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Abstract

Trichothecenes induce changes in the intestinal barrier function through decreased expression of
cell junction proteins and apoptosis of enterocytes. The mitogen activated protein kinases (MAPK)
play an important role in the signaling pathways of cell turnover and differentiation. Using ex vivo
and in vivo approaches, the purpose of this study was to investigate the ability of low doses of DON
to induce histological changes in the intestine and to activate the MAPK ERK 1/2, p38 and JNK.
Twelve weaning piglets received during four weeks a control diet or a DON-contaminated diet
(2.3mg DON/Kg feed). Six weaning piglets were used to prepare jejunal explants (ex vivo model).
Explants were exposed during 4 hours to vehicle, 5 or 10 uM DON. Intestinal changes were graded
using a histological score. Pigs fed a DON-diet and explants exposed to DON showed a significant
decrease in the jejunal score. In both models, the toxin significantly enhanced phosphorylation of
ERK 1/2 and p38, whereas the increased phosphorylation of JNK was non significant. Taken
together these results indicate that in vivo or ex vivo exposure of intestinal tissue to DON lead to
similar intestinal lesions and activation of MAPK. These effects could impair the homeostasis of
intestinal tissue in the aspects of barrier function and immune protection. The similarity of the in vivo
and ex vivo results provides also strong evidence that the jejunal explant model is a good

alternative for toxicological studies in intestinal tissue.
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1. Introduction

Mycotoxins are secondary metabolites produced by fungi and detected in various food
commodities from many parts of the world. They are presently considered as one of the most
hazardous contaminants of concern in food and feed, contaminating 25% of the world’s crops each
year (Cast, 2003).



The ftrichothecene deoxynivalenol (DON) contaminates cereals worldwide after grain
infestation by Fusarium species fungi mainly in field before harvest (Pestka, 2010). DON is resistant
to standard processes such as milling and baking and can be found in finished food or feed (Rotter
et al,, 1996). DON exhibits toxic effects in humans and all animal species investigated to date
(Pestka and Smolinski, 2005). In pigs, ingestion of high doses of DON induces feed refusal,
increased salivation and vomiting (Danicke et al., 2004), whereas chronic exposure to lower
amounts causes reduced feed intake and weight gain, resulting in an increased incidence of
infectious diseases and digestive disorders (Rotter et al., 1994; Pinton et al., 2008).

Surveys about contamination of raw materials and compound feed samples with DON
reported different levels of contamination. Recently, 7049 samples sourced in North and South
Americas, Europe and Asia were analyzed, and DON was present in 59% of the samples. Positive
samples showed an average contamination level of 1 mg/Kg feed, with a maximum level of 49
mg/Kg feed (Rodrigues, Naehrer, 2012).

Trichothecenes inhibit protein synthesis by binding to the ribosomal peptidyltransferase
resulting in a ribotoxic stress response that activates mitogen-activated protein kinases (MAPK).
MAPK are components of the signaling cascade that regulates cell survival in response to stress
(Zhou et al., 2005a). These kinases modulate numerous physiological processes including cell
growth, differentiation and apoptosis (Raman et al, 2007; Pestka, 2008) and are crucial for signal
transduction in the immune response (Dong et al., 2002). DON activates MAPK in in vitro assays
with macrophages and intestinal cell lines (Moon and Pestka, 2002; Pinton et al., 2010). However,
the capacity of DON to induce MAPK activation in the intestine of exposed pigs or in jejunal
explants was never investigated. It is reasonable that changes in the phosphorylation of MAPK
could impair intestinal nutrient absorption and cell functions affecting the barrier function of the
intestine.

Intestinal explants represent a relevant and sensitive model to investigate the effects of
food contaminants such as DON (Kolf-Clauw et al., 2009), nevertheless, there is no published data
comparing the effects of ex vivo and in vivo models. Most toxicological in vivo data have used
doses of DON above 5 mg/kg of feed, however such high levels are not frequent in cereals used for
animal feed (Accensi et al., 2006). The objective of this study was to investigate the ability of DON
to activate the MAPK after exposure to doses commonly seen in contaminated feed, using the ex
vivo (jejunal explants) and in vivo models. The effects of DON on intestinal morphology were also

evaluated.

