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Abstract

Fusarium mycotoxins, such as fumonisins, trichothecenes, zearalenone and emerging fusariotoxins, common
contaminants of feed and food, have received increased interest, due to the possible impact on animal and
human health.

In this context, it is urgent to focus our attention on fusariotoxins adverse effects, considering and analysing
data in relation to their species-specificity.

The in vitro approach for fusariotoxins risk assessment evaluation, through porcine epithelial barriers model,
allowed to collect information on their absorption profile, bioavailability and toxicity.

The aim of this review is to give an overview on Fusarium mycotoxins and their interactions with porcine
intestinal and brain in vitro barriers, because they represent a direct target organ of toxicity and as a tool to
evaluate their permeability and transport.
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Highlights

e Porcine intestinal epithelial cell lines (IPEC) are widely used as species-specific model of the intestinal
barrier;

e Primary Porcine Brain Capillary Endothelial Cells (PBCEC) are commonly used for neurotoxicity
studies.

e Effects of the fusariotoxins, zeralanone, Fumonisin B1, beauvericin, enniatins, and T2 toxin, on IPEC

and PBCEC are described;



1. Introduction

Fumonisins, trichothecenes, and zearalenone, Fusarium mycotoxins of primary concern (Bakker, 2018),
together with so-called emerging fusariotoxins, i.e. beauvericin and enniatins, on which attention has
recently increased because of their frequent isolation in food and feed commodities (Fraeyman et al., 2017;
Streit et al., 2013), are raising concern for possible adverse effects on animal and human health (D'Mello et
al., 1999; Ferrigo et al., 2016; Bakker et al., 2018).

In this context, it is urgent to collect information on toxicological effects, through a cell-based assay strategy,
with a species-specific approach.

Regarding emerging and traditional Fusarium mycotoxins, in vitro data on absorption, bioavailability,
transport and effects, as the results of exposure to predictive in vitro models of epithelial barriers, are well
focused mainly on porcine epithelial biological barrier of intestine and brain (Krug et al., 2018; Nossol et al.,
2015).

Indeed, some mycotoxins have the epithelial barriers as their targets (Pinton et al., 2010), whereas others,
crossing it, are able to reach their target organs and exert their toxicity (Behrens et al., 2015; Fraeyman et
al., 2017).

In vitro epithelial barriers have found many applications in research and industrial settings, either as stand-
alone method, or as a part of an Integrated Testing Strategy (Gordon et al., 2015; Rovida et al., 2015), mainly
as human tissue/cell based.

The aim of this review is to collect and summarize data on Fusarium mycotoxins, traditional and emerging

ones, and their interactions on the principal porcine epithelial barriers, in the optic of species-specific toxicity.

2. Porcine intestinal barriers (IPEC-1 and IPEC-J2)

Regarding the intestinal barrier, various techniques have been studied to obtain suitable polarised gut

columnar epithelium in vitro and several animal intestinal cell lines are available. Among these, the intestinal



porcine epithelial cell lines IPEC-1 and IPEC-J2, derived from pig small intestine and cultured on permeable
support membranes that allow the creation of an apical and a basolateral compartment, are one of the most
used species-specific model of the intestinal barrier and are considered valuable tools for the in vitro
investigation of intestinal function and morphology (Schierack et al., 2006; Diesing et al., 2011; Nossol et al.,
2011). Both immortalized cell lines were obtained from piglets less than 12 hold (Berschneider, 1989) and
are non-transformed, not carcinoma derived and maintain most of their original epithelial nature (Mariani et
al., 2009). IPEC-J2 is columnar epithelial cell line that was isolated for the first time in 1989 by Berschneider
et al. (1989) from mid-jejunum of neonatal unsuckled piglets (Berschneider, 1989), whereas IPEC-1 were
isolated from jejunum and ileum, a more distal part of the intestinal tract, thus they represent a slightly
different cell population (Schierack et al., 2006). IPEC-J2 undergo spontaneous differentiation during in vitro
culture on inserts with the formation, within 1-2 weeks, of a polarized monolayer. The transepithelial
electrical resistance (TEER) is one of the most used parameters to evaluate the formation of the tight
junctions and thus the functional integrity of the epithelial monolayer. Interestingly, this parameter is
influenced by the type of serum used in the culture medium: higher TEER values (therefore low active
transport rates) are obtained when the cells are cultured in medium added with fetal bovine serum (FBS)
(Geens and Niewold, 2011), whereas porcine serum (PS) induces higher transport rates and thus lower TEER
values, a condition that is comparable with the in vivo situation (Zakrzewski et al., 2013), with cells showing
smaller horizontal dimension and higher vertical diameter. IPEC-1 cell line, as IPEC-2, also shows spontaneous
in vitro polarization and apical-basolateral electrical resistance after differentiation (that occur within 10 days
of culture). The first studies using IPEC-J2 grown in monolayer investigated the transepithelial ion transport
and cell proliferation (Kandil et al., 1995; Rhoads et al., 1994) but then this cell line, as well as IPEC-1, have
proven to be very useful also in toxicity studies including mycotoxicity studies. Acute and chronic toxicity
caused by long-term exposure to mycotoxins have been investigated using these cell lines, thus they are
accurate models of the in vivo pattern of cellular responses in the intestinal epithelium (Mariani et al., 2009).
Moreover, the gastrointestinal system that, together with the integumentary system, represents the major
barrier between the organism and the external environment, is often the route of exposure to potentially

