placebo. Even if the differences in the endoscopic
recurrence rates at day 90 between patients treated with the probiotics strains were not
detected, the mucosal levels of inflammatory cytokines (IL-8 and IL-1p), decreased

among patients who were treated with probiotics.
1.2.2 Colon cancer and probiotics in an animal model

The changes in the gut microbiota composition due to inflammatory and

carcinogenic stimuli may predispose to tumorigenesis [109] (Figure 8).
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Figure 8. A proposed model of the reciprocal relationship between innate immunity and microbiota in the
pathogenesis of colon cancer. During the transition from physiological intestinal epithelium to pathological colorectal
carcinoma, two co-existing factors (i.e. innate immune response and microbial composition) synergistically
determine the fate of malignant transformation on top of host genetic predisposition. Under a healthy diet and
lifestyle, nucleotide-binding oligomerization domain 2 (NOD2) shapes a healthy microbiome via inflammasome-
mediated regulation of antimicrobial peptides (AMP). The healthy microbiota contains Gram-positive bacteria as
probiotics that produces butyrate and large quantities of muramyl dipeptide (MDP). MDP binding to NOD2 induces
inflammasome-dependent autophagy pathways which are involved in the maintenance of epithelial homeostasis.
However, with an unhealthy diet and after exposure to colitogenic and carcinogenic agents, overexpression of Toll-
like receptor 4 (TLR4) instigates proinflammatory, hyperproliferative and anti-apoptotic signals in colonic epithelial
cells after lipopolysaccharide (LPS) binding, and also alters the mucosal defensin level and causes dysbiosis. The
dysbiotic microbiota contains Gram-negative pathobionts with virulence factors and outer lipid membranous product
LPS. Binding to LPS further increases TLR4 expression on cells, leading to a viscous cycle of activation. The
bidirectional aggravation between pathobiont LPS and epithelial TLR4 further contributes to colon tumor
development [109].

\ 4

A study of Zackular et al. [110] detected when the mice were treated with
carcinogen azoxymethane (AOM), and after by the inflammatory compound dextran
sulfate sodium (DSS), dramatic modifications in the microbial community and
significant variations in relative microbial abundances. Moreover, the germ-free mice,
when recolonized with the gut microbiota derived from tumor-bearing mice were able
to develop more tumors compared with those receiving the microbiota of naive healthy
mice after treatment with AOM/DSS. The obtained data indicated that these

modifications directly participate in tumor susceptibility, and the variation of the
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intestinal microbiota was an important factor of colon tumorigenesis. Even if this
protection system has been well verified, other studies have proposed the role of selected
commensal bacteria in restraining inflammation-associated colon tumorigenesis by
stimulating several pathways, which are not definitively acknowledged thus far
[111,112]. Bacterial metabolites have also been observed to have a defensive effect.
Butyrate, for instance, that is a product derived by the fermentative metabolism of
dietary fiber, and resistant starches by selected strains of the Firmicutes phylum can
affect inflammation, epithelial proliferation, and apoptosis [113]. Other studies
highlighted the particular role of Lactobacilli in preventing colon cancer in the animal
model [114-116], thus supporting the protective effects of Lactobacillus acidophilus
and Lactobacillus salivarius on the precancerous growths and colorectal tumorigenesis
in the rat model, respectively. Moreover, another study [117] reported that a specific
strain of Lactobacillus plantarum was able to inhibit the chemical inducted-colon cancer
in the mouse model. It has also been reported that lower intracolonic pH values reduced
the proliferation, and then the activity, of putrefactive carcinogenic bacterial enzymes.
Of note, Chang et al. [114] demonstrated that the low intracolonic pH displayed by the
rats exposed to L. acidophilus at a high dosage for ten weeks reduced the intestinal
populations of carcinogenic bacteria. In conclusion, all these studies are a clear
demonstration that selected strains of probiotics can interfere with exterior conditions,
such as the inflammatory process, dysbiosis, or atypical colon metabolism, leading to

tumorigenesis.

Microorganisms responsible for or protective of colon cancer

Nowadays, it is complex to recognize a particular bacterial population or
variation in their abundance or number of single strains responsible for enhancing tumor
susceptibility and development. Several studies have reported that different bacteria, not
only F. nucleatum or P. gingivalis, but also E. coli, B fragilis, and E. faecalis, were
augmented in patients with CC, whereas the Clostridiales, Faecalibacterium, Blautia,
Bifidobacterium, or Lactobacillus genus were not present [118-120]. Indeed, particular
populations or their level cannot be definitively associated with tumorigenesis.
Clostridia, for instance, are often recognized as oncomicrobes [112,121], however the

complexity of microbiota and the connections between microorganisms (network) in the
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gut does not highlight a particular bacterial profile for tumor progression so far. Of
course, the gut microbiota can be involved in either health or cancer progression through
its inflammatory and proliferative effects likely linked to the context and genetic factors
of the host as well. Moreover, there are many available probiotic strains widely used
clinically, specific Lactobacilli (but also Bifidobacteria) are well described for their
activity and anti-inflammatory role in affecting cytokine production in human dendritic
cells [122]. In a study of Kuugbee et al. [123] the Lactobacillus administration to mice
was able to regulate the expression of Toll-like receptor 2 (TLR2), TLR4, and TLR9,
mainly TLR2, and decrease the tumor incidence. Cancer is generally characterized by
deficient levels of apoptosis, leading to increased survival of malignant cells. The
apoptosis mechanism is very complex, involving many pathways. Gamallat et al. [124]
reported that a selected strain of L. rhamnosus as a preventive measure could decrease
the incidence and diversity of colon tumors by causing cell apoptosis and inhibiting
inflammation. A recent study underlined the importance of specific Lactic acid bacteria
as the progenitor strain due to its inherent positive properties in generating anti-oxidant
enzymes. This study revealed the best anti-cancer effect of mixtures of Lactobacilli by
combining different anti-inflammatory mechanisms and IL-10 production in a colorectal
cancer mouse model [125]. The study by Verna and Shukla [126] reported that the
inhibition of some oncogenic enzymes could be realized by the oral intake of specific
probiotics. Some strains of probiotics metabolize and inactivate specific compounds,
such as the N-nitroso compounds and heterocyclic aromatic amines [127]. All these
activities, in particular, the ability to degrade carcinogenetic enzymes, appear to be
relative to the strain type used as probiotics, as well as on the specific host condition.
Several species of probiotic bacteria, such as L. acidophilus, L. casei, L. plantarum,
Propionibacterium freudenreichii, Lactobacillus delbrueckii, Bifidobacterium infantis,
Bifidobacterium breve, Bifidobacterium longum, and Streptococcus thermophilus are
able to produce conjugated linoleic acids from linoleic acid. The fatty acids generated
by these bacteria can act into the colonocytes by exerting antiproliferative and
proapoptotic functions with locally beneficial effects [128].

Several studies have indicated that the improvement of the quantitative and
qualitative profile of the intestinal microbiota could be achieved through regular

consumption of probiotics. Thus, the trigger of chronic inflammation and the production
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of carcinogenic compounds during intestinal dysbiosis could also be reduced [129-131].
Of note, a study by Liu et al. [131] demonstrated that the regular administration of L.
acidophilus, L. plantarum, and B. longum at a high dosage for about two weeks, was
able to increase the diversity and microbial richness in individuals with CRC undergoing
a colectomy. Here, the intestinal microbiota composition of patients was similar to that
of the healthy subjects. As reported, some intestinal enzymes, such as -glucosidase, -
glucuronidase, nitrate reductase, azoredutase, and 7-o-dehydroxylase, by converting
aromatic hydrocarbons and amines in active carcinogens due to the synthesis of
aglycones, phenols, cresols, ammonia, and N-nitroso compounds, can promote
cytotoxic and genotoxic effects, thereby contributing to the development of colon
cancer. Moreover Hatakka et al. [129] reported that the feeding of selected probiotic
bacteria could negatively affect the activity of these enzymes and avoid colon cancer.
Several selected probiotics are also able to influence the immune response by activating
of phagocytes and contributing to the maintenance of the state of immune-vigilance,
which can remove cancer cells in their early stages of development [132,133]. Of note,
the immunomodulatory properties depend on strain type; the survival and the
persistence in the gut, as well as the posology, can also significantly affect the immune
system. Therefore, not all probiotics can influence the immune system and to avoid the
occurrence of CC. One promising approach for the colorectal cancer treatment consists
of the human microbiota manipulation, and then, the use of specific probiotics. Of note,
few initial studies, especially randomized and controlled, to evaluate if manipulation of
the microbiota in patients treated for colorectal cancer, may affect outcomes, such as the
objective response rate or progression-free survival. However, it has been extensively
described that the regular consumption of probiotics can reduce intestinal permeability
by varying the distribution of cell junction proteins [134,135] and reducing the amount
of potentially carcinogenic substances absorbed and acting negatively on the
colonocytes. Patients with CRC treated with a mixture of probiotics (L. plantarum, L.
acidophilus and B. longum) showed improvement of the outcome and increase of the
levels of cell junction proteins as well as their distribution along the colonic epithelium
[131]. Another factor well investigated in the human tumor is the proapoptotic activity
induced by the consumption of probiotics, such as the increase of TNF-o generation
[136]. Wan et al. [137] established that the probiotic L. delbrueckii was able to induce
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the apoptosis of the tumor cells by increasing the expression of caspase-3. In a
randomized control trial with colon cancer and polypectomized patients, Rafter et al.
[138] showed a decrease of different cancer biomarkers and a reduced genotoxic
exposure (IL-2 and INF-gamma) after oral exposure with L. rhamnosus and B. breve
combination. Recently, Kotzampassi et al. [139] reported that the treatment with a
probiotic formulation was able significantly to reduce all major post-operative
complications in patients undergoing surgery for colon rectal cancer when compared
with placebo treatment (28.6% vs. 48.8%, p = 0.010, OR 0.42). All these studies cannot
demonstrate that probiotic treatment can definitively prevent or heal colon cancer, but
they could represent a starting point for further studies in this interesting field. In these
studies, there are many potential confounding factors such as BMI, smoking, type of
diet, and physical activity. An Italian prospective cohort study described that self-
reported yogurt intake had an inverse association with colorectal cancer risk, but the
authors evidenced that several confounding factors can affect this result [140]. A very
recent and attractive field, the manipulation of the microbiota composition during
immunotherapy for CC may lead to the advance of innovative therapeutic approaches
in colon cancer. These very preliminary researches are highlighting an important
relationship between intestinal microbiota, and the immune system and comprise the
possibility of targeting the microbiota for the improvement of anticancer treatment.
Certainly, further and deeper studies will be necessary to assess the interaction between
the microbiota and colon cancer immunotherapy [141]. Recently, it has become clear
that microbiota, particularly the gut microbiota, can affect the response to cancer
treatment and the sensitivity to dangerous side effects. The demonstration of the ability
of the microbiota to affect chemotherapy, radiotherapy, and immunotherapy with a
particular interest in microbial composition, has started to become very remarkable
[142,143].

1.3 PROBIOTICS AND SKIN HEALTH

Several human studies have investigated the role of oral administration and

topical application of probiotics in a variety of skin conditions [11,144-156] (Figure 9).
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Figure 9. The main mechanisms involved in health benefits of probiotics to the skin [11].