2. Material and methods

2.1 In vivo exposure of pigs to deoxynivalenol
Twelve castrated male crossbred pigs, 4 week of age were acclimatized for 20 days, prior

to being used in experimental protocols. Six pigs were allocated to receive a control



uncontaminated diet or a diet contaminated with 2.3 mg DON/Kg of feed. The experimental diets
were prepared locally and formulated according to energy and amino acid requirements for piglets
as already described (Accensi et al., 2006). Pigs were housed individually with free access to feed
and water. After 35 days, the animals were submitted to electrical stunning, and euthanized by
exsanguination. Samples of jejunum were collected and fixed in 10% buffered formalin for 24 h for
histological analysis and scoring. Jejunal samples were collected, snap-frozen in liquid nitrogen and
stored at — 80 °C for western blot analysis. All animal experimentation procedures were carried out
in accordance with the European Guidelines for the Care and Use of Animals for Research
Purposes (Directive 2010/63/EEC).

2.2 Ex vivo exposure of pig intestine to deoxynivalenol

Six crossbreed weaning piglets of 4 week-old were used for preparing jejunal explants.
Piglets were acclimatized for 1 week with free access to feed and water, and then euthanized. The
explants were obtained as described elsewhere (Kolf-Clauw et al., 2009). Briefly, 5 cm middle
jejunum segments were collected in complete William’s Medium E (Sigma, Saint Quentin Fallavier,
France). Four to six washes were performed with William’s Medium E. Each jejunum segment was
opened longitudinally and pieces of 6 mm diameter were obtained with biopsy punches (Kruuse,
Centravet, Dinan, France). Two explants/well were deposited villi upward on biopsy sponges in six
well plates (Cellstar, Greiner Bio-One, Germany) containing control or DON-contaminated (5 and 10
MM) medium. All these operations were achieved in less than 1 h after the piglets were euthanized.
The explants were exposed to different treatments at 37 °C under CO2 controlled atmosphere with
orbital shaking for 4 hours, being then fixed in 10% buffered formalin for histological analysis or

stored at -80°C for western blot assay.

2.3. Histological analysis

Histological analysis were performed on both intestinal tissues obtained from piglets fed
mycotoxin contaminated diet and from intestinal explants exposed ex vivo to the toxin. A tissue
score was established based on the occurrence and severity of lesions as already described (Kolf-
Clauw et al.,, 2009). The score system, representing a maximum of 12 points, includes both
morphological and lesional data. The criteria included in tissue score were the number of villi and
crypts, the length of villi, the morphology of enterocytes, the degrees of villi coalescence and

autolytic changes of the tissue (oedema, necrotic debris, apoptotic cells).

2.3. Western blot assay

Frozen jejunal samples were washed on ice with PBS-EDTA (0.25 mol/L) with protease
inhibitor cocktail (Roche Diagnostics, Meylan, France), lysed on ice in a potter tissue grinder with
lysis buffer (20 mmol/L TrissHCL pH 8, 5 mmol/L EDTA, 0.02% NaN3, 1%Triton X100)

supplemented with protease inhibitor cocktail. Lysates were homogenized through a 26G needle



and sonicated for 30 s. Homogenates were diluted 1/2 with lysis buffer and heated at 100 °C for 10
min before protein quantification. Equal amounts of proteins were loaded a 12.5% acrylamide gel.
Migration was conducted in a 250 mmol/L Tris buffer (pH7.6) containing 1% SDS and 1.92 mol/L
glycine. After separation, proteins were transferred onto Optitran BA-S 83 membrane (Whatman,
Germany). The primary antibodies used were phospho p44/42 ERK MAPK, phospho SAPK/JNK,
phospho p38 MAPK (diluted 1:500) and B3-actin, used as control (diluted 1/1000) (Cell Signaling
Technology, Danvers, MA). Membranes were then washed and incubated with secondary
antibodies CFTM770 goat anti rabbit IgG or CFTM770 goat anti mouse IgG (diluted 1:10.000)
obtained from Biotium (Hayward, CA, USA). Band densities were obtained by scanning the
membranes using Odyssey Infrared Imaging System (LI-COR ScienceTec, Les Ulis, France).
Fluorescent intensities were determined using LI-COR imaging software after correction for
background. The expression of the protein was estimated after normalization calculated by the ratio

of the intensity of the band of interest and of the R-actin band.