toxic substances, such as mycotoxins (Marin et al., 2013). Thus, toxicity studies involving these cell lines are
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particularly useful to understand, under a species-specific point of view, absorption, cell transport systems
involved, distribution, biotransformation, and excretion of mycotoxins, but also their interactions in cases of

co-exposure as well as the efficacy of mycotoxin detoxifying agents (Devreese et al., 2012).

2.1. Zearalenone

Zearalenone (ZEA) is a mycotoxin produced by species of Fusarium genus (especially F. graminearum) which
is a natural contaminant of crops in temperate climate geographical areas (Tabuc et al., 2009). This mycotoxin
is characterized by a chemical structure that allows it to bind to the estrogenic receptors of mammalians,

acting as an endocrine disruptor.

Regarding the intestinal effect, just few studies have been performed; lately ZEA’s actions on the intestinal
barrier had been investigated to evaluate the potential correlation between exposure to this mycotoxin and
human chronic intestinal inflammatory diseases (Maresca and Fantini, 2010). A study performed by Taranu
et al. (2015) used IPEC-1 to evaluate whether the exposure to low concentration of ZEA (Taranu et al., 2015)
could cause differences in genome wide expression, in order to have a better overview on the mechanisms
of action at the intestinal level. Cell viability after exposure and inflammatory mediator production were also
analysed, finding that exposure of 80% confluent IPEC-1 to 0-100 uM ZEA for 24 h, caused a decrease of the
cell viability in a concentration-dependent manner: concentrations up to 10 uM did not exert any detrimental
effect on cell viability, whereas with concentrations of 100 uM, only 67% of the cells were still viable.
Moreover, increasing concentrations of ZEA (namely 10, 50 and 100 uM) decreased cell proliferation in a
dose-dependent manner and exposure to ZEA at 10 uM for 24 h induced up-regulation of inflammatory
cytokine genes in undifferentiated IPEC- 1 (IL-6, IL-8, IL-10, IL- 18, TNF-a, MCP-1, I1L-12p40 and CCL20).
Interestingly, an up-regulation of the TLR-s gene was also found: this gene is responsible for the activation of
IL-17C, a cytokine produced by intestinal epithelial cells involved in early innate immunity mechanisms which
can activate a downstream signalling for the induction of genes encoding for a pro-inflammatory molecule

but also for peptides that can exert a protective effect against inflammatory stimuli (Song et al., 2011). Other



affected genes (over a total of 1954 found to have an altered profile) were those involved in signalling and
transcriptional regulation pathways with alterations inimmune response to pathogens. Among them, an over
expression of ITGB5, involved for example in the inhibition of the attachment and adhesion phases of
enterotoxigenic Escherichia coli (ETEC) on porcine intestinal cells, was detected. ZEA was also found to induce
oxidative stress on the intestinal cells, via up-regulation of glutathione peroxidase enzymes and to exert a
potential carcinogenic action at the intestinal level, since genes responsible for initiating of tRNA
transcription in eukaryotes (GTF3C4) and signal transducers and activators of transcription gene were highly

expressed compared to the controls (Taranu et al., 2015).