Probiotic bacteria with anti-inflammatory properties have beneficial effects on
people suffering from neurogenic skin inflammation or autoimmune skin diseases. Also,
probiotics can be helpful for non-healing wounds thanks to the ability to protect the
keratinocytes from oxidative stress or to induce skin re-epithelization. Moreover, it has
been demonstrated that specific probiotic strains counteract skin aging by reversing
photodamage. This finding underlines the potential of probiotics as supporting agents
in skin health. However, additional clinical studies are needed to support their routine

utilization in medical practice.

Neurogenic Skin Inflammation. Neurogenic skin inflammation is caused by the over-
expression of inflammatory cytokines induced by stress conditions and affects hair and
skin by reducing hair growth and keratinocyte proliferation, respectively. An in vivo
study on female C57BL/6 mice demonstrated that L. reuteri BM36301 supplementation
caused an active hair growth, counteracted the hair follicle regression, and stopped the
recruitment of activated macrophages and dendritic cells to the perifollicular zone [157].
In another research, the cell-free extract from B. longum was reported to have anti-
inflammatory properties and protect skin from physical and chemical aggression using

an ex vivo skin explant model [150].

Acne Rosacea, and Acne Vulgaris. Alterations in skin microbiota composition and
concurrent bacterial overgrowth in the small intestine are very common features among

people with acne rosacea. Indeed, Propiobacterium acnes overpopulation has been
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documented in acne patients. Conventional therapy to treat acne involves antibiotics
targeting P. acnes. Interestingly, the enhancement of Staphylococcus epidermidis in the
skin population has been reported to exclude P. acnes from sebaceous hair follicles. The
antimicrobial effects of S. epidermidis are related to his ability to produce SCFAs known
to have direct microbicidal actions against P. acnes [158]. Of note, it has been shown
that aqueous cell-free extract of L. brevis DSM17250 can stimulate the proliferation of
S. epidermidis; therefore, the supplementation with this probiotic may have indirect
antimicrobial effects on skin pathogens [159]. Other probiotic strains have the ability to
inhibit P. acnes directly. Results from in vitro experiments reported the antimicrobial
effects against P. acnes of L. casei NCFB 161, L. acidophilus NCFB 1748, L. plantarum
DSM 12028, L. gasseri NCFB 2233, and Lactococcus lactis NCIMB 6681 strains [160].
Also, a bacteriocin produced by Lactococcus sp. HY 449 was effective in inhibiting the
pathogen growth in vitro and when applied topically in human patch tests [161].
Probiotic supplementation could also be used for the improvement of inflammation, a
crucial aspect of acne onset. The probiotic strain Escherichia coli Nissle 1917
administered orally to patients with acne and other intestinal-borne dermatoses was able
to decrease pro-inflammatory cytokines levels, and normalized immunoglobin-A (IgA)
counts and gut function compared to control group. In addition, the skin lesions were
significantly smaller or completely recovered [162]. Insulin signaling is a decisive factor
in post-adolescence acne vulgaris onset. Insulin, insulin-like growth factor-1 (IGF-1),
and defective nuclear transcription factor forkhead box protein O1 (FOXO1) promote
acne by stimulating sebaceous lipogenesis and androgen signaling. A recent clinical
study reported that consumption of L. rhamnosus SP1 for 12 weeks decreased IGF-1
and increased FOXO1 gene expression that, in turn, resulted in alleviation of acne

manifestations in adult patients [163].

Psoriasis. Chronic inflammation is an important factor in the development of
autoimmune diseases. In particular, T-cells residing in the skin of patients with psoriasis
overproduce IL-17 in response to 1L-23, causing the production of pro-inflammatory
mediators (such as IL-1B, IL-6, IL-8, TNF-a) and chemoattractants from keratinocytes.
These signaling molecules further amplify chronic skin inflammation and cause

epidermal hyperplasia, the major trait of psoriatic plaques [164]. The utilization of
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immunomodulatory probiotic strains could represent a novel therapeutic approach to
tackle skin auto-immune diseases. In line with this hypothesis, the therapeutic potential
of L. pentosus GMNL-77 was evaluated, using a BALB/c mice psoriasis model. The
application of this probiotic strain on skin lesions led to a downregulation of pro-
inflammatory cytokines, a decrease of the spleen size and differentiation of T-cells, and
an alleviation of the erythema and inflammation signs [165]. Moreover, the
consumption of B. infantis 35624 exerted a decrease in the pro-inflammatory markers
IL-6, TNF-a, and serum CRP in psoriasis patients. Finally, in a clinical study exploring
the beneficial effects of probiotics for skin lesions in patients with IBD, a decrease of

psoriasis skin lesions occurrencewas observed in patients that consumed VSL#3 [166].

Atopic Dermatitis. Atopic dermatitis (AD) is the consequence of a Th1/Th2 leukocyte
population imbalance that causes an excessive mast cell degranulation and a Th2-
mediated allergic response. Phenotypically, this manifests with skin erythema,
hemorrhage, and itching that could be caused by both genetic and environmental factors.
Most of the researches focusing on AD treatment study two parameters; inflammation
and the composition of gut and skin microbiota. Numerous studies on AD have used
probiotic strains with anti-inflammatory properties. In work by Kim et al [167].,
BALB/c mice were sensitized with whey protein after witch a probiotic mixture of L.
casei, L. plantarum, L. rhamnosus, B. lactis, and sodium butyrate was administered per
os. It was shown that probiotic supplementation switched T cell differentiation towards
Thl and Treg populations, and concurrently, the microbiota composition was modified,
promoting the reduction of type | hypersensitivity [167]. Similarly, the oral
administration of L. plantarum 1S-10506 decreased the levels of inflammation markers,
such as IL-4, IL-17, and interferon-y (IFN-y), and enhanced the expression of
immunomodulatory factors Forkhead box P3 (Foxp3+) and IL-10 in BALB/c mice and
pediatric AD patients. These modifications come with a reduction in the Scoring Atopic
Dermatitis Index (SCORAD) [168]. Also, the oral administration of L. acidophilus L-
92 significantly reduced the Th2-mediated inflammatory responses and SCORAD
scores in adult AD patients [169]. Moreover, the consumption of L. salvarius LA307
and L. rhamnosus LA305 decreased skin inflammation, hyperplasia, immune cell skin

infiltration, and hyperkeratosis in hairless SKH-1 mice suggesting their potential
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benefits for AD patients [170]. Lactococcus chungagensis CAU 28T, showed anti-
inflammatory, anti-allergic, and anti-bacterial properties on NC/Nga mice, an inbred
AD murine model fed with this strain, lowering the molecular markers of AD and
attenuating its clinical manifestations [171]. Similarly, oral administration of tyndallized
and freeze-dried L. rhamnosus ICDD 3201 on Nc/Nga mice decreased IgE counts,
causing the neutralization of AD symptoms [172]. AD skin lesions are often colonized
by high loads of S. aureus. Therapeutic interventions limiting this pathogenic population
result in clinical improvement of skin manifestations. Using a reconstructed human
epidermis model in vitro, it has been demonstrated that L. johnsonii NCC 533 induced
the expression of antimicrobial peptides and inhibited adhesion of S. aureus [173]; in
addition, the topical application of a lotion containing heat-treated L. johnsonii NCC
533 cells improves the lesion skin appearance in S. aureus-positive AD patients who
participated in an open-label multicenter study. This effect was correlated to the

reduction of S. aureus population [154].

Aging Skin. Aging skin is characterized by increased pH, oxidative stress, and matrix
metalloprotease activity that cause dehydration and wrinkle formation. Results from
preclinical and clinical studies indicate that local or oral administration of probiotics
could potentially counteract phenotypic skin alterations, restore stratum corneum
elasticity, and improve hairs’ quality [174]. Environmental factors, such as Ultra-Violet
(UV) irradiation, accelerate skin aging. Several studies have demonstrated the
regenerative effects of probiotics on UV-induced photodamaged skin. Orally
administrated L. acidophilus decreased wrinkle formation caused by UVB irradiation in
a mouse model [175], while the supplementation with Bifidobacteria breve recovered
skin hydration and counteracted tight junction and basal membrane photodamage [176].
Also, a mix containing L. johnsonii and carotenoids was able to reverse early UV-
induced photodamage in healthy women restoring the responses of the skin immune
system [177]. Moreover, probiotics have shown the ability to activate endogenous,
protective mechanisms. For example, Vitreoscilla fuliformis was able to reduce UV-
induced oxidative stress in vitro, modulating the expression of a mitochondrial oxide
dismutase [178]. Park and Bae [179] investigated the anti-senescence and anti-oxidant

effects of the fermented Acanthopanax koreanum root extract from L. plantarum and B.
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bifidum on human skin fibroblasts showing that the treatment reduced the expression of
cell cycle proteins (i.e., p53 and p21Cipl/WAF1), MMP-1, and MMP-3. These effects
were mediated by the activation of the mitogen-activated protein kinase (MAPK)
signaling pathway induced by the probiotic treatment. Finally, probiotics can be used
for skin recovery after cosmetic procedures such as fractional CO. laser resurfacing
treatments. This technique is used to reduce the signs of aging but is accompanied by a
healing process that comprises inflammation, edema, erythema, and crusting. For this
reason, the patients need to apply topically, broad-spectrum antibiotics, sunscreen, and
hyaluronic acid masks, though none of these alleviate inflammation [180]. In a paper by
Zoccali et al. [153] topical probiotic cream led to a statistically significant reduction of
postoperative skin inflammation and swelling of the treated areas. The experimental
cream containing S. thermophilus was administered post-operatively for 2 weeks to 42
consecutive patients who were treated with fractional CO2 laser. The efficacy of the
experimental cream was evaluated comparing the rate of post-operative signs vanishing
with a control group of 20 patients topically treated with an antibiotic cream and a
hyaluronic acid-based cream. The post-operative administration of the probiotic-
containing cream induced a quicker reduction of post-operative erythema and swelling
when compared to a standard treatment.

New insights could now fundamentally change the impact of probiotics on
dermatology. Indeed, an emerging approach to help preventing and treating skin
conditions, including the external signs of aging, acne, rosacea, yeast and bacterial
infections, psoriasis, and dermatitis, is represented by topical probiotics, as shown by
the growing marketplace for topical probiotic formulations available for skin care and
antiaging benefits.

In conclusion, topical probiotic formulations are becoming increasingly
available for healthy skin care, prevention and treatment of skin diseases, and antiaging
benefits, thus representing an emerging area for skin health. The potential benefits of
skin probiotics could strongly depend on how each species or strain is selected as the
specific mechanisms underlying a specific effect on the healthy or disturbed skin. It
appears, therefore, particularly important to stress that it is not possible to generalize the
effects that each of them, any association or combination thereof or extracts thereof, has

on the skin. The key evidences available from scientific literature as well as registered
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patents have been summarized in relation to actual or potential topical applications of
probiotics in the field of dermatology by Cinque et al. [181]. A comprehensive model
that summarizes the main actions carried out by probiotics in different skin conditions
associated with altered microflora, abnormal oxidative stress, disturbed skin barrier,
and/or inflammatory/immune skin reactions is shown in Figure 10. It is important to

note that, for simplicity, the generic term “probiotics” is indicated but it must be implied

that the claimed effect should be attributed to specific species or specific strains of
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probiotics as above specified.
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Figure 10. Comprehensive model that summarizes the main actions carried out by probiotics in different skin
conditions associated with altered microflora, abnormal oxidative stress, disturbed skin barrier, and/or
inflammatory/immune skin reactions [181].