2.4. Statistical analysis

The results are presented as means + SD of independent experiments with different
animals. The values of scores obtained in ex vivo and in vivo experiments were analyzed by
ANOVA followed by multiple comparison-Tuckey test using the Systat software 10.0 (Systat,

Chicago, IL, USA). P values < 0.05 were considered significant.

3. Results

3.1 DON induces histological lesions on the intestine

The intestinal tissue is a target for DON when contaminated feed is ingested. Our aim was
first to evaluate the effects of DON on intestinal morphology in animals chronically exposed to the
toxin, as well as in jejunal explants. The intestinal lesional and morphological scores were
measured. The main lesional changes observed in both explants and intestine from animals
exposed to DON were villi fusion and atrophy accompanied by focal apical necrosis of enterocytes.
Morphological changes included a reduction in the number of vili and cuboid or flattened
enterocytes. The changes were more severe in intestinal explants exposed ex vivo to 10 uM of
DON (p=0.001). Ingestion of DON induced a significant decrease in the histological score in the
jejunum (15%) in the in vivo model, whereas in the ex vivo assay, exposition to 5 and 10 yM of

DON induced a score decrease of 26% and 49,4%, respectively (Figure 1).

3.2 DON activates the mitogen-activated protein kinases in vivo and ex vivo
MAPK are known to be important signaling modulators in cell proliferation and apoptosis
(Pestka, 2008) and activation of this pathway by mycotoxins was reported in murine macrophages

(Moon and Pestka, 2002) as well as in porcine intestinal epithelial cells (Pinton et al., 2010).



Therefore, western blot assay was used to evaluate the ability of DON to induce MAPK
phosphorylation. Exposure of jejunal explants for 4h to 10 uM of DON induced a significant
phosphorylation of ERK 1/2 and p38 compared to control group (2.61 fold increase, p=0.05 and
5.76 fold increase, p=0.001, respectively), whereas no changes were observed when explants were
exposed to 5 yM of DON. Similar findings were observed in jejunal samples of animals fed 2.3 mg
of DON/Kg for 35 days. As shown in Figure 2 an increase of p38 (61%, p= 0.01) and ERK (48%, p=
0.01) phosporylation was observed. Of note, in both experimental models, a slight but not

significant increase of the expression of phosphorylated JNK was observed (Figure 3).

4, Discussion

The intestinal tract represents the first barrier against ingested food contaminants, as
mycotoxins, and has also an important role in immune functions (Turner, 2009). Chronic exposure
of intestinal tissues to low doses of DON induces changes in villi structure and cytokine expression
in pigs (Bracarense et al., 2012). One of the proposed mechanisms of the deleterious effect of DON
is the activation of the MAPK pathway via a mechanism called “ribotoxic stress response” (Pestka,
2008).

To investigate the ability of DON to activate the MAPK, when administered at low doses, we
used two experimental approaches: the in vivo exposure of pigs to DON contaminated feed and the
ex vivo treatment of jejunal explants with the toxin. In the in vivo study, we demonstrated that MAPK
activation occurs in the intestinal epithelium of piglets fed for 35 days a diet contaminated with low
doses of DON. An activation of MAPK was also observed in jejunal explants exposed ex vivo to
DON in a dose-dependent manner, since only the exposure to 10 uM of DON induced a significant
increase in MAPK phosphorylation. It is difficult to correlate in vitro toxin concentration with in vivo
exposure, however, the concentration of toxin used in both models are similar as 2.3 mg DON/Kg of
feed corresponds to 7.7 uM (Sergent et al, 2006; Pinton et al., 2009).

It is interesting to observe that in both models, there is a good correlation in the increase of
expression of phosphorylated MAPK. The extent of MAPK activation, lower in samples obtained
from the in vivo experiment than in explants, could be explained by the mode of exposure to the
toxin, in the culture medium or in ingested feed. A significant increase was observed only for ERK
and p38. Following the same signaling arrangement, each individual MAPK pathway responds to
specific stimuli and then regulates their specific substrates (Cui et al., 2007), which can explain the
selective activation of MAPK.