The effects of ZEA on the intestinal barrier were also studied by Goossens et al. (2012). In this study IPEC-J2
were used to investigate the cytotoxic effects of ZEA and other mycotoxins. After 72 h of exposure to 0-20
pg/ml ZEA (the molar concentration corresponding with 1 pg/ml ZEA is 3.14 uM), a cytotoxic effect
(concentration-dependent) was recorded when cells were exposed to concentrations greater or equal to 9
pug/ml. These results are in agreement with those of Wan et al. (Wan et al., 2013), who tested the effect of
ZEA (2.5-40 uM) alone and in combination with other mycotoxins on IPEC-J2 and found a reduction in cell
viability when ZEA was applied alone at dosages of 40 uM, whereas, interestingly, a dose of 10 uM showed
significant increases in cell viability, compared to the control. Regarding the effects of mycotoxin mixtures
on the intestinal barrier, all of them were more cytotoxic than the mycotoxins taken individually, revealing a
non-additive interaction in all mixtures except for DON-ZEA-FB1which did not significantly affect cell viability.
The association FB1-ZEA exerts a greater cytotoxic effect than FB1 or ZEA alone. Also, mixtures of ZEA and
other mycotoxins at the individually non-toxic concentrations, exerted a cytotoxic effect on the cells, namely
ZEA-DON, ZEA-FB1, ZEA-DON-nivalenol (NIV) and ZEA-DON-NIV-FB1. The sensitivity differences of this cell
line to DON, NIV, ZEA and FB1 as well as their mechanism of action is not fully understood, and may involve,
as demonstrated in vivo, metabolic transformation of the toxins. ZEA is reported to be biotransformed into
glucuronide conjugates, a-zearalenol (the predominant form) and B-zearalenol (Malekinejad et al., 2006).
The accumulation of a-ZEA can be responsible for the inhibition of cell proliferation also in this in vitro model,

via the activation of apoptotic mechanisms of cell death (Luongo et al., 2006). Also, the intestinal cell



synthesis of defensins (antimicrobial peptides involved in the innate immune defence of mammals) was
investigated using the IPEC-J2 cell line. Wan et al. (2013) evaluated the effect of Fusarium mycotoxins alone
(ZEA, DON, NIV, FB1) and in combination on the mRNA expression, protein secretion, and the corresponding
antimicrobial effects of porcine beta-defensins 1 and 2 (pBD-1 and pBD-2). After exposure to mycotoxins an
induction of mRNA for both defensins was recorded, but this increase was not followed by a correspondent
increase in the encoded protein levels. Moreover, the exposure to mycotoxins caused a reduction in the
antibacterial properties of the cell supernatant. It has been found that the upregulation of defensins is one
of the first protective responses of the intestine against bacterial infections, tissue injuries/inflammation
(Veldhuizen et al., 2008) and that any perturbance in the delicate mechanisms of the defensin production

may cause the alteration of the intestinal homeostasis predisposing animals to various diseases.

2.2. Fumonisin B;

Fumonisins (FBs) are a group of cytotoxic and carcinogenic mycotoxins produced by many Fusarium species,
predominantly F. verticillioides and F. proliferatum (Yazar and Omurtag, 2008) that occur worldwide primarily
in maize. Among the fumonisin homologues (the known are at least 28, up to date), the most important is
the B group, that include fumonisin B1 (FB1), B2 (FB2), B3 (FB3) that are the most relevant molecules of the
group due to their toxicological activities (EFSA, 2005). The ability of FB1 to exert toxic effects on intestinal
epithelial cell lines have been reported by several authors (Bouhet et al., 2004; Loiseau et al., 2007). In a
study conducted by Bouhet et al. (2004) the cytotoxic effects of FB1 on IPEC-1 were investigated by
measuring lactate dehydrogenase (LDH) release in the culture medium after 48 h of exposure to different
concentrations of FB1 (2 to 700 uM), whereas the effects on cell proliferation and viability were assessed via
a colorimetric assay (MTS bioassay). The analysis of the cellular cycle was performed by flow cytometry after
exposure to concentrations 5 to 100 uM for 48 h, and the evaluation of the integrity of tight junctions was
investigated by measuring the TEER during exposure to 0, 50, 200, and 500 uM FB1. They found that, at the
lower concentrations employed (2 to 20 uM), FB1 did not show any cytotoxic effects on dividing IPEC-1, while
at higher concentrations (>50 uM) the cytotoxic effect was dose-dependent. On confluent nondividing cells,
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FB1 induced LDH release only when applied at the highest concentration of 700 uM. Regarding the effect of
FB1 on cell proliferation, the mycotoxin had a negative effect (inhibition) in a dose-dependent manner. Cell
growth was significantly affected already at FB1 concentrations (10 and 20 uM) proven to be noncytotoxic
for IPEC-1 and in the same dose-dependent manner, exposure to FB1 (starting from concentration of 5 uM)
blocked the IPEC-1 cell cycle in the GO/G1 phase. Moreover, TEER evaluation demonstrated that FB1 affected
the monolayer integrity in a dose-dependent manner, and this effect was not influenced by the
differentiation stage in which the cells were tested. Interestingly, when cells were cultured for another 16
days in a medium FB1-free after the exposure to FB1, a significant increase in TEER was recorded, even if it

remained lower than those of the control cells, thus indicating a partially reversibility of the effect of FB1.