Chronic Conditions and Non-Healing Wounds.

Non-healing wounds represent a major clinical problem in diabetics, elderly,

obese, and patients with chronic burn wounds. The topical application of probiotics has
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demonstrated to both exclude pathogenic microorganisms and induce re-epithelization
and collagen production. Indeed, a patch containing nitric oxide gas-producing L.
fermentum 7230 and increased collagen synthesis and blood flow to the wounds when
applied on infected and ischemic rabbit wounds [182]. In addition, LGG and L. reuteri
have been reported to induce keratinocyte migration and proliferation [183]. LGG was
also able to induce the increase of tight-junction protein levels of claudin 1, occludin,
and ZO-1, enhancing the tight-junction barrier function of human primary keratinocytes
in vitro [184]. The antimicrobial activity of several probiotic strains contributes
positively to the management of chronic wounds. In particular, probiotics that adhere to
keratin displayed antimicrobial properties against E. coli, P. acnes, and Pseudomonas
aeruginosa and inhibited early biofilm formation in vitro [185]. Moreover, S. aureus
colonization could be counteracted by the application of LGG, as well as of skin
commensals S. epidermidis [186] and S. hominis [155].

Future direction. A crucial factor for probiotic efficacy is the appropriate delivery.
Probiotics need to be applied topically to have a direct effect on the skin. This approach
suffers a major limitation: live probiotics are not compatible with other components of
creams, with a consequent rapid organoleptic decline. To overcome this limitation, the
researchers have started to focus their attention on the study of the properties of cell-
free supernatants (CFS) and inactivated strains, termed as “paraprobiotics” [187]. Some
paraprobiotics can exert antimicrobial, anti-inflammatory, and anti-aging actions while
being stable in preparations [150,154,173]. In this context, heat-killed Lactococcus
lactis cremonis H61 protected senescence-accelerated mice from bone loss and aging
skin manifestations [188] it is worth notice that sterile CFS and its isolated components
make probiotic supplementation available for immunocompromised and
immunodeficient subjects, to whom live microorganism consumption is not

recommended.

14 PROBIOTICS OR PRO-HEALERS THE ROLE OF BENEFICIAL
BACTERIA IN TISSUE REPAIR

The probiotics represent potentially a safe therapeutic approach for the treatment
of patients affected with cutaneous and intestinal wound healing disorders. The choice

of bacterial strains is of particular importance since the effects of probiotics are highly
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strain-specific. In addition to the therapeutic potential of topical treatment, the probiotics
can promote tissue repair through the gut-skin axis modulation.

1.4.1 The role of probiotics in infections and intestinal wound healing
Close association with epithelial cells makes probiotics effective in
antimicrobial treatment of pathogens. Beside the direct inhibition of pathogen growth,

probiotics can induce host mucosal defense and tissue repair mechanisms [189].

Direct inhibition of pathogen growth by probiotics

Probiotic can act against pathogens through the production of antimicrobials, the
displacement of pathogens from epithelial cells and mucus, and the elimination of
pathogens by co-aggregation and quorum quenching. Antimicrobials produced by
probiotic strains include organic acids, hydrogen peroxide, diacetyl, reuterin, and
bacteriocins. Organic acids, produced by multiple probiotic strains, are primarily
responsible for antimicrobial activity against Gram negative pathogens [190]. Hydrogen
peroxide produced mainly by lactobacilli, including Lactobacillus fermentum, L.
acidophilus and L. jensenii were associated with a reduction in the count of fastidious
anaerobic Gram-positive bacteria, including Bacteroides, Prevotella, Gardnerela and
Mycoplasma spp. [191,192]; diacetyl, another metabolic product of lactobacilli exhibits
broad-spectrum antimicrobial potential against both Gram negative and Gram positive
pathogens [193,194]. Reuterin  (3-hydroxypropionaldehyde), a well-known
antimicrobial metabolite produced by L. reuteri, can specifically inhibit the growth of
harmful gut bacteria by oxidizing thiol groups in the target pathogenic microorganism
[195]. Notably, reuterin, does not kill beneficial microorganisms, allowing L. reuteri to
remove gut invaders while keeping normal gut microbiota intact. Reuterin also shows
antimicrobial activity against Staphylococcus, known as the common chronic wound
pathogen [196]. Bacteriocins, another class of probiotic metabolites, are small peptides
produced by microorganisms that show a wide range of antimicrobial activity both in
vitro and in vivo [197-199]. The ability of several probiotic strains, such as
Bifidobacterium longum, L. rhamnosus and L. delbrueckii to auto-aggregate is thought
to confer their antimicrobial ability to co-aggregate with other microorganisms,
including the common wound pathogens Staphylococcus aureus and Candida albicans

[200]. While several in vitro studies have shown the potential of probiotics to displace
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pathogens from epithelial cells through their aggregation propriety [201], no in vivo
studies have been conducted. Besides the production of antimicrobial metabolites and
co-aggregation, probiotic strains can displace intestinal pathogens from the gut
epithelium. This propriety could be attributed to specific surface molecules produced by
lactobacilli, e.g., extracellular polysaccharides, which allow L. paracasei to
competitively adhere to EC cells and displace pathogenic bacteria [202]. Another
emerging antimicrobial mechanism of probiotics is the inhibition of pathogen quorum
sensing (QS) system, an intercellular communication system used to modify gene
expression based on cell-population density, in order to form biofilm and confer
virulence [203,204]. Most pathogens, including species commonly found in chronic
wounds (e.g., Pseudomonas aeruginosa and S. aureus), utilize QS for virulence, biofilm
formation, and resistance to host defense [204-206]. However, probiotics can interfere
with pathogen QS. In particular, L. plantarum was shown to inhibit the production of
QS signaling molecules (acyl-homoserine-lactone) by P. aeruginosa, along with the

reduction of biofilm formation [207].

Probiotic effects on epithelial barrier

Besides the direct antimicrobial effects on pathogens, probiotics can improve
epithelial barrier function, thus limiting pathogen invasion [208]. Both in vitro [209]
and in vivo [134] studies have shown the ability of probiotics to strength Gl barrier by
increasing expression and regulating the localization of tight junction (TJ) proteins. Oral
administration of L. reuteri in newborn piglets led to an increase of occludin, claudin,
and zonula occludens 1 (ZO-1) expression in the gut [97], and a clinical study
demonstrated that the oral administration of Lb. plantarum induced the recruitment of
occludins and ZO-1 to the region of TJ [134]. Also, the probiotic mixture VSL#3
supported the suppression of chronic inflammation by improving the epithelial barrier
function in murine models of chronic ileitis [210]. In addition to lactobacilli, probiotic
bifidobacteria have comparable effects. B. infantis increased expression of tight-
junction proteins ZO-1 and occludin in human gut epithelia and transepithelial
resistance. This was associated with enhanced levels of phospho-ERK and decreased
levels of phospho-p38, cell signaling events important for barrier formation [222]. The

effects of probiotics on wound healing in the Gl tract have been widely examined
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through various experimental models, including acetic acid-induced ulcers, full-
thickness wounds, and intestinal anastomoses. In these studies, the beneficial effects of
lactobacilli were mediated primarily by the activation of epithelial cells, and stimulation
of fibroblast proliferation and migration [212,213]. Aside from increasing the
epithelium repair, L. plantarum was demonstrated to increased collagen synthesis in the
intestine [213]. The strengthening of the epidermal barrier by probiotics is closely
related to their effects on immune components since the functions of epithelial cells and
fibroblasts are tightly regulated by chemokines, cytokines, and growth factors [214]. By
the induction of B-defensin, probiotics can affect innate immune components of the
intestinal barrier [215]; this molecule is known to promote wound healing, aside from
its role in fighting intestinal pathogens [216]. VSL#3 probiotic mixture induces the
expression of transforming growth factor § (TGF B) and vascular endothelial growth
factor (VEGF) [217], while probiotic formulation containing Saccharomyces boulardii
induces epidermal growth factor (EGF), its receptor activity (EGFR), and insulin-like
growth factor (IGF) [218,219] in vivo murine studies. In addition, L. rhamnosus was
reported to stimulate hypoxia inducible factor 2a (HIF-2a) in vivo, a key regulator of

progenitor stem cell recruitment during tissue repair [220,221].

Immunomodulatory properties of probiotics

Probiotics can promote gut health through immune-modulating functions such
as the activation of natural killer (NK) cells, dendritic cells (DC), intraepithelial y& T
lymphocytes and macrophages, important effector cells of innate immunity for both skin
and Gl barrier restoration [210,222]. It has been demonstrated that the
immunomodulatory effects of probiotics are species and even strain-specific. For
example, L. sakei and L. rhamnosus stimulated macrophage activity [223], while L.
plantarum increased phagocytic activity of peritoneal macrophages in vivo [224]; these
functions were mainly associated with the induction of IL-22, TNFa, IL-6, IL-8, and IL-
12 secretion [225]. L. reuteri and L. johnsonii can also induce secretion of the cytokine
IL-22, which is principally produced by intraepithelial T lymphocytes [226,227].
Metabolites of these probiotic strains can bind to and activate the aryl hydrocarbon
receptor (AhR) expressed on macrophages and DC, with the subsequent activation of

epithelial cells [203,226,228]. TNFa, the most important cytokine in the innate immune
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response secreted mainly by monocytes and macrophages, but also by epithelial cells
[229]. This cytokine is known to be induced by systemic administration of probiotics;
in this regard, L. casei induced TNFa production, along with IFNy and I1L-10 in healthy
mice when orally administrated [230]. L. fermentum treatment also increased the
expression of TNFa along with an increase of neutrophil infiltration [231], which can
help to fight infection. Production of IL-8, a crucial chemokine for the recruitment of
neutrophils, also correlated with lactobacilli treatment [232]. It is well documented that
probiotics can also influence the production of cytokines that regulate adaptive immune
responses; lactobacilli were shown to induce production of IL-10 and IL-12, which are
at the crossroads of innate and adaptive immune responses, leading to expansion of T
regulatory lymphocytes (Treg) or Thl cells in a strain-specific manner [230,233,234].
The ability of the treatment with multiple probiotic strains to activate NK cells has been
demonstrated both in in vitro and in vivo studies [234,235] Given the crucial role of NK
cells in fighting pathogens, including the common skin pathogen S. aureus [236], further
research focusing on the protective role of probiotics in treating both intestinal and

cutaneous wound infections are needed.