JNK and ERK are involved in regulation of both cell survival and death depending on cell
types and stimulus, whereas p38 can promote apoptosis via p53 activation (Bae and Pestka, 2008).
ERK 1/2 is of particular importance because it can be involved in intestinal epithelial cell
morphology and in the structure of tight junctions that regulate the barrier function of the intestinal
tract (Oshima et al., 2008). Increase in MAPK phosphorylation was described in in vitro assays

when the intestinal cell line IPEC-1 was exposed to DON, resulting in a decreased expression of



tight junction proteins (Pinton et al., 2010). In a previous study, we have also observed that piglets
fed a diet contaminated with 3 mg/kg of DON, showed a significant decrease expression of occludin
and E-cadherin in jejunum and ileum (Bracarense et al., 2012). Explants exposed to 10 uM of DON
showed a decreased expression of E-cadherin in immunohistochemical assay (data not shown). All
these data reinforce the role of DON in the activation of ERK which in turn induces changes in the
expression of adherens and occludens junctions proteins.

In DON-stimulated RAW 264.7 cells competing apoptotic and survival cell pathway are
induced by p38 and ERK activation, respectively (Zhou et al., 2005). In the present study, both in
vivo and ex vivo exposure to DON induced a significant decrease in the total intestinal score in
comparison to the control group. In addition, when immunohistochemical analysis for caspase-3
was performed in jejunal explants, a significant increase in immunostaining was verified in samples
exposed to 10 yM of DON (data not shown). Probably, apoptosis of enterocytes was mediated by
an activation of p38. DON and trichotecenes-related mycotoxins have shown to induce apoptotic
changes in vitro and in vivo in several organs. In vitro, these changes were correlated to
MAPKinases activation (Yang et al., 2000; Pinton et al, 2010). This correlation was also
demonstrated with other stressors than trichotecenes, for example heat stress in intestinal cells
ICE-6 (Yu et al, 2010). In vivo, to the best of our knowledge, there is no previous work
demonstrating this correlation with mycotoxins. However, ERK1/2 phosphorylation was shown to be
involved in apoptotic morphological changes induced by heat stress at jejunal level (Yu et al.,
2010). Similarly, a recent paper as indicated a correlation between decreased intestinal barrier
function, decresed expression of tight junction proteins and the intestinal activation of MAPK (He et
al.,, 2013). So, the present results taken together with previous works allow to hypothesize that
intestinal morphological alterations, such apical lyses of enterocytes and villi atrophy, were
associated with changes in the tight junctions of the epithelium and the apoptosis induced by MAPK
activation after exposure to DON.

In conclusion, we demonstrated that, in in vivo and ex vivo models, the histological changes
induced by DON are similar as well as the response observed for the expression of MAPK in both
models.This strongly suggest that intestinal toxicity of DON involve MAPK activation. In addition,
using histological and protein expression analysis, we confirmed that the explant model is a good
alternative for the studies focused on gastrointestinal toxicity following exposure to low doses of

toxins.
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Figure Legends

Figure 1-. Effect of DON exposure on jejunum histology. (A) and (B) Histological score. (A) Pigs
received a control diet or a diet contaminated with 2.3 mg/kg DON. (B) Jejunal explants exposed to
5 uM or 10 yM DON. (C) Jejunum of a control pig. Normal villi. HE. (D) Jejunum of a pig fed a DON-
diet. Villi fusion and atrophy (arrowhead) and apical lyses of enterocytes (arrow). HE. (E) Jejunal
explant of control group. Villi covered by cylindrical enterocytes. HE. (F) Jejunal explant exposed to
10 ymol/L DON. Villi atrophy and fusion (arrow). HE. Bars 100 ym. Lesional score after histological
examination according to the occurrence and severity of lesions. Values are mean scores + SEM
for 6 pigs. * =P < 0.05; ** = P < 0.01. AU= arbitrary units.

Figure 2 - Effect of DON exposure on intestinal expression of MAPK. (A) Pigs received a control
diet or a diet contaminated with 2.3 mg/kg DON. (B) Jejunal explants exposed to 5 uM or 10 uM
DON. A and B figures represent the expression of ERK 1/2, p38 and JNK estimated by
densitometric analyses after normalization with 3-actin signal. The values are mean + SEM for 6
pigs. * =P < 0.05; *** = P < 0.01.