Loiseau et al. (2007) using the same cell line (IPEC-1), evaluated the trans-epithelial passage post-
differentiation of FB1 from the apical to the basolateral cell compartment finding a linear correlation (r2 =
0.98) between passage rate and dose (2 and 100 uM). At this FB1 concentration (100 uM), the cell
permeability was increased threefold compared to those of the cells exposed to a lower concentration (50
KUM). In addition, comparing these results with TEER data, they observed that the mycotoxin passage was
significantly increased with low values of TEER, indicating a tight junction dysfunction linked to a damage of
these structures. They also found a dose- and time-dependent effect of FB1 on the quantity of free
sphingolipids in the cells with a significant increase in sphinganine concentration after 48 h of FB1 exposure
at concentrations higher than 100 uM, and from day 6 of FB1 exposure with concentration >20 uM. Thus, it
is likely that most of the effects produced by FB1 on the intestinal cells are mediated via inhibition of the
ceramide synthase (enzyme that plays a key role in the de novo biosynthesis of sphingolipids), causing an
accumulation of free sphingoid bases (sphinganine and, to a lesser extent, sphingosine) and a depletion of
complex sphingolipids and ceramide (Wang et al., 1991). Sphingolipids represent a significative part of the
cell membrane lipids (10-20%) and act as regulators in many cellular functions and pathways such as growth,
differentiation, apoptosis, etc. Alterations regarding these molecules can affect many cell functions, i.e.,

specifically for the intestinal cells, the folate uptake since the transporter is a protein that requires



sphingolipids and cholesterol to exert its function (Merrill Jr et al., 2001). Moreover, the accumulation of

sphingoid bases can inhibit protein kinase C and alter the cellular membrane architecture (Smith et al., 1997).

Also, the cell line IPEC-J2 has been used in studies for the evaluation of in vitro effects of FB1. In a study
performed by Goossens et al. (2012) (Goossens, et al., 2012), the cytotoxic effects of FB1, among other
Fusarium mycotoxins, were investigated. After 72 h of exposure to 0-15 pg/ml FB1 (the molar concentration
corresponding with 1 pg/ml FB1 is 1.39 uM), no cytotoxic effect on the cells were observed, and this is in
agreement with findings reported using IPEC-1 (Bouhet et al., 2004). Another evaluation of the cytotoxicity
of FB1 on IPEC-J2, alone and in combination with other Fusarium mycotoxins (deoxynivalenol, nivalenol and
zearalenone) was performed by Wan and co-workers (2013) (Wan et al., 2013). The dose-response effect of
each mycotoxin alone on cell viability was assessed using MMT test and cytotoxic and non-cytotoxic
concentrations were obtained. The IPEC-J2 proved to be a cell line that was generally resistant to FB1
(concentrations ranging from 2.5 and 40 uM), with cytotoxic and non-cytotoxic concentration values of 20
and 40 pM, respectively. Regarding mycotoxin combination, mixtures of FB1 and ZEA proved to be more
cytotoxic than either FB1 or BEA alone. For mycotoxin combinations at individually non-cytotoxic
concentrations, all mixtures showed cytotoxic effects, and the lowest cell viability (48.5 + 23.0%) was
recorded when all the four mycotoxins were mixed together. Moreover, the results showed a non-additive
interaction in mixture of DON-NIV (p = 0.008), DON-ZEA (p = 0.028) and ZEA-FB1 (p = 0.042), DON-NIV-ZEA
(p < 0.001) and DON-NIV-ZEA-FB1 (p < 0.001), confirming also with this cell line the presence of interactions
in terms of toxic effects between mycotoxins and underlying the need to evaluate co-exposure and not only

the effects of individual toxins.

2.3. Deoxynivalenol

Deoxynivalenol (DON), also known as vomitoxin, belongs to the large family of trichothecenes, that include
more than 150 Fusarium mycotoxins that are potent inhibitors of protein synthesis. DON is produced by many

Fusarium moulds but mainly by F. graminearum and F. culmorum and it is a common contaminant of wheat.