1.4.2 Probiotics and cutaneous wound healing

In vitro studies

Probiotics are studied as a potential treatment for several dermatologic disorders,
such as non-healing wounds [237]. Numerous in vitro studies on human keratinocytes
showed the protective abilities of probiotic strains towards skin pathogens
[183,184,238]. Similar to their effect on the gut epithelium, L. rhamnosus GG and B.
longum have been shown to increase TJ function and expression of claudin 1, ZO-1, and
occludin in keratinocytes infected with S. aureus [184], suggesting that they can
influence TJ function decreasing paracellular permeability and thus preventing pathogen
invasion. Moreover, activation of Toll-like Receptor 2 (TLR2) improves the tight barrier
function in gut epithelial cells, as well as in keratinocytes [239]. The ability of B. longum
to modulate TJ function appears to be TLR2 dependent as the increase in TEER and TJ
protein levels was abrogated when TLR2 was neutralized or blocked, respectively [184].
Conversely, the effects of the L. rhamnosus GG on keratinocytes were TLR2-

independent, suggesting that this strain uses an alternative way to improve tight barrier
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function. Other probiotic strains such as L. reuteri and L. plantarum have shown the
ability to enhance tight barrier function in primary human keratinocytes. They also
increased re-epithelialization, accelerating keratinocyte migration and proliferation
[183]. Probiotics can also induce re-epithelialization through the induction of
chemokines. For example, L. rhamnosus GG increased expression of the chemokine
CXCL2 and its receptor CXCR2, stimulating keratinocyte proliferation and migration
in a scratch wound assay model in vitro. While most of the probiotics have shown to be
beneficial for keratinocyte function, it has been reported that L. fermentum reduce
keratinocyte viability and re-epithelialization [183,184], emphasizing again strain-
specific effects. Another method of improving wound healing is the protection against
cutaneous wound infections through probiotic antibacterial activities such as inhibition
of pathogen growth and reduction of pathogen adhesion. L. rhamnosus GG has shown
this protective effect, inhibiting S. aureus growth in infected keratinocytes, although the
exact mechanism has yet to be identified [238]. Additionally, L. plantarum supernatant
was able to inhibit pathogenic properties of P. aeruginosa, a common chronic wound
pathogen, by interfering with its quorum sensing system [240]. This cell-free
supernatant was capable of reducing bacterial adhesion and biofilm growth through
inhibition of elastase, pyocyanin, and rhamnolipids, P. aeruginosa virulence factors.
Lactobacilli have also shown the ability to inhibit pathogen invasion into keratinocytes
by competitive exclusion. L. reuteri and L. rhamnosus GG can prevent the initial
adhesion of S. aureus to keratinocytes and displace S. aureus already attached to human
keratinocytes [238,241]. The specific molecules involved in this mechanism are still
unidentified, but they could involve a class of multifunctional bacterial adhesins that
can, among other functions, bind to epithelial cells, the moonlight proteins: [242]. An
example of a moonlight protein is enolase; the enolase from L. crispatus has been shown
to bind to laminin and collagen | [243], while enolase from L. plantarum can bind to
fibronectin, preventing S. aureus adhesion to epithelial cells [244]. The lysates,
supernatants, and metabolites from probiotic strains have been widely studied in vitro

and in vivo, demonstrating beneficial effects similar to live microorganisms [238,240].

In vivo studies
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In vivo wound healing studies have mostly been focused on topical application
of probiotics showing their ability to improve tissue repair and reduce the bacterial load
in rodent wound models [207,245,246]. Topical application of L. plantarum inhibited
wound colonization by P. aeruginosa in a burn mouse model by clearing Pseudomonas
from the skin, liver, and spleen, through enhanced phagocytosis [207]. L. plantarum
inhibited pathogen colonization also in human burn wounds infected with P.
aeruginosa, S. aureus, and S. epidermidis [149], decreasing bacterial load and
promoting wound healing. One potential mechanism underlying L. plantarum anti-
pathogenic properties is this ability to induce 1L-12 secretion, which activates cytotoxic
T cells and NK cells to secrete IFNy [247]. Topical L. plantarum also improved wound
healing in human chronic venous ulcers infected with S. aureus and P. aeruginosa,
reducing bacterial load and inducing granulation tissue formation. L. plantarum is could
inhibit pathogen colonization by regulating IL-8 levels and modulating the entry and
activity of PMNs migrating from peripheral blood to the ulcer. Indeed, the
polymorphonuclear cells (PMN) isolated from the ulcer bed showed increased IL-8
production and decreased apoptosis and necrosis after the treatment with L. plantarum
[151].

Beneficial effects of cutaneous probiotic strains

Aside from lactobacilli and bifidobacteria, other probiotics, commonly
associated with healthy skin microbiome, have shown beneficial effects on the
cutaneous repair. S. thermophilus is a LAB that, through its sphingomyelinase activity,
can increase the level of ceramides and phosphorylcholine in keratinocytes [144].
Ceramides play a crucial role in developing extracellular lipid bilayers and therefore
improving the lipid barrier of the skin [248]; the topical application of S. thermophilus
increased ceramide levels in the stratum corneum of healthy skin [144]. Reduced levels
of ceramide have been associated with barrier dysfunction in the epidermis, including
lack of protection against bacteria [249]. Consequently, probiotic treatments able to
increase ceramide levels have the potential to improve the skin barrier function during
the wound healing process. Another widely-studied skin commensal probiotic is S.
epidermis. This strain secretes Esp, an extracellular serine protease that can inhibit

colonization by S. aureus through many mechanisms. Esp can inhibit S. aureus biofilm
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formation by degrading biofilm matrix and cleaving host receptor proteins important for
S. aureus adhesion and infection, such as Protein A, fibronectin, fibrinogen, and
vitronectin [250]. Although S. epidermidis has been implicated as a beneficial
microorganism for the management of inflammation associated with atopic dermatitis
and acne, its application in the context of wound healing need to be further investigated
[25]. In addition to | Staphylococcus, other commensal bacteria such as Vitreoscilla
filiformis have shown the ability to reduce cutaneous inflammation through stimulation

of regulatory T cells and skin dendritic cells [24].

Probiotic effects through gut-skin or gut-brain-skin axes

Besides topical effects on the cutaneous barrier, gut probiotics may modulate
skin wound healing through effects on systemic immunity, enhancing nutrient
absorption, and modulating gut-brain-skin axis. Probiotics can produce neuroactive
molecules and modulate the secretory activity of enteroendocrine cells (EEC) in the gut
mucosa, such as oxytocin, leading to the release of neuromodulators with the potential
to improve tissue repair. Gut probiotics can also contribute to the activation of innate
and adaptive immune responses stimulating the recruitment of polymorphonuclear
lymphocytes (PMN) to the injured tissue and T-cell priming in skin lymph nodes.
Moreover, gut probiotics increase the intestinal absorption of nutrients important for
wound healing. Several studies have demonstrated an association between the gut
microbiota, the immune system, and skin health [251-254]. The influence of the gut
microbiome on systemic and local immunity explains why gastrointestinal diseases such
as IBD and vascular disorders also have cutaneous manifestations [255]. Oral
assumption of probiotics can modulate local as well as systemic immune response
[175,256,257]. Oral supplementation with probiotics increased the frequency of Treg
cells in skin lymph nodes while decreasing inflammation in a murine model of skin
allergy [251]. Some probiotic strains have the potential to combat skin inflammation
when administrated systemically modifying the composition of gut microbiota.
Consumption of probiotics such as L. reuteri led to an upregulation of the anti-
inflammatory cytokine IL-10, which induced Foxp3+ Treg lymphocytes to decrease
tissue damage at the wound edge [258] and, in turn, down-regulate the pro-inflammatory
cytokine IL-17A [259,260]. The beneficial systemic effect of gut bacteria could be
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achieved by direct translocation of bacterial antigens to peripheral circulation via
dendritic cells, instead of their transport to local lymph nodes [261]. Further studies are
needed to reveal the exact processes behind the immune effects elicited by gut bacteria
influencing cutaneous wound healing.

Aside from affecting the host immune system, systemic effects of gut microbiota
and orally introduced probiotics could be mediated by their ability to improve the
absorption of nutrients crucial for skin wound healing, such as vitamins, minerals, and
cofactors for enzymes involved in tissue repair [262-264]. Moreover, the synthesis of
short-chain fatty acid by probiotics increases mineral solubility by decreasing luminal
pH [265]. In addition, several lactobacilli species, such as L. coryniformis and L. rossiae,
can produce vitamin B12 known to be beneficial for wound healing [266,267], and L.
reuteri and Lb. acidophilus can increase the absorption of dietary vitamin D and E,
which are important for wound healing [268-270].

It has been reported that gut microbiota can also influence the central nervous
system [271]. Furthermore, intestinal bacteria and their metabolites can interact with
neuroendocrine pathways that modify stress-related responses in the skin through the
gut-brain-skin axis [259,272]. Probiotics can offer a potential therapeutic option that
could beneficially modify this axis, thereby improving systemic health for patients
affected with cutaneous and wound healing disorders. L. reuteri-induced oxytocin is the
most widely studied example of probiotic influence on the gut-brain-skin axis [257]. In
this regard, dietary supplementation with L. reuteri lysate was able to increase systemic
oxytocin levels, increasing oxytocin-producing cells in the hypothalamus of mice. This
treatment resulted, also, in lower blood levels of the stress hormone corticosterone and
accelerated epidermal wound closure. Oxytocin receptors present on both fibroblasts
and keratinocytes might probably influence this process [273]. It is also known that
oxytocin reinforces host immunity by increasing CD25 and IFN-y expression in thymic
and peripheral lymphocytes [274,275], thus it may enhance wound healing through
improving host immune functions [258,259]. Other gut lactobacilli were also shown to
produce neuroactive molecules, such as catecholamines and gamma-aminobutyric acid
(GABA) [276,277]. Moreover, a probiotic formulation containing L. helveticus and B.

longum was able to reduce stress response in humans and rats, and this effect was
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associated with reduced levels of urinary cortisol [278] known to impair wound healing
[279].

These data suggest a strong link between the gut microbiome and cutaneous
health through the multiple interactions within the gut-brain-skin axis. However, these
links are not fully investigated yet, and though a therapeutic potential of probiotic

bacteria for wound healing disorders exists, more definitive studies are needed.
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2. RATIONALE AND AIM

The doctoral project aimed to investigate the in vitro effects of selected strains
of probiotics on two different epithelial models, to study their ability to influence tissue

repair.

MODEL #1: SCRATCHED KERATINOCYTE MONOLAYER

As above stated, the use of probiotic formulations would thus represent a valid
alternative approach to overcome the existing problems of actual wound therapy
approaches, including the high costs, the long manufacturing times, and the increase in
antibiotic resistance. However, further studies are needed both to identify probiotics or
any combinations of them in terms of therapeutic efficacy and to fully define the
underlying mechanisms. In this regard, it seems quite surprising that, no literature
reports are available about possible involvement in the pro-healing mechanisms
activated by some probiotics, of nitric oxide (NO), one of the most important players in
the regulation of the wound repair process [280-283]. As yet mentioned in the
Introduction’s section, the levels of NO metabolites are shown to correlate with the
healing trajectory indicating the tendency of recovery or exacerbation [284]. The
application of exogenous gaseous NO or the NOS2 stimulator [285], the transfer of the
NOS2 gene [286], and the systemic supply of the NOS substrate, i.e., arginine [287],
the employment of NO donor systems [288] are all approaches capable of elevating the
local NO concentration, and consequently, promoting wound recovery. On the other
hand, a blockade or knockout of NOS2 impaired wound healing [289-292]. Given the
crucial role played by NOS2/NO system in the wound repair process, after comparing
the ability of the soluble fraction from lysates of seven different probiotic strains to
affect the re-epithelialization process in vitro, the involvement of NOS2 expression and
activity in the mechanisms underlying the probiotic effects are firstly investigated in the
model of scratched keratinocyte monolayer. With this purpose, it was first analyzedthe
effect of the soluble fraction of seven selected strains of probiotics on a wound healing
model using the HaCaT cell line. Screening of bacterial strains was carried out to
identify those able to accelerate the repair process; subsequently the effects of these
strains on the two main processes involved in wound healing were evaluated: cell

proliferation and migration. The involvement of NO was analyzed in the acceleration
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process induced by the different bacterial strains evaluating, in particular, the expression
of NOS2.