Figure 3 - Effect of DON exposure on intestinal expression of MAPK. Pigs received a control diet or
a diet contaminated with 2.3 mg/kg DON. (A) The figure represents the immunoblot from jejunum of
pigs fed a diet contaminated with 2.3 mg/kg DON. (B) The figure represents the immunoblot from
jejunal explants exposed to 10 uM DON.
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Abstract

Trichothecenes induce changes in the intestinal barrier function through decreased expression of
cell junction proteins and apoptosis of enterocytes. The mitogen activated protein kinases (MAPK)
play an important role in the signaling pathways of cell turnover and differentiation. Using ex vivo
and in vivo approaches, the purpose of this study was to investigate the ability of low doses of DON
to induce histological changes in the intestine and to activate the MAPK ERK 1/2, p38 and JNK.
Twelve weaning piglets received during four weeks a control diet or a DON-contaminated diet
(2.3mg DON/Kg feed). Six weaning piglets were used to prepare jejunal explants (ex vivo model).
Explants were exposed during 4 hours to vehicle, 5 or 10 uM DON. Intestinal changes were graded
using a histological score. Pigs fed a DON-diet and explants exposed to DON showed a significant
decrease in the jejunal score. In both models, the toxin significantly enhanced phosphorylation of
ERK 1/2 and p38, whereas the increased phosphorylation of JNK was non significant. Taken
together these results indicate that in vivo or ex vivo exposure of intestinal tissue to DON lead to
similar intestinal lesions and activation of MAPK. These effects could impair the homeostasis of
intestinal tissue in the aspects of barrier function and immune protection. The similarity of the in vivo
and ex vivo results provides also strong evidence that the jejunal explant model is a good

alternative for toxicological studies in intestinal tissue.
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1. Introduction

Mycotoxins are secondary metabolites produced by fungi and detected in various food
commodities from many parts of the world. They are presently considered as one of the most
hazardous contaminants of concern in food and feed, contaminating 25% of the world’s crops each
year (Cast, 2003).



The ftrichothecene deoxynivalenol (DON) contaminates cereals worldwide after grain
infestation by Fusarium species fungi mainly in field before harvest (Pestka, 2010). DON is resistant
to standard processes such as milling and baking and can be found in finished food or feed (Rotter
et al,, 1996). DON exhibits toxic effects in humans and all animal species investigated to date
(Pestka and Smolinski, 2005). In pigs, ingestion of high doses of DON induces feed refusal,
increased salivation and vomiting (Danicke et al., 2004), whereas chronic exposure to lower
amounts causes reduced feed intake and weight gain, resulting in an increased incidence of
infectious diseases and digestive disorders (Rotter et al., 1994; Pinton et al., 2008).

Surveys about contamination of raw materials and compound feed samples with DON
reported different levels of contamination. Recently, 7049 samples sourced in North and South
Americas, Europe and Asia were analyzed, and DON was present in 59% of the samples. Positive
samples showed an average contamination level of 1 mg/Kg feed, with a maximum level of 49
mg/Kg feed (Rodrigues, Naehrer, 2012).

Trichothecenes inhibit protein synthesis by binding to the ribosomal peptidyltransferase
resulting in a ribotoxic stress response that activates mitogen-activated protein kinases (MAPK).
MAPK are components of the signaling cascade that regulates cell survival in response to stress
(Zhou et al., 2005a). These kinases modulate numerous physiological processes including cell
growth, differentiation and apoptosis (Raman et al, 2007; Pestka, 2008) and are crucial for signal
transduction in the immune response (Dong et al., 2002). DON activates MAPK in in vitro assays
with macrophages and intestinal cell lines (Moon and Pestka, 2002; Pinton et al., 2010). However,
the capacity of DON to induce MAPK activation in the intestine of exposed pigs or in jejunal
explants was never investigated. It is reasonable that changes in the phosphorylation of MAPK
could impair intestinal nutrient absorption and cell functions affecting the barrier function of the
intestine.

Intestinal explants represent a relevant and sensitive model to investigate the effects of
food contaminants such as DON (Kolf-Clauw et al., 2009), nevertheless, there is no published data
comparing the effects of ex vivo and in vivo models. Most toxicological in vivo data have used
doses of DON above 5 mg/kg of feed, however such high levels are not frequent in cereals used for
animal feed (Accensi et al., 2006). The objective of this study was to investigate the ability of DON
to activate the MAPK after exposure to doses commonly seen in contaminated feed, using the ex
vivo (jejunal explants) and in vivo models. The effects of DON on intestinal morphology were also

evaluated.