DON is a good example of a mycotoxin whose action is primarily associated with the disruption of the
intestinal integrity (Pestka, 2010; Akbari et al., 2017) thus numerous studies have been performed on its
actions on the intestinal barrier, both in vitro and in vivo. On polarized IPEC-1, DON induces a concentration-
and time- dependent decrease in TEER values: after 24 h of exposure to 50 uM DON, a significant decrease
of TEER values was recorded (60%) and after 14 days of exposure to concentration of DON at 5, 10, 20 and
50 uM, TEER values decreased by 58, 69, 75 and 97%, respectively. Likely this reduction was not due to cell
death, since the exposure to these concentrations (0-50 uM) for 48 h did not significantly affect the cell
viability (assessed by LDH release assay), even if exposure to higher concentrations of DON (200 uM) resulted
in decreased cell viability. The impact of DON on cell permeability was also assessed using FITC-dextran: the
cells were treated for 48 h with 0-50 uM DON and then FITC-dextran was added to the apical compartment.
At the end of the experiment a dose-dependent increase of permeability was found for DON concentration
of 5 and 20 uM, a finding which is in line with the TEER decrease, confirming TEER as a good indicator of the
epithelium integrity. The alteration of the barrier function of the IPEC-1 after 48 h of exposure to 0-50 uM
DON was also demonstrated by an increase of the E. coli translocation (E. coli was placed in the apical
compartment and after 1-4 h the basolateral medium was collected to assess bacterial translocation). All
these results clearly demonstrate that DON can act by modulating the paracellular pathway thus altering
intestinal barrier function. Since tight junctions play a fundamental role in the integrity and functionality of
the intestinal barrier, the actions of DON on the expression of these proteins were also assessed.
Differentiated IPEC-1 cells, were treated with 0 and 30 uM DON for 48 h, then stained for ZO-1, occludin,
claudin-3 or 4, which are common tight junction proteins (for review see Zhang et al., 2018). While ZO-1 and
occludin staining pattern and localization were not affected by DON, the intensity of the staining for claudin-
3 and claudin-4 was significantly decreased and the western blot analysis confirmed a reduced signal for
claudin-3 (-67%) as well as for claudin-4 (-60%) in the cells exposed to DON, compared to the non-exposed
cells (Pinton et al., 2009). Since it is well known that DON acts as an activator of mitogen-activated protein
kinases (MAPKs) via the so-called mechanism of the ribotoxic stress response (Pestka et al., 2004) and that
the tight junction function is regulated by MAPK proteins, it could be hypothesized that the mechanism of

action of this toxin at the intestinal level may involve the DON-mediated activation of MAPKs with a
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consequent negative effect on the expression of the tight junction proteins. This hypothesis was investigated
in a study performed by Pinton et al. (2010) (Pinton et al., 2010), that investigated the role played by MAPKs
in the DON-induced loss of barrier functionality using IPEC-1 cell line (which is considered to be very sensitive
to DON). Results showed that DON induced MAPK activation at a dose of 30 uM for 1 h. Moreover, the
inhibition of MAPK (obtained with a pretreatment of the cells with 0.5 uM of U0126, which is a MAPK
inhibitor) avoids the DON-induced alteration of intestinal barrier and the DON-induced decreased expression
of claudin-4 but has no effect on claudin-4 mRNA expression, thus it can be hypothesized that the pathway
involved in the regulation of claudin-4 is not transcriptional. In a study performed by De Walle et al. (2010)
on Caco-2 quantification of mRNA after exposure to DON showed an increase in the transcript level of
claudin-4. Thus, the decreased claudin-4 protein expression, that has also been described in DON-exposed
Caco-2 cells, may be due to the ability of this toxin to inhibit protein neosynthesis. Even if claudin-4 is not a
specific target of the protein synthesis inhibition mediated by DON, the high turnover that characterized this
protein may be responsible for its particular sensitivity to this mycotoxin. Indeed, it is well known that
trichothecenes bind to ribosomal 60 S subunit in eukaryotic cells, interfering with peptidyl transferase activity
(Cope, 2018). In particular, DON acts on synthesis inhibition during the elongation and termination phases
(Ehrlich and Daigle, 1987), with the simultaneous onset of ribotoxic stress which cause the activation of
cellular kinases involved in signal transduction pathways. Therefore, it has been hypothesized that tissues
characterized by a high protein turnover or highly proliferating cells (i.e., intestinal cells), are particularly

sensitive to this mycotoxin (Desjardins, 2006).

IPEC-J2 were also used as a model to investigate investigate whether Bacillus subtilis could improve intestinal
barrier functionality impairment due to exposure to DON (Gu et al., 2014). Before DON-exposure, heat-
inactivated B. subtilis or lipoteichoic acid (LTA-BS) from the same bacteria were added for 1 h to the cell
culture medium. Results showed that B. subtilis and LTA-BS were able to increase the expression of tight
junction proteins (ZO-1 and occludin) and, when the cells were incubated with DON (2 pug/ml) for 48 h, both
the group treated with B. subtilis and with LTA-BS showed an increased TEER value compared with non-

treated group, thus demonstrating that these substances may have a protective effect on permeability in
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IPEC-J2 exposed to DON. Regarding tight junction protein expression, pre-treatment with B. subtilis induced
better expression of ZO-1, whereas pre-treatment with LTA-BS or no pre-treatment caused loss of cell-cell
association. This data study suggests that B. subtilis may enhance the intestinal barrier resistance towards

the detrimental effect of DON.