MODEL #2: INTESTINAL EPITHELIAL BARRIER IN VITRO

The group of Prof. Cifone has previously reported the results obtained
comparing the US-made VSL#3 (now named VIVOMIXX) versus the Italy-made
VSL#3. The two products, even though sold under the same brand VSL#3, differently
influence in vitro tumor cell lines as well as repair process of scratched intestinal
epithelial cell monolayer [293,294].

Since a recent paper using animal models of IBD has suggested that the “new”
Italy-made formulation failed to reduce gut inflammation and worsened intestinal
permeability, the epithelial barrier model of human colon cancer cells CaCo-2 was
chosen as another in vitro model to investigate some mechanisms which may contribute
to explain what observed in the animals and ex vivo in humans [295,296]. CaCo-2 are
indeed widely used as an optimum in vitro model for studies on intestinal barrier
functions [297-299] due to their ability to spontaneously differentiate into a polarized
monolayer when grown on porous inserts. Under these conditions, CaCo-2 close up and
tighten becoming similar to the intestinal barrier composed by enterocytes with
microvilli (brush border) on the apical side and a basolateral side, and express TJ (Tight
Junction) proteins, similar to the small intestine [300,301]. In particular, the effects of a
probiotic formulation (VIVOMIXX), composed by eight probiotic strains were
analyzed on trans-epithelial electrical resistance (TEER), dextran flux, and expression
TJ proteins i.e. zonulin-1 (ZO-1) and occludin, in the absence or presence of a heat

stress-related damage of cell monolayer.
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3. MATERIALS AND METHODS

3.1. PREPARATION OF BACTERIAL SAMPLES FOR CELL TREATMENTS

B. longum BL-04, B. infantis Bi-07, B. breve BB-03, S. thermophilus St-21, L.
bulgaricus TR-160, L. plantarum Lp-115, and L. acidophilus LA-14 in a pure
Iyophilized form were kindly provided by Prof. Claudio De Simone, MD. For bacterial
lysate soluble fraction preparations, stocks of 108 CFU/g of each lyophilized probiotic
resuspended in Phosphate Buffered Saline (PBS, Euro Clone, West York, UK) were
centrifuged at 8,600xg, washed twice, resuspended in 10 mL of PBS and sonicated (30
min, alternating 10 s of sonication and 10 s of pause) using a Vibracell sonicator (Sonic
and Materials, Danbury, CT, USA). Bacterial cell disruption was verified by measuring
the absorbance of the sample at 590 nm (Eppendorf Hamburg, Germany) before and
after every sonication step. The samples were then centrifuged at 17,949%g and the
supernatants filtered using a 0.22-um-pore filter (Corning Incorporated, Corning, NY,
USA) to remove any whole bacteria remaining. Total protein content was determined
by DC Protein Assay (BioRad, Hercules, CA) using bovine serum albumin (BSA, Sigma
Aldrich, Saint Louis, MO, USA) as standard. Based on our experience, for in vitro
experiments, the bacterial soluble fraction was added to cell cultures for different time
intervals at 50 pg protein/mL as final concentration.

The probiotic formulation Vivomixx (4.4 g sachet ,450 billion bacteria) contains
in certain proportions the strains: Streptococcus thermophilus DSM24731,
bifidobacteria (B. longum DSM24736, B. breve DSM24732, B. infantis DSM24737),
lactobacilli (L. acidophilus DSM24735, L. plantarum DSM24730, L. paracasei
DSM24733, L. debrueckii subsp. bulgaricus DSM24734). The product was always
handled according to the manufacturer's instructions and the sachet once opened was
utilized immediately and then discarded. For bacterial sample preparation, stocks of 1 g
of Vivomixx formulation were suspended in 10 ml of DMEM supplemented with 1%
non-essential amino-acid, 1 mM sodium pyruvate and 2 mM L-glutamine (Euro Clone,
West York, UK). For the cell treatment, bacterial final concentration of 108 CFU/ml was

used.

3.2. CELL LINES AND CULTURE CONDITIONS
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The spontaneously immortalized human keratinocyte HaCaT cell line was
purchased from Cell Lines Service GmbH (Eppelheim, Germany). HaCaT cells were
cultured in DMEM supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM L-
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin (Euro Clone, West York,
UK). Culture conditions were kept constant at 37 °C in a 5% CO. humidified
atmosphere. Under these culture conditions, HaCaT cells remain proliferative and
undifferentiated. After reaching 80% confluence, cells were seeded, as below specified,
into a sterile tissue culture 6-well plate or 12-well plate (Becton Dickinson, San Jose,
CA, USA) at 18,000 cells/cm?. To evaluate the effect of the soluble fraction of bacterial
lysate on cell viability and proliferation, the cells were cultured in 12-well plate with
bacterial samples at 50 pg protein/mL for different time intervals (2048 h) after which
were washed with PBS, centrifuged for 10 min at 400xg and the pellets incubated with
a 0.04% Trypan blue (Euro Clone, West York, UK) solution for 5 min to analyse cell
number and viability. Not-treated cells were also analyzed and served as controls. Cells
were transferred to a Birker counting chamber and counted by microscopy (Eclipse 50i,
Nikon Corporation, Japan). To evaluate the effect of Vivomixx formulation on an
epithelial differentiated cell monolayer, the human colon adenocarcinoma cell line,
CaCo-2 was used, purchased from Sigma-Aldrich (St. Louis, MO, USA) and cultured
as previously described (Primavera et al., 2018). Briefly, cells were grown in the
DMEM supplemented with 10% (v/v) FBS, 1% (v/v) non-essential amino acid, 1 mM
sodium pyruvate and 2mM L-glutamine, 100 U/ml penicillin and 100 pg/mi
streptomycin (complete medium), in a humidified incubator 5% CO2, 95% air
atmosphere at 37° C. The cell culture medium was replaced every 2 days until cells
reached 60-70% confluence and then harvested using a trypsin-EDTA solution to
detach them from the bottom of the flask. CaCo-2 cells with a passage number of 18 to
20 were used for all experiments. Cell viability was analyzed by the trypan blue
exclusion staining (0.04% final concentration for 5 minutes). Cells were counted in a
Burker chamber by microscopy (Eclipse 50i, Nikon Corporation, Japan). A set of
experiments was performed to also evaluate the effects of a pre-treatment of CaCo-2
monolayer for 4 hours with the Vivomixx mixture at 108 CFU/ml on ZO-1 and occludin

expression levels in heat-stressed CaCo-2 monolayers (40°C for 10 minutes).
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3.3. IN VITRO WOUND HEALING MODEL

As previously described [280], for the in vitro wound healing assay, HaCaT cells were
cultured in 6-well microplates under normal culture conditions to reach ~90%
confluence, then DMEM was removed from the wells and cell monolayers were
scratched using a 200 pL pipet tip to create a uniform cell-free wound area with
reproducible width of wounding. Debris was removed from the culture by gently
washing with sterile PBS. Cell cultures were then incubated with fresh medium at 37°C
in a 5% CO> humidified atmosphere in the presence or absence of bacterial soluble
fraction at 50 pg protein/mL as final concentration. Where indicated, cells were pre-
treated for 15 min with 20 uM aminoguanidine (AG), a selective NOS2 inhibitor (Sigma
Aldrich, St. Louis, MO, USA). Cell migration was monitored by microscopy using an
inverted light microscope (Eclipse TS 100, Nikon) and images were captured (10x
magnification) at different time points after the injury (0—45 h). The experiments were
conducted in duplicate with at least three fields evaluated for each condition. To
calculating the % wound closure, the images acquired were analyzed quantitatively
using the TScratch software [302]. Quantification of relative wound closure was
performed according to the equation:

% Relative Re-epithelialization = [% scratched area at TO — % scratched area at Tn] (x100)
[% scratched area at TO]

where Tn is a specific time point (h) after the scratching.

3.4. WESTERN BLOT ANALYSIS

For Western blot analyses, scratched monolayers of untreated and bacterial soluble
fraction-treated HaCaT cells for 28 h, and CaCo-2 pellets collected after incubation with
or without Vivomixx, were harvested, washed in PBS and lysed in RIPA buffer (Merck
KGaA, Darmstadt, Germany) containing a protease inhibitor mixture (Sigma Aldrich,
St. Louis, MO, USA). Homogenates were centrifuged at 600xg for 20 min at 4°C and
the supernatants were quantified for protein content using the BCA protein assay kit
(Pierce, Rockford, USA). using BSA as standard. 25 pg of proteins were mixed with
sample buffer, boiled for 5 min at 100 °C and separated by 10% or 12% SDS-

polyacrylamide gel electrophoresis. Proteins were transferred onto 0.45 pum
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nitrocellulose membrane sheets (BioRad) for 1 h at 4 °C at 70V using a Mini Trans-Blot
Cell apparatus (BioRad). Membranes were blocked with 5% not-fat dry milk for 1 h at
room temperature and then incubated overnight at 4 °C with primary antibodies. In
particular for HaCaT homogenates, rabbit polyclonal antibody anti-NOS2 1:500 (Cell
Signalling Technology, CA, USA) or with goat anti-p-actin antibody 1:1000 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) were used as secondary antibody,
horseradish peroxidase (HRP)-conjugated goat anti-rabbit 1gG secondary antibody at
1:5000 for anti-NOS2 antibody and horseradish peroxidase (HRP)-conjugated rabbit
anti-goat 1gG secondary antibody at 1:5000 for anti-B-actin antibody (Millipore EMD,
Darmstadt, Germany) were used. For CaCo-2 homogenates, primary antibodies anti-
occludin, anti-ZO-1 and anti-GAPDH (Origene, 9620 Medical Center Drive Suite 200
Rockville, MD, USA) were used. As secondary antibody an anti-rabbit 1gG (for
occludin and ZO-1 reactivity detection) and an anti-mouse 1gG (Millipore, Burlington,
Massachusetts, United States) for GAPDH reactivity detection were used, respectively.
Immuno-reactive bands were visualized by enhanced chemiluminescence (ECL,
Amersham Pharmacia Biotech), according to the manufacturer’s instructions. Band
relative densities were determined using a chemiluminescence documentation system
ALLIANCE (UVITEC, Cambridge UK), and values were given as relative units.
Immunoblot data of NOS-2 were normalized to -actin protein levels, relative ZO-1 and

occludin band intensities were normalized to relative GAPDH bands.