2. Material and methods

2.1 In vivo exposure of pigs to deoxynivalenol
Twelve castrated male crossbred pigs, 4 week of age were acclimatized for 20 days, prior

to being used in experimental protocols. Six pigs were allocated to receive a control



uncontaminated diet or a diet contaminated with 2.3 mg DON/Kg of feed. The experimental diets
were prepared locally and formulated according to energy and amino acid requirements for piglets
as already described (Accensi et al., 2006). Pigs were housed individually with free access to feed
and water. After 35 days, the animals were submitted to electrical stunning, and euthanized by
exsanguination. Samples of jejunum were collected and fixed in 10% buffered formalin for 24 h for
histological analysis and scoring. Jejunal samples were collected, snap-frozen in liquid nitrogen and
stored at — 80 °C for western blot analysis. All animal experimentation procedures were carried out
in accordance with the European Guidelines for the Care and Use of Animals for Research
Purposes (Directive 2010/63/EEC).

2.2 Ex vivo exposure of pig intestine to deoxynivalenol

Six crossbreed weaning piglets of 4 week-old were used for preparing jejunal explants.
Piglets were acclimatized for 1 week with free access to feed and water, and then euthanized. The
explants were obtained as described elsewhere (Kolf-Clauw et al., 2009). Briefly, 5 cm middle
jejunum segments were collected in complete William’s Medium E (Sigma, Saint Quentin Fallavier,
France). Four to six washes were performed with William’s Medium E. Each jejunum segment was
opened longitudinally and pieces of 6 mm diameter were obtained with biopsy punches (Kruuse,
Centravet, Dinan, France). Two explants/well were deposited villi upward on biopsy sponges in six
well plates (Cellstar, Greiner Bio-One, Germany) containing control or DON-contaminated (5 and 10
MM) medium. All these operations were achieved in less than 1 h after the piglets were euthanized.
The explants were exposed to different treatments at 37 °C under CO2 controlled atmosphere with
orbital shaking for 4 hours, being then fixed in 10% buffered formalin for histological analysis or

stored at -80°C for western blot assay.

2.3. Histological analysis

Histological analysis were performed on both intestinal tissues obtained from piglets fed
mycotoxin contaminated diet and from intestinal explants exposed ex vivo to the toxin. A tissue
score was established based on the occurrence and severity of lesions as already described (Kolf-
Clauw et al.,, 2009). The score system, representing a maximum of 12 points, includes both
morphological and lesional data. The criteria included in tissue score were the number of villi and
crypts, the length of villi, the morphology of enterocytes, the degrees of villi coalescence and

autolytic changes of the tissue (oedema, necrotic debris, apoptotic cells).

2.3. Western blot assay

Frozen jejunal samples were washed on ice with PBS-EDTA (0.25 mol/L) with protease
inhibitor cocktail (Roche Diagnostics, Meylan, France), lysed on ice in a potter tissue grinder with
lysis buffer (20 mmol/L TrissHCL pH 8, 5 mmol/L EDTA, 0.02% NaN3, 1%Triton X100)

supplemented with protease inhibitor cocktail. Lysates were homogenized through a 26G needle



and sonicated for 30 s. Homogenates were diluted 1/2 with lysis buffer and heated at 100 °C for 10
min before protein quantification. Equal amounts of proteins were loaded a 12.5% acrylamide gel.
Migration was conducted in a 250 mmol/L Tris buffer (pH7.6) containing 1% SDS and 1.92 mol/L
glycine. After separation, proteins were transferred onto Optitran BA-S 83 membrane (Whatman,
Germany). The primary antibodies used were phospho p44/42 ERK MAPK, phospho SAPK/JNK,
phospho p38 MAPK (diluted 1:500) and B3-actin, used as control (diluted 1/1000) (Cell Signaling
Technology, Danvers, MA). Membranes were then washed and incubated with secondary
antibodies CFTM770 goat anti rabbit IgG or CFTM770 goat anti mouse IgG (diluted 1:10.000)
obtained from Biotium (Hayward, CA, USA). Band densities were obtained by scanning the
membranes using Odyssey Infrared Imaging System (LI-COR ScienceTec, Les Ulis, France).
Fluorescent intensities were determined using LI-COR imaging software after correction for
background. The expression of the protein was estimated after normalization calculated by the ratio

of the intensity of the band of interest and of the R-actin band.