Based on these results, it has been hypothesized that the treatment of the toll-like receptor 2 (TLR2), that is
expressed in the IPEC-J2, with several TLR2 ligands (LTA-BS, B. subtilis-derived peptidoglycan -PGN-BS, S.
aureus-derived LTA -LTA-SA, synthetic TLR2 ligand Pam3CSK4 -PCSK and E. coli-derived lipopolysaccharide -
LPS), may have a protective effect against the damages induced by DON on the intestinal barrier (Gu et al.,
2016). TRL2 and, more in general, TRL, are a family of receptors that are constitutively expressed on intestinal
epithelial cells that are involved in the discrimination between self- and microbial non-self, playing an
important role in the activation of antimicrobial pathways, for the elimination of pathogens (Cario et al.,
2004). Moreover, TRL2 are able to redistribute ZO-1 (by the activation of a protein kinase) increasing the
epithelial barrier resistance, also towards ribotoxic stress induced-damages, promoting the maintenance of
the “belt-like” cell-cell contacts of ZO-1 in the tight junction areas. Ribotoxic stress-induced response (Lebrun
et al., 2015) consists in the activation of many MAPKs (i.e., p38, that mediate apoptosis; ERK-1/ERK-2 that
induce proinflammatory cytokine expression; etc.). The overall result of these pathways activation and

interaction depends on concentrations and duration exposure to DON.

All the TLR2 ligands evaluated in the study significantly increased TEER values in a dose- and time-dependent
manner after 24 and 72 h of treatment, only LPS had little or no effect. When PCSK and LTA-BS (two TLR2
ligands), were used as a pre-treatment, adding them to the culture medium for 24 h and then treating the
cells with DON (2 pg/ml) for 48 h, the integrity of the barrier was maintained, as demonstrated by normal
TEER values (comparable to those of the control cells) and tight junction expression was higher than those of
the group treated only with DON. Moreover, pre-treating cells with LTA-BS, cell viability after DON exposure
was significantly greater than those of the group treated only with DON. Gu et al. (Gu et al., 2016)
demonstrated that DON-induced upregulation of MCP-1 expression was suppressed when a pre-treatment

with TLR2 ligand was applied.
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In order to better represent the intestinal environment, a modification of IPEC-J2 model was performed, co-
culturing these cells with peripheral blood mononuclear cells (PBMCs) on the basis of the hypothesis that
damage to IPEC-J2 exposed to DON could affect immune cells due to the close connection between intestinal
epithelial cells and the lamina propria which is proximal to blood vessels. In this system, IPEC-J2 were
cultivated on inserts, whereas the PBMCs were cultivated at the bottom of the wells, in order to avoid a
direct contact between the two cell types. It was found that DON caused a decreased expression of CD163
by CD172a" monocytes, with a high production of tumor necrosis factor-a, showing that DON exposure could
stimulate an inflammatory response. Moreover, PBMC viability was affected by DON-exposure (46.7% of
viable cells in DON-treated group and 64.9% in the control group) with percentages of apoptotic and necrotic
PBMC cells significantly greater in the DON-treated groups, compared with the control. Conversely, TLR2
ligand pre-treatment showed a decreased apoptosis of PBMCs after DON treatment, an increased percentage
of viable cells and an increased proliferation of CD172a* cells compared with the non-pre-treated group (Gu
et al., 2016). This study is an interesting application of an intestinal barrier model that has proven to be a
good representation of the complexity of the intestinal environment and to be flexible enough to allow many

applications.

2.3.T-2 Toxin

As DON, T-2 toxin (T2) is a trichothecene and like the other members of this family, T2 inhibits protein, RNA
and DNA synthesis (Hossam, 2013). This mycotoxin is a natural contaminant of many crops including wheat

and corn, and is mainly produced by F. sporotrichioides and F. langsethiae.

The cytotoxic effects of T2 have been evaluated with the IPEC-J2 cell line, using flow cytometric technique
and exposing the cells for 72 h to increasing doses of T2 (0-10 ng/ml, the molar concentration corresponding
to 1 ng/mlIT2is 2.14 nM). A concentration-dependent toxicity was demonstrated and, among other Fusarium
mycotoxins (ZEA, DON, FB1), T2 appeared to be the most toxic on IPEC-J2, with a lower percentage of viable