3.5. NITRITE LEVEL ASSAY

The enzymatic activity of NOS2 was evaluated by measuring nitrite levels using
nitrate reductase and Griess reaction through a colorimetric assay (Nitrite Assay Kit-
Sigma-Aldrich Co., Milan, Italy). Supernatants (80 uL) of the scratched monolayer of
untreated and bacterial soluble fraction-treated HaCaT cells for 28 h were applied to a
microtiter plate well for nitrite analysis according to the manufacturer’s instructions.
The absorbance was measured by spectrophotometric reading at 550 nm using a
microplate reader (Bio-Rad Hercules). The nitrite content of each sample was evaluated
with a standard curve obtained by linear regression made with sodium nitrite and

expressed in pg/mL. Each sample was assayed in duplicate.
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3.6 TRANS-EPITHELIAL ELECTRICAL RESISTANCE (TEER)

Epithelial permeability was evaluated by Trans-Epithelial Electrical Resistance
(TEER) using a Millicell® ERS-2 (Electrical Resistance System, Millipore, MA, USA)
equipped with STXO01 electrode (World Precision Instruments, Sarasota, FL) on CaCo-
2 differentiated monolayers. CaCo-2 cells were seeded at a density 0f4.5x10° cells/cm?
on polycarbonate inserts in 12 well plates transwell chambers (12 mm diameter, 0.4 um
pore size) (Falcon, One Riverfront Plaza, NY, USA). Each insert was placed in a well
in a 12-well plate with 1 ml of media in the apical chamber and 1.5 ml media in the
basolateral chamber. Differentiated CaCo-2 monolayers were used at 18-21 days old.
The CaCo-2 monolayers were prepared the day before the TEER assay by removing the
media and adding DMEM with 1% non-essential amino-acids (without FBS and
antibiotics) to ensure no damage to the bacterial cells. Wells containing only medium
were used as blank controls. TEER measurements of each well have been registered at
different incubation times (0-6 h) with or without addition of probiotic product at 108
CFU/ml as final concentration. A set of experiments was performed to also evaluate the
effects of a pre-treatment of CaCo-2 monolayer for 4 hours with the VSL#3 mixture at
108 CFU/mI to TEER impairment induced by heat stress exposure (40 °C for 10
minutes). The CaCo-2 monolayer TEER values were calculated subtracting the blank
resistance (background electrical resistance from an insert without cells including filter
and medium) and multiplying the result by the effective growth area of the membrane
(1.12 cm?). TEER values at >500 Q/cm? indicated the successful establishment of the
in vitro intestinal epithelial barrier model. Results are expressed as a percentage of initial

value (baseline).

3.7 PARACELLULAR PERMEABILITY ASSAY

Epithelial permeability across polarized CaCo-2 monolayers was assessed by
measuring the flux of the fluorescein isothiocyanate (FITC)-labelled dextran FD4 (1
mg/ml) (Sigma Chemical Co., St. Louis, MO, USA) from the apical chambers to
basolateral chambers. FD4 solution was added to the apical chamber, for 2 hours at 37°C
in sterile conditions. Fluorescence intensity in the basolateral compartment was

measured by fluorometer (Perkin Helmer Victor X4) at excitation and emission
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wavelength of 492 nm and 520 nm, respectively. Known concentrations of FITC-
dextran FD4 were used to perform a standard curve obtained by serial dilutions of FD4.
A set of experiments was performed to also compare the effects of a pre-treatment of
CaCo-2 monolayer for 4 hours with the USA-made formulation at 108 CFU/ml to
dextran flux increase induced by heat stress exposure (40 °C for 10 minutes).

3.8. STATISTICAL ANALYSIS

Data were analyzed using Prism 6.0 GraphPad Software, San Diego, Ca. Results
are expressed as means of two or three experiments in duplicate + SEM. For the
comparison of groups, a one or two-way ANOVA test followed by Bonferroni or
Dunnett post hoc test were used, as specified below. For comparison between two
means, Student’s unpaired t-test was used. The statistical correlation was calculated
through Pearson’s test. Results were considered significant if P < 0.05. For statistical
analysis of data sets * or # as P < 0.05, ** or # as P < 0.01, *** or **as P < 0.001, and

*xxx or ## a5 P < 0.0001, were used throughout the manuscript.

4. RESULTS ON MODEL #1: SCRATCHED KERATINOCYTE
MONOLAYER

4.1 EFFECTS OF THE SOLUBLE FRACTION FROM BACTERIAL LYSATES
ON HACAT VIABILITY AND ON SCRATCHED MONOLAYER WOUND
HEALING.

At all the time intervals of incubation with bacterial soluble fraction at 50 ug
protein/mL, no significant influence on the cell viability or basal proliferation level
compared to the untreated cells was registered, being in all experimental conditions cell
viability >90%.

The ability of the soluble fraction from bacterial lysates to influence re-
epithelialization was assessed on an in vitro artificial wound model. The rate of
scratched monolayer closure in the absence or presence of 50 ug/mL of each bacterial
sample was evaluated by observing the re-population of the area between the wound
edges at different time points after the lesion. To quantitatively analyze the effects of

the bacterial soluble fraction on the closure of the wounded area, images obtained by an
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inverted light microscope were acquired at different time points after scratching and
converted to % closure by using a mathematical system calculating automatically the
portion of the area occupied by the cells. In all experiments, the scratched monolayers
of control cells (untreated) were closed at 36-42 h. The percentages of re-
epithelialization at 20 and 28 h in the presence or absence of bacterial samples were
compared to the untreated monolayers. The results expressed as relative re-
epithelialization percentages (mean + SEM from three independent experiments in
duplicate), as well as representative images from microscopic observations of scratched

monolayers, are shown in Figure 11A and B, respectively.
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Figure 11. Effect of the soluble fraction of bacterial lysates on re-epithelialization of HaCaT cell line scratched
monolayers at different time points. (A) Effect of bacterial samples (50 pg/mL) on the wound closure rate (% vs.
relative TO) of scratched monolayers at 20 and 28 h. Data are expressed as mean + SEM of three independent
experiments in duplicate. For comparative analysis of groups of data, a two-way analysis of variance (ANOVA) with
post hoc Dunnett test was used. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 vs. control (untreated). (B)
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Representative images of HaCaT monolayer re-epithelialization in the absence (control) or presence of bacterial
samples (50 pg/mL) at 20 and 28 h after injury (10x magnification).

The treatment with the soluble fraction from lysates of S. thermophilus, L.
plantarum, or L. acidophilus significantly accelerated the rate of monolayer repair
process respect to untreated control at both 20 and 28 h from injury. On the contrary,
the treatment with B. longum, B. infantis, and B. breve samples significantly delayed the
monolayer repair process compared to untreated control being the effects more
statistically relevant at 28 h. On the other hand, L. bulgaricus sample didn’t appear to
significantly influence the wound closure rate at both observation times when compared

to control.

4.2 EFFECT OF THE SOLUBLE FRACTION FROM BACTERIAL LYSATES
ON NOS2 EXPRESSION.

To investigate the potential involvement of NOS2 in the above-reported effects of
the soluble fraction from bacterial lysates on HaCaT monolayer repair process, we
analyzed by western blot the NOS2 protein levels in monolayers after 28 h from scratch
in the absence or presence of bacterial samples at 50 pug/mL. The values obtained
following the densitometric analysis of NOS2 bands were normalized versus B-actin.
Data expressed as mean + SEM from three independent experiments in duplicate
together with a representative image of immunoblotting for NOS2 are shown inFigure

12A and B, respectively.
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Figure 12. Influence of the soluble fraction from probiotic lysates on NOS2 protein levels in scratched HaCaT
monolayers. Immunoblotting assay for NOS2 was performed on scratched monolayers treated for 28 h with 50
pg/mL of probiotic soluble fraction. Following densitometric analysis, obtained values were normalized vs. p-actin
and compared with untreated controls. (A) Results of densitometry expressed as ratio NOS2/f-actin (fold vs. control).
Data are from three independent experiments in duplicate and values are expressed as mean + SEM. For comparative
analysis of data, a one-way analysis of variance (ANOVA) with post hoc Dunnett test was used * P < 0.05, *** P <
0.001, **** P < 0.0001 vs. control (untreated). (B) A representative image of immunoblotting for NOS2 is shown.

In line with their ability to accelerate monolayer re-epithelialization, the results
indicated that the treatment with the soluble fraction from S. thermophilus, L.
plantarum, and L. acidophilus lysates led to a marked and significant upregulation of
NOS2 protein expression vs. control cells. The most relevant effect could be observed
with L. acidophilus and L. plantarum (P < 0.0001 vs. control). S. thermophilus sample
was also able to significantly increase NOS2 protein expression level even if with
statistically lower efficacy (P < 0.01). On the other hand, L. bulgaricus sample, which
did not significantly affect monolayer wound repair, was also unable to modulate NOS2
expression compared to control. Of note, HaCaT monolayer exposed to B. longum, B.

infantis, and B. breve samples, all strains able to inhibit the wound closure rate, showed
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significantly lower NOS2 protein levels compared to untreated condition (P < 0.01 with
B. longum or B. infantis; P < 0.05 for B. breve).

4.3 EFFECT OF THE SOLUBLE FRACTION FROM BACTERIAL LYSATES
ON NITRITE LEVELS.

The ability of the bacterial samples to regulate NOS2 activity was analyzed by
measuring nitrite levels in supernatants of scratched HaCaT monolayers pre-treated with
or without the selective NOS2 inhibitor, AG (Figure 13A). Pre-treatment with AG
prevented the increase of nitrite generation due to NOS activity induced by the scratch
of control monolayer (P < 0.05), thus confirming previous findings [303]. The treatment
with S. thermophilus, L. plantarum, and L. acidophilus samples, able to up-modulate
NOS2 expression, induced a significant increase of nitrite levels in culture medium
versus control, even if at different extent (S. thermophilus, P < 0.01; L. plantarum, P<
0.0001; L. acidophilus P < 0.05). Of note, the stimulatory effect of S. thermophilus, L.
acidophilus, and L. plantarum samples on nitrite generation was totally o partially
prevented by pre-treatment with AG, thus supporting the ability of these probiotics to
induce NOS2 expression and activity in our experimental conditions. On the contrary,
B. longum, B. infantis, or B. breve samples induced a significant decrease of nitrite levels
respect to control, confirming their inhibitory effect on NOS2 expression at a similar
extent (B. longum P < 0.01; B. infantis P < 0.05; B. breve P < 0.01). In accordance with
the results of experiments on NOS2 expression, pre-treatment with AG did not
significantly influence nitrite levels in cell cultures treated with the soluble fraction from
B. longum, B. infantis, and B. breve lysates as compared to the monolayers treated with
bacterial samples alone. The treatment with L. bulgaricus sample did not significantly
influence nitrite levels compared to untreated cultures, in line with the above results on
NOS2 expression and, like control condition, AG pre-treatment significantly decreased
nitrite amounts as compared to the relative sample without AG. Using Pearson’s test, a
significant linear positive correlation resulted between NOS2 expression (fold vs.

control) and nitrite level (fold vs. relative TO) (r = 0.889; P < 0.0001) (Figure 13B).
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Figure 13. Nitrite levels in HaCaT scratched monolayers’ medium in the presence or absence of NOS2
inhibitor AG. (A) HaCaT scratched monolayers were incubated with or without 20 uM AG for 15 min before
bacterial soluble fraction treatment. After 28 h, nitrite levels in the culture medium were analyzed by Griess reagent.
Data shown are expressed as mean + SEM of three independent experiments in duplicate. For comparative analysis
of groups of data, a two-way analysis of variance (ANOVA) with post hoc Bonferroni test was used. * P < 0.05, **
P < 0.01, **** P < 0.0001 vs. control (untreated). # P < 0.05, # P < 0.01, *## P < 0.001, #* P < 0.0001 vs. each
relative culture without AG. (B) Pearson’s test analysis of the correlation between NOS2 expression (fold vs. control)
and nitrite levels (fold vs. relative T0).
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4.4 EFFECT OF AMINOGUANIDINE ON THE RE-EPITHELIALIZATION OF
HACAT SCRATCHED MONOLAYERS TREATED WITH S. thermophilus, L.
plantarum, and L. acidophilus.