2.4. Statistical analysis

The results are presented as means + SD of independent experiments with different
animals. The values of scores obtained in ex vivo and in vivo experiments were analyzed by
ANOVA followed by multiple comparison-Tuckey test using the Systat software 10.0 (Systat,

Chicago, IL, USA). P values < 0.05 were considered significant.

3. Results

3.1 DON induces histological lesions on the intestine

The intestinal tissue is a target for DON when contaminated feed is ingested. Our aim was
first to evaluate the effects of DON on intestinal morphology in animals chronically exposed to the
toxin, as well as in jejunal explants. The intestinal lesional and morphological scores were
measured. The main lesional changes observed in both explants and intestine from animals
exposed to DON were villi fusion and atrophy accompanied by focal apical necrosis of enterocytes.
Morphological changes included a reduction in the number of vili and cuboid or flattened
enterocytes. The changes were more severe in intestinal explants exposed ex vivo to 10 uM of
DON (p=0.001). Ingestion of DON induced a significant decrease in the histological score in the
jejunum (15%) in the in vivo model, whereas in the ex vivo assay, exposition to 5 and 10 yM of

DON induced a score decrease of 26% and 49,4%, respectively (Figure 1).

3.2 DON activates the mitogen-activated protein kinases in vivo and ex vivo
MAPK are known to be important signaling modulators in cell proliferation and apoptosis
(Pestka, 2008) and activation of this pathway by mycotoxins was reported in murine macrophages

(Moon and Pestka, 2002) as well as in porcine intestinal epithelial cells (Pinton et al., 2010).



Therefore, western blot assay was used to evaluate the ability of DON to induce MAPK
phosphorylation. Exposure of jejunal explants for 4h to 10 uM of DON induced a significant
phosphorylation of ERK 1/2 and p38 compared to control group (2.61 fold increase, p=0.05 and
5.76 fold increase, p=0.001, respectively), whereas no changes were observed when explants were
exposed to 5 yM of DON. Similar findings were observed in jejunal samples of animals fed 2.3 mg
of DON/Kg for 35 days. As shown in Figure 2 an increase of p38 (61%, p= 0.01) and ERK (48%, p=
0.01) phosporylation was observed. Of note, in both experimental models, a slight but not

significant increase of the expression of phosphorylated JNK was observed (Figure 3).

4, Discussion

The intestinal tract represents the first barrier against ingested food contaminants, as
mycotoxins, and has also an important role in immune functions (Turner, 2009). Chronic exposure
of intestinal tissues to low doses of DON induces changes in villi structure and cytokine expression
in pigs (Bracarense et al., 2012). One of the proposed mechanisms of the deleterious effect of DON
is the activation of the MAPK pathway via a mechanism called “ribotoxic stress response” (Pestka,
2008).

To investigate the ability of DON to activate the MAPK, when administered at low doses, we
used two experimental approaches: the in vivo exposure of pigs to DON contaminated feed and the
ex vivo treatment of jejunal explants with the toxin. In the in vivo study, we demonstrated that MAPK
activation occurs in the intestinal epithelium of piglets fed for 35 days a diet contaminated with low
doses of DON. An activation of MAPK was also observed in jejunal explants exposed ex vivo to
DON in a dose-dependent manner, since only the exposure to 10 uM of DON induced a significant
increase in MAPK phosphorylation. It is difficult to correlate in vitro toxin concentration with in vivo
exposure, however, the concentration of toxin used in both models are similar as 2.3 mg DON/Kg of
feed corresponds to 7.7 uM (Sergent et al, 2006; Pinton et al., 2009).

It is interesting to observe that in both models, there is a good correlation in the increase of
expression of phosphorylated MAPK. The extent of MAPK activation, lower in samples obtained
from the in vivo experiment than in explants, could be explained by the mode of exposure to the
toxin, in the culture medium or in ingested feed. A significant increase was observed only for ERK
and p38. Following the same signaling arrangement, each individual MAPK pathway responds to
specific stimuli and then regulates their specific substrates (Cui et al., 2007), which can explain the
selective activation of MAPK.