cells, even at very low concentration (ng/ml range), whereas DON and ZEA exert their toxicity at higher doses
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(ng/ml range) and FB1 did not show any toxicity at concentrations of 0-15 pg/ml. Regarding the toxic effect
of T2, comparing the percentages of viable, apoptotic and necrotic cells, the necrotic ones are the most
numerous, and this is in line with the clinical findings of skin and gastrointestinal necrosis that are
manifestations of T2 toxicosis (Harvey et al., 1990; Adhikari et al., 2017). Moreover, at cytotoxic
concentrations (10 and 100 ng/ml), T2 caused a significant decrease in TEER values of differentiated IPEC-J2
after 72 h of exposure. On the contrary, exposure to non-cytotoxic concentrations did not cause any
alterations in TEER values. Disruption of the epithelial integrity after 72 h of exposure to cytotoxic
concentrations of T2 (10 and 100 ng/ml) was also proven by an increased passage of doxycycline and
paromomycin across the polarized monolayer (Goossens et al., 2012). Regarding the mechanism of action,
one of the T2 target sites includes the 60S ribosomal unit, where T2 acts impeding polypeptide chain initiation
(Devreese et al., 2013). Since actively proliferating cells (like intestinal and skin cells) are more sensitive to
this inhibitory effect (Rai et al., 2011), IPEC-J2 cell line could represent a good and sensitive model to study

the effect of this toxin.

2.5. Beauvericin and Enniatins

Beauvericin (BEA), as well as enniatin (ENN), are cyclic depsipeptides which are characterized by the presence
of free electron pairs giving these molecules the ability to act as nucleophiles (Hamill et al., 1969) and a high
instability which lead to the tendency to form complexes with many molecules, especially metallic cations
thus acting as ionophores (Kouri et al., 2003). IPEC-J2 were used to examine the effect of ENNs (A, A1, B, B1)

and BEA, alone and in combination, on the intestinal barrier integrity and function.

Exposure to concentration of 2.5 uM ENN A for 72 h did not affect the TEER values, whereas concentration
of 5 UM, had no effect at 24 and 48 h of exposure, but significantly reduced TEER (-70%) after 72 h. ENN Al
at 5 UM had no effect on TEER, while concentrations of 10 uM caused a reduction of the TEER values after
24, 48 and 72 h of -29, -64 and -74% respectively. ENN B caused a higher TEER alteration: at concentrations
of 1.5, 2.5, and 5 uM ENN B had no effect on TEER values after 24 h of exposure, but concentrations of 2.5
and 5 uM ENN B after 48 and 72 h of exposure caused significant decreases in TEER values (-55% and -68%,
respectively). ENN B1 had no effect on TEER values at a dosage of 2.5 uM over 72 h but induced a significant
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decrease at 5 uM after 48 h and 72 h (- 44 and -58%, respectively). Regarding co-exposure, a mixture of all
the enniatins, (with concentrations of 1.5-3 uM for each toxin), caused significant TEER value decreases after
24 h (1.5 uM: -30%; 3 uM: -33%), 48 h (1.5 uM: -64%; 3 uM: 72%) and 72 h (1.5 pM: =75%; 3 uM: -82%).
These data showed that ENN alone had no effect on TEER values, but in a mixture significantly affected TEER
values, thus the co-exposure appear to exert an additive effect. Co-exposure with all the ENNs and DON (with
concentration of 1.5 or 3 uM for each toxins), significantly reduced TEER values starting from 24 h of exposure
(1.5 uM: -33%; 3 uM: -41%). At 48 h TEER reduction was -69% for 1.5 UM concentrations and -75% for 3
UM concentrations, while at 72 h was -80% (1.5 uM) and —-83% (3 uM). Summarizing, ENNs exerted a strong
effect on TEER values, that was even stronger in case of co-exposure, and this effect was not due to a
cytotoxic effect, since neutral red test demonstrated that cell viability was not affected by ENN or DON

exposition, alone or in combination, at all the used concentrations.

It can be hypothesized that the effect of ENNs on TEER values could be due to the ionophoric properties of
these compounds that allow the passage of ions (i.e., K and Ca*") across the cytoplasmic membrane that lead
to a decreased tight junction resistance via protein kinase C as it has been demonstrated in T84 cells by Tai

et al. (1996) (Tai et al., 1996).

Also, the effects of BEA (1.5-10 uM) on the intestinal barrier were examined using a IPEC-J2 cell model. While
BEA at all the concentrations tested did not affect cell viability, the exposure to 5 and 10 uM BEA significantly
reduced TEER values after 24 (-59%), 48 (-74%) and 72 h (-80%). Co-exposure with 2.5 uM BEA and 1.5 or 3
KM DON did not cause a significant TEER reduction. Because of their similar ionophoric properties, it could
be hypothesized that BEA shares the same mechanism of action to those of ENNs. Another mechanism of
action could involve BEA-mediated induction of the phosphorylated MAPK ERK44/42 (Lu et al., 2016) as
demonstrated for DON indicating that intestinal barrier function is altered via impairment of the expression

of claudin-3 and 4 through the phosphorylation of p44/42 (Springler et al., 2016).