The effect of NOS2-inhibitor AG on the rate of wound closure was also evaluated
on the ability of S. thermophilus, L. plantarum, and L. acidophilus lysate-derived soluble
fraction to accelerate wound closure process in vitro. Results, expressed as mean + SEM
of three experiments in duplicate, are relative to the % re-epithelialization at 20 h vs.
relative TO from monolayer scratching in the presence or absence of bacterial samples
at 50 pg/mL (Figure 14A). Representative images from microscopic observations are
also shown (Figure 14B). As expected, in accordance with our previous findings [39],
the pre-treatment with AG strongly affected the physiological repair of control
monolayer and significantly prevented the stimulating effect of all these bacterial
samples in terms of monolayer repair rate expressed as % re-epithelialization vs. relative
TO.
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Figure 14. Effect of NOS2 inhibitor AG on the re-epithelialization of HaCaT scratched monolayers induced
by S. thermophilus, L. plantarum, and L. acidophilus. (A) Effect of 15 min pre-treatment with 20 uM AG on the
relative wound closure rate (%) of scratched monolayers with or without the indicated probiotic lysate-soluble
fraction at 50 pg/mL for 20 h. Data are expressed as mean + SEM of three independent experiments in duplicate. For
comparative analysis of groups of data, a two-way analysis of variance (ANOVA) with post hoc Bonferroni test was
used. #P < 0.05, # P < 0.001 vs. each relative culture without AG. (B) Representative images of HaCaT cell line
scratched monolayers pre-treated with or without 20 uM AG for 15 min and then with S. thermophilus, L. plantarum
or L. acidophilus samples at 50 pg/mL for 20 h (10x magnification).

To verify the statistical relationship between the percentages of wound closure,
NOS2 expression, and nitrite levels, Pearson’s correlation test was used. Statistical

analysis revealed a positive, strong, statistically significant correlation between NOS2
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protein levels (fold vs. control) and wound closure (% re-epithelialization vs. relative
TO) (r = 0.885; P < 0.0001) (Figure 15A). Similarly, Pearson’s test revealed a strong
correlation also between nitrite levels (fold vs. relative TO) and wound closure (% re-
epithelialization vs. relative TO) (r = 0.908; P < 0.0001) (Figure 15B). Takentogether,
these results, confirming the involvement of NO in the wound repair process, strongly
suggest that the up-modulation of NOS2 expression and activity plays a crucial role in
the re-epithelialization process elicited by the soluble fraction from probiotic lysates.
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Figure 15. Analysis of the correlation between NOS2 expression, nitrite levels, and wound closure rate. (A)
Pearson’s test analysis of the correlation between NOS2 expression (fold vs. control) and wound closure rate
expressed as % re-epithelialization vs. relative TO. (B) Pearson’s test analysis of correlation between nitrite levels
(fold vs. relative TO) and wound closure rate expressed as % re-epithelialization vs. relative TO.
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5. RESULTS ON MODEL #2: INTESTINAL EPITHELIAL
BARRIER IN VITRO

55 EFFECT OF VIVOMIXX TREATMENT ON VIABILITY AND
PARACELLULAR PERMEABILITY OF AN IN VITRO INTESTINAL
EPITHELIAL BARRIER MODEL.

No significant influence on cell count and viability was observed after treatment
with Vivomixx formulation (not shown).

In order to evaluate the ability of Vivomixx to influence the epithelial integrity,
TEER measurements were registered at different time intervals (0, 1, 3, and 6 h) on
CaCo-2 untreated or treated with the probiotic mixture at 108 CFU/ml (final
concentration). Results reported in Figure 16A show the TEER values expressed as
percentage change from baseline and mean £ SEM of two independent experiments
performed in duplicate. The Vivomixx addition, despite a slight increasing trend, did
not affect significantly the values of TEER compared to control at all time intervals. In
Figure 16B representative microscopy images from transwell chambers at 20X
magnification with CaCo-2 monolayers untreated or treated with Vivomixx at 108
CFU/ml for 3 h are shown. In accordance with TEER results, the microscopy images
showed no appearance of cell-free areas (holes) in the monolayer treated with Vivomixx
mixture, thus suggesting that Vivomixx did not induce damage to the epithelial barrier,

preserving the continuity of the monolayer surface.

63



A 25 -

Control
a=fi=\/iVOMIxx

(% Change from baseline)

TEER
AEL

Time (hours)

Vivomixx

Figure 16. Effects Vivomixx on TEER levels. (A) TEER values expressed as % change of baseline over time (0-6
hours) in the presence or absence of Vivomixx at 108 CFU/ml. Data are expressed as mean = SEM of two independent
experiments performed in duplicate. Differences among mean values were assessed by two-way repeated measures
ANOVA following by Bonferroni post-hoc test (P > 0.05). (B) Representative microscopy images from transwell
chambers at 20X magnification with CaCo-2 monolayers untreated (control) or treated with Vivomixx at 108 CFU/ml
for 3 h.

To evaluate the ability of Vivomixx formulation to influence paracellular
permeability of differentiated CaCo-2 monolayers, the measurement of fluoresceinated
dextran-4 amount through the monolayers was used. Flux of FITC-dextran-4 (FD4) in
differentiated CaCo-2 cell monolayers treated or not with Vivomixx formulation for 3
hours was assayed as described in Materials and Methods’ section. In agreement with
the TEER values registered at 3 h treatment and reported in Figure 5, the exposure to
Vivomixx formulation did not affect the FD4 flux when compared to untreated

monolayer. The results expressed as pg/ml FITC-dextran recovered from basolateral
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compartments are shown in Figure 17 as means £ SEM of two independent experiments

performed in duplicate.
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Figure 17. Effects of Vivomixx on TEER levels and FD4 flux. (A) TEER values expressed as % change of baseline
at 3 hours in the presence or absence of Vivomixx at 108 CFU/ml. Data are expressed as mean + SEM of three
independent experiments performed in duplicate. Differences among mean values were assessed using a two-tailed
t-test (P > 0.05 vs. Control). (B) FD4 flux across the differentiated CaCo-2 monolayers was measured after 3 h
treatment in the presence or absence of Vivomixx at 108 CFU/mI. Results are expressed as mean + SEM of two
independent experiments performed in duplicate. Differences among mean values were assessed using a two-tailed
t-test (P > 0.05 vs. Control).

56 EFFECTS OF VIVOMIXX ON ZO-1 AND OCCLUDIN LEVELS.

In order to further investigate the ability of Vivomixx preparation to influence
the levels of TJ proteins, ZO-1 and occludin analysis by western blotting were
performed in CaCo-2 cells before and after 3 h treatment with the bacterial samples. As
shown in Figure 18A, treatment with Vivomixx preparations at 102 CFU/ml did not
significantly alter the ZO-1 protein expression levels. On the other hand, the treated cells
showed a significant increase of occludin level respect to control (P < 0.001). The
results are expressed as mean = SEM of three independent experiments in duplicate
(Z0O-1 or occludin expression, fold versus control). In Figure 18B, images from one
representative experiment for ZO-1 and occluding levels, as analyzed by western

blotting are shown.
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Figure 18. Effects of Vivomixx on TJ protein levels. (A) Densitometric analysis of western blot bands respectively
for ZO-1 and occludin levels in CaCo-2 monolayers incubated for 3 h in the presence or absence of Vivomixx at 108
CFU/ml. Values were normalized to GAPDH, and the results are presented as fold increase vs. control and represent
mean + SEM of three independent experiments in duplicate. Differences among mean values were assessed using a
two-tailed t-test (*** P < 0.001 vs. control). (B) Western blot images from one representative out of three independent
experiments for ZO-1 and occludin protein levels are shown.

57 EFFECT OF VIVOMIXX ON PARACELLULAR PERMEABILITY IN
HEAT-STRESSED CACO-2 DIFFERENTIATED MONOLAYERS.

In order to evaluate the effect of Vivomixx preparation on heat damage induced
in CaCo-2 cells, experiments on TEER measurements and paracellular dextran flux after
exposure of cells to 40°C for 10 minutes have been performed. To this aim, cell
monolayers were incubated with Vivomixx at 108 CFU/ml for 4 h before heat treatment.
Results shown in Figure 19A are expressed as mean = SEM of two independent
experiments in duplicate. Heat stress induced in control monolayers a drop in TEER

values with ~20-30% reduction when compared to relative baseline values. Of note, pre-
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treatment with Vivomixx totally prevented the TEER heat-induced fall, even inducing
a slight increase in TEER value (P < 0.05 vs. heat-exposed control). In accordance, heat
stress-induced FD4 flux increase could be totally prevented by pre-treatment with
Vivomixx (Figure 19B) (P < 0.01 vs. heat-exposed control). Results are expressed as

mean £ SEM of three independent experiments in duplicate.
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Figure 19. Effects of pre-treatment with Vivomixx on TEER values and FD4 flux in heat-stressed CaCo-2
differentiated monolayers. The effects of a 4 h pre-treatment with Vivomixx at 108 CFU/mI before heat stress at
40°C for 10 min are shown. (A) TEER values expressed as % change of baseline at 3 h after exposure of CaCo-2
monolayers to 40°C for 10 minutes. Data are presented as means + SEM of two experiments performed in duplicate.
Differences among mean values were assessed using a two-tailed t-test (* P < 0.05 vs. control). (B) FD4 flux data
are expressed as means + SEM of three experiments performed in duplicate. Differences among mean values were
assessed using a two-tailed t-test (** P < 0.01 vs. control).

58 EFFECT OF VIVOMIXX ON ZO-1 AND OCCLUDIN LEVELS IN CACO-2
CELLS EXPOSED TO HEAT-INDUCED STRESS.

The influence of pre-treatment with Vivomixx mixture on the expression of ZO-
1/occludin in CaCo-2 cells exposed to heat-induced stress was also investigated. Results
are shown in Figures 20 and expressed as mean = SEM of three independent
experiments in duplicate. Representative western blot images are also reported. Heating
of cells for 10 minutes at 40°C induced a significant reduction of ZO-1 level (P < 0.05
vs. non-exposed untreated, Figure 20A). No significant change was instead observed in
occludin level between unexposed controls and cell monolayers exposed to heating for

a short period. Pre-treatment with Vivomixx for 4 hours at doses of 108 CFU/ml fully
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preserved ZO-1 expression levels, which were similar to those detected in untreated
unexposed cells and significantly higher when compared to heat-stressed control (P <
0.01). In accordance with the results reported in Figure 19, also in these conditions,
Vivomixx was able to strongly elevate occludin levels, which resulted significantly
higher either versus unexposed or heat-exposed controls (P < 0.05 vs. both controls,
Figure 20B).
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Figure 20. Effects of pre-treatment with Vivomixx on TJ protein levels in heat-stressed CaCo-2 differentiated
monolayers. The effects of a 4 h pre-treatment with Vivomixx at 108 CFU/ml before heat stress at 40°C for 10 min
are shown. (A) and (B) Densitometry of bands from western blot analysis respectively of ZO-1 and occludin in CaCo-
2 cells. Values were normalized to GAPDH. Histogram bars are relative to fold vs. untreated cells. Results are
expressed as mean values + SEM of three independent experiments. Differences among mean values were assessed
by one-way ANOV A following by Bonferroni post-hoc test (* P < 0.05 vs. untreated; # P < 0.05 and ## P <0.01 vs.
heat-exposed control). Images from one representative out of three independent experiments for ZO-1 and occludin
protein levels analyzed by western blotting are shown.
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6. DISCUSSION