JNK and ERK are involved in regulation of both cell survival and death depending on cell
types and stimulus, whereas p38 can promote apoptosis via p53 activation (Bae and Pestka, 2008).
ERK 1/2 is of particular importance because it can be involved in intestinal epithelial cell
morphology and in the structure of tight junctions that regulate the barrier function of the intestinal
tract (Oshima et al., 2008). Increase in MAPK phosphorylation was described in in vitro assays

when the intestinal cell line IPEC-1 was exposed to DON, resulting in a decreased expression of



tight junction proteins (Pinton et al., 2010). In a previous study, we have also observed that piglets
fed a diet contaminated with 3 mg/kg of DON, showed a significant decrease expression of occludin
and E-cadherin in jejunum and ileum (Bracarense et al., 2012). Explants exposed to 10 uM of DON
showed a decreased expression of E-cadherin in immunohistochemical assay (data not shown). All
these data reinforce the role of DON in the activation of ERK which in turn induces changes in the
expression of adherens and occludens junctions proteins.

In DON-stimulated RAW 264.7 cells competing apoptotic and survival cell pathway are
induced by p38 and ERK activation, respectively (Zhou et al., 2005). In the present study, both in
vivo and ex vivo exposure to DON induced a significant decrease in the total intestinal score in
comparison to the control group. In addition, when immunohistochemical analysis for caspase-3
was performed in jejunal explants, a significant increase in immunostaining was verified in samples
exposed to 10 yM of DON (data not shown). Probably, apoptosis of enterocytes was mediated by
an activation of p38. DON and trichotecenes-related mycotoxins have shown to induce apoptotic
changes in vitro and in vivo in several organs. In vitro, these changes were correlated to
MAPKinases activation (Yang et al., 2000; Pinton et al, 2010). This correlation was also
demonstrated with other stressors than trichotecenes, for example heat stress in intestinal cells
ICE-6 (Yu et al, 2010). In vivo, to the best of our knowledge, there is no previous work
demonstrating this correlation with mycotoxins. However, ERK1/2 phosphorylation was shown to be
involved in apoptotic morphological changes induced by heat stress at jejunal level (Yu et al.,
2010). Similarly, a recent paper as indicated a correlation between decreased intestinal barrier
function, decresed expression of tight junction proteins and the intestinal activation of MAPK (He et
al.,, 2013). So, the present results taken together with previous works allow to hypothesize that
intestinal morphological alterations, such apical lyses of enterocytes and villi atrophy, were
associated with changes in the tight junctions of the epithelium and the apoptosis induced by MAPK
activation after exposure to DON.

In conclusion, we demonstrated that, in in vivo and ex vivo models, the histological changes
induced by DON are similar as well as the response observed for the expression of MAPK in both
models.This strongly suggest that intestinal toxicity of DON involve MAPK activation. In addition,
using histological and protein expression analysis, we confirmed that the explant model is a good
alternative for the studies focused on gastrointestinal toxicity following exposure to low doses of

toxins.
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Figure Legends

Figure 1-. Effect of DON exposure on jejunum histology. (A) and (B) Histological score. (A) Pigs
received a control diet or a diet contaminated with 2.3 mg/kg DON. (B) Jejunal explants exposed to
5 uM or 10 yM DON. (C) Jejunum of a control pig. Normal villi. HE. (D) Jejunum of a pig fed a DON-
diet. Villi fusion and atrophy (arrowhead) and apical lyses of enterocytes (arrow). HE. (E) Jejunal
explant of control group. Villi covered by cylindrical enterocytes. HE. (F) Jejunal explant exposed to
10 ymol/L DON. Villi atrophy and fusion (arrow). HE. Bars 100 ym. Lesional score after histological
examination according to the occurrence and severity of lesions. Values are mean scores + SEM
for 6 pigs. * =P < 0.05; ** = P < 0.01. AU= arbitrary units.

Figure 2 - Effect of DON exposure on intestinal expression of MAPK. (A) Pigs received a control
diet or a diet contaminated with 2.3 mg/kg DON. (B) Jejunal explants exposed to 5 uM or 10 uM
DON. A and B figures represent the expression of ERK 1/2, p38 and JNK estimated by
densitometric analyses after normalization with 3-actin signal. The values are mean + SEM for 6
pigs. * =P < 0.05; *** = P < 0.01.

Figure 3 - Effect of DON exposure on intestinal expression of MAPK. Pigs received a control diet or
a diet contaminated with 2.3 mg/kg DON. (A) The figure represents the immunoblot from jejunum of
pigs fed a diet contaminated with 2.3 mg/kg DON. (B) The figure represents the immunoblot from
jejunal explants exposed to 10 uM DON.



Figure 1 - Lucioli et al.
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