In vitro intestinal barrier studies are very important, especially with regard to emerging mycotoxins, because
of the lack of knowledge of these mycotoxins, for example on their effect on the intestinal barrier function.
Thus, the ability to study a crucial toxicological target of these compounds, alone and in combination, using
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a sensitive in vitro model that has strong morphological and functional similarities with the intestinal
epithelial cells in vivo (Nossol et al., 2015) could be very useful to fill the knowledge gap on how these

mycotoxins act.

3. Primary Porcine Brain Capillary Endothelial Cells

Primary Porcine Brain Capillary Endothelial Cells (PBCEC) is a well characterized, flexible and validated in vitro
predictive model, formed using porcine brain capillary endothelial cells, seeded on polycarbonate inserts,
becoming an effective tool for neurotoxicity and transport studies between the blood and brain (Franke H et
al., 2000; Weidner et al., 2013). This PBCEC barrier has several advantages including handling and correlation
in vitro/in vivo (Behrens et al., 2015).

PBCEC was exposed to some traditional fusariotoxins, trichothecenes, and to emerging ones, Enniatin B,

Enniatin B1, and Moniliformin, and results of these studies are summarized below.

3.1 Tricothecenes

According to work conducted by Behrens and coworkers (2015) (Behrens et al., 2015), fusariotoxins T-2 toxin
(T2) and H-T2, showed very high cytotoxicity at very low concentrations and both toxins were able to cross
the PBCEC barrier, after application from either apical or basolateral site, suggesting translocation in the
brain is possible. Also, a direct effect on the blood-brain barrier (BBB) tight junctions was reported with a loss
of occludin; T-2 seemed more potent and more rapidly transported in comparison with HT-2. On the other
hand, DON was slowly transferred through the barrier, but it drastically impaired barrier integrity and
decreased TEER values (Behrens et al., 2015). DON cytotoxicity was observed at higher concentrations (10
UM) when compared to the cytotoxic nanomolar levels of T-2 and H-T2, and PBCEC seems permeable to DON
although to a limited extent in relation to its polarity (Behrens et al., 2015). Because T2, HT2 and DON were
not found enriched in either of the two compartments during active transfer evaluations, it was hypothesized
that their transport did not involve an efflux protein. Additional research will be required to fully elucidate

the mechanisms of transport for these tricothecene mycotoxins.
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3.2 Enniatins and Moniliformin

Moniliformin (MON) exposure for 48 h (10 uM) did not exert any detrimental effects on cell viability, integrity
of cytoplasmic membranes or permeability of PBCEC monolayer. Due to its small molecular size it is likely to
cross cellular membranes, but its high polarity represents an important factor that can limit this passage,
thus MON showed a transfer rate across the BBB similar to that of DON, which was 3-4 times more rapid than
14C sucrose which was used as a negative control (Behrens et al., 2015). This rate indicates that MON is able
to cross BBB but in a limited extent. Moreover, an active transfer study was performed, and MON was not
found to be more concentrated in one of the two compartments, suggesting efflux proteins are not likely

involved in MON transfer.

The treatment of PBCEC with ENN B and ENN B1 caused a decrease in cell viability (ENN B>5 uM, whereas
ENN B1 showed a slightly higher cytotoxic effect starting from concentration of 2.5 uM). Passive transport
(from apical to basolateral side) studies were also performed, exposing PBCEC with 1 uM ENNB and ENN B1
(concentrations that did not show any cytotoxic effects on PBCEC and did not cause changes in TEER values).
Permeability coefficient for ENN B was of 14.9 x 10°® cm/s, similar to that of ENN B1, thus both showed a
transport kinetic characterized by a very rapid and high transfer rate, similar to those of molecules that are

known cross the BBB (Patabendige et al., 2013).

4.Conclusions

The high contamination of fusariotoxins in feed and food, demonstrate how is urgent a risk assessment
evaluation, and in vitro epithelial barriers, human and animal based, represent a very promising model either
as a stand alone method, or in the context of an Integrated Testing Strategy, to assess toxicological effects

(Gordon et al., 2015; Rovida et al., 2015; Akbari et al., 2016).

Fusariotoxins mechanisms of action, direct or indirect target organ toxicity, toxicokinetic, with in vitro barrier

species-specific approach, from intestine to brain, were here extensively reviewed.

The in vitro porcine intestinal epithelial barriers IPEC-1 and IPEC-J2 and Brain Capillary Endothelial Cells

(PBCEC), represent predictive tool for absorption, transport and direct impairment of xenobiotics and many
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fusariotoxins have been tested on these models, and useful information on their pathway of toxicity, and

finally their risk, in the perspective of the species-specificity, were provided.
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