In the first part of the present study, the effect of the soluble fraction from lysates
of seven different probiotic strains on the re-epithelialization process in an in vitro
wound healing model was studied. Considering the crucial barrier function of the
epidermis, when an injury occurs, it is necessary to re-establish tissue integrity as fast
and efficiently as possible, through the re-epithelialization process. Keratinocyte
proliferation and migration represent an essential step in the re-epithelialization process
during wound healing [304]. There is a growing body of research involving the use of a
topical application of probiotics in dermatology with benefits in atopic dermatitis, acne,
seborrheic dermatitis, and wound healing [16,305,306]. The use of probiotic
formulations would thus represent a valid alternative approach to overcome the existing
problems of actual wound therapy approaches, including the high costs, the long
manufacturing times, and the increase in antibiotic resistance. The results of a recent
meta-analysis from controlled in vivo studies testing the efficacy of probiotics for skin
lesions in animal models strongly support that topical probiotic administration is an
effective pharmacological treatment for cutaneous wounds [307]. However, further
studies are needed both to identify probiotics or any combinations of them in terms of
therapeutic efficacy and to fully define the underlying mechanisms. With this purpose,
the ability of different probiotic samples to influence the re-epithelialization process in
vitro was compared. The soluble fraction from S. thermophilus, L. plantarum, and L.
acidophilus, lysates promoted the re-epithelialization of scratched HaCat monolayers.
In contrast B. longum, B. infantis, and B. breve inhibited the monolayer repair process,
whereas L. bulgaricus had no effect. Given the key role of the NO generation in the
wound healing process and with the aim to identify the mechanisms mediating the
observed effects of the probiotic samples, the possible involvement of the NOS2/NO
system in the ability of probiotics to influence wound healing in vitro was examined.
The acceleration of re-epithelialization induced by S. thermophilus, L. plantarum, and
L. acidophilus, was associated with an increase of NOS2 expression and activity, as
demonstrated by immunoblotting data and nitrite level assay. Of note, the ability of the
soluble fraction from S. thermophilus, L. plantarum, and L. acidophilus lysates to

accelerate re-epithelialization was abrogated by the inhibition of NOS2 by AG, thus
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confirming that the beneficial effect of these probiotics may be mediated by NOS2/NO
pathway. On the other hand, B. infantis, B. breve, and B. longum, significantly
downmodulated NOS2 expression and activity in scratched HaCat monolayers. L.
bulgaricus, also in this context, did show no effect. Figure 21, with the aid of arrows,
summarizes the effects of all used probiotics on keratinocyte re-epithelialization, NOS2
expression, and nitrite levels. Taken together, these results strongly suggest that the pro-
or anti-healing properties of probiotics used are strictly strain-dependent and associated
with their ability to up- or down-modulate NOS2 expression and activity, as also
supported by the Pearson’s correlation analyses.

Probiotic strain Re-epithelialization rate NOS2 expression Nitrite levels

L. plantarum * * *

L. acidophilus

S. thermophilus

B. longum

B. breve

4 4 t
4 t t
v v v
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Figure 21. Effects of the soluble fraction from lysates of the used probiotic strains on scratched HaCat monolayers:
Overview of the re-epithelialization potential of the used probiotic strains as well as their ability to influence NOS2
protein expression and activity.

These data extend the spectrum of the mechanisms underlying the effects of specific
probiotics on the re-epithelialization process and may further justify their use in the
topical treatment of skin wounds. Even if further in vivo studies should be conductedto
confirm their potential therapeutic use, it will be of interest to firstly verify the
reproducibility of the observed effects on HaCat cell line, also on primary keratinocytes,
as well as other cell types involved in skin wound healing process (i.e., fibroblasts,
endothelial cells), focusing on the biomolecular mechanism behind the observed effects.

In addition, these findings strongly support that the choice of the probiotic strains should
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also be considered of crucial importance, as the effects of these bacteria are highly
strain-specific.

In the second part of this work, the effect of Vivomixx, a multistrain probiotic
formulation commercially available, was analyzed on an in vitro intestinal epithelial
barrier model. The maintenance or enhancement of intestinal barrier function is a
beneficial property exerted by some probiotics and/or relative secreted bioactive factors
[297-300]. Of note, the original VSL#3, now named Vivomixx, has been recently
reported to reduce colonic inflammation and improve intestinal barrier function in Muc2
mucin-deficient mice [308].

Both active and passive transport can be investigated in vitro using the Caco-2 line,
derived from a human colorectal adenocarcinoma, and able to spontaneously
differentiate into a polarized monolayer when grown on porous inserts. In fact, the Caco-
2 cells cultured on a semipermeable filter insert which defines a partition for upper and
lower compartments, close up and tighten becoming similar to the intestinal barrier
composed by enterocytes with microvilli (brush border) on the apical side and a
basolateral side. They also express TJ proteins, similar to the small intestine], that
restrict the diffusion of substances across the barrier [309].

For these reasons, in this study, the effect of Vivomixx on human colon cancer cells
(CaCo-2) have been evaluated. Vivomixx did not affect TEER values and epithelial
permeability of polarized monolayers assessed by measuring the FITC-labeled dextran
flux from the apical to basolateral chambers. Interestingly, it could totally prevent the
heat-induced loss epithelial barrier integrity and was also able to maintain the basal
dextran flux. Even if the mechanisms are not fully understood, several studies have been
focused on probiotic ability to prevent alterations to barrier integrity and tight junctions
(TJ) using in vivo and in vitro models [95,297,300,301,309]. TJ represents a very
dynamic structure consisting of transmembrane proteins located at the apical contact
point between cells in epithelial and endothelial tissue which form a continuous barrier
between epithelial cells and other tissues, regulating a selective paracellular transport
across the epithelium, and preserving the integrity of the epithelial barrier [93,310-315].
In accordance, VSL#3 (De Simone formulation), has been shown to enhance TJ

integrity [316-318], reduce dextran sodium sulphate-induced colitis in rodent models by
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preventing TJ alterations [308,319,320] and improve human intestinal health [321-323].
In our hands, Vivomixx did not affect ZO-1 expression and induced an increase of
occludin levels. Of note, it increased occludin expression also in the presence of heat
stress, demonstrating to have a protective effect against intestinal injury.

Our findings confirm that CaCo-2 cells represent an optimum in vitro model for
studies on intestinal barrier functions due to their ability to spontaneously differentiate
into a polarized monolayer and to express tight junction proteins, similar to the small
intestine. The intestinal mucosa consists of an epithelial layer, the lamina propria and
the muscularis mucosa where the epithelial layer is the guardian hurdle for nutrient
absorption, drug permeation and toxic substances exclusion. So, humans rely on an
efficient intestinal barrier to protect themselves against pathogens and pathobionts while
hosting beneficial bacteria.

Our data support that the probiotic formulations can be analyzed on
transepithelial electrical resistance, dextran flux and expression TJ proteins i.e. zonulin-
1 (Z0O-1) and occludin, in the absence or presence of a heat stress-related damage of cell
monolayer, to detect in vitro functional differences which could be clinically relevant.
Indeed, the bioavailability of nutrients, drugs or other substances administered orally
depends on intestinal barrier integrity that can be compromised in various diseases such
as inflammatory bowel diseases, infectious enteritis, necrotizing enterocolitis, serious
liver diseases.

Variability in probiotic manufacturing may affect their properties, with potential
implications for their efficacy and safety. Genetically identical bacterial strains, if
produced differently, could not maintain the same probiotic properties. For example,
significant changes in the in vitro properties of early L. rhamnosus GG strains were
reported, when functional tests were done on fifteen different Lactobacillus rhamnosus
GG isolates with 100% sequence homology [324]. This fact, attributed to different
production processes and a long-term series of re-inoculations, has also been described
for L. acidophilus to such an extent that the outcome of the human intervention studies
may be different [312]. Recently, the influence of technological treatments on the
functionality of Bifidobacterium lactis INL1 has been confirmed [313] and the
antifungal activity of Lactobacillus pentosus £OCK 0979 has been shown to be

dependent from the presence of polyols and galactosyl-polyols in the culture medium
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[325]. Therefore, it is evident that genomic characterization of probiotic strains is not
an appropriate solution to establish the consistency of a probiotic production. Functional
studies are needed to assess if production changes have a substantive impact on probiotic
efficacy and safety.

Each step and variable involved in the culture production. From growth
conditions, substrates, and protectants to food formulation, processing, and storage
conditions, may affect probiotic properties [317,318]. Recently, the group of Prof.
Cifone reported that the VSL#3 formulations manufactured in the USA and Italy have
a different effect on tumor cell lines and wound healing [293,294]. The same
discrepancies between VSL#3 formulations manufactured at different sites have been
reported either by Biagioli et al. in animal models of IBDs [295] or by Trinchieri et al.
in HIV-infected subjects [296]. These observations may have a major impact on patient
safety and on the liability of doctors when they prescribe a probiotic formulation made
with different processes at different production sites, without properly informing the

patients.

Once human intervention studies have documented that microorganisms qualify
as probiotics, the next step will need to be taken to see if the strains can be cultured at
an industrial scale and if they can be successfully incorporated in consumer products.
Preferably, this part of probiotic commercialization will run in parallel with clinical
trials, to avoid studying a non-commercializable strain. Culturing at a large scale and
industrial processing set very different requirements for strains than laboratory scale
culturing; also, medium requirements are very different due to cost and other factors.

As correctly stated by Fenster et al in a recent review [326], “For manufacturing,
an intricate production process is required that ensures both high yield and stability
and must also be able to meet requirements such as the absence of specific allergens,
which precludes some obvious culture media ingredients (Figure 22). Reproducibility
is important to ensure constant high performance and quality. To ensure this, quality
control throughout the whole production process, from raw materials to the final
product, is essential, as is the documentation of this quality control”. The same Authors
pointed out that “fo ensure the consistent high quality of the strains, a quality control
program needs to be established to assure the consistent quality of everything, from

ingredients to final product, and a quality assurance program needs to be in place to
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run reliable production processes. This all requires rigorous documentation of
procedures and results. Once high-quality probiotic bulk has been produced, the
strain(s) need to be incorporated into consumer products. These products have different
requirements, from shelf life to storage conditions and product composition. In any case,
a minimal efficacious dose should be delivered to the consumer at the end of shelf life.
Probiotics, being live microorganisms, make this all challenging. However, by choosing
the right strains, culture conditions, and product manufacturing, much can be achieved,
and the investigated health benefits can be delivered to the consumer”.
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Figure 22. Schematic representation of the production of probiotics for dietary supplements and dairy starter culture
strains.

In conclusion, a careful selection of the probiotic agent, standardization of the
dose and detailed characterization of the beneficial effects are essential when
considering use of a probiotic for the dietary or topical management of serious diseases.
However, changes in the manufacturing processes, equipment or facilities can result in
differences in the product itself due to the live nature of probiotics. The need to
reconfirm safety and/or efficacy for any probiotic product made at a different factory is

therefore mandatory.

In vitro models, such as those used for this work can be very useful and suitable

for an in vitro verification of the effects of a probiotic or a probiotic combination.
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