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Abstract

Background and Aims: Deoxynivalenol (DON) is a Fusarium derived mycotoxin, often occurring on cereals used for human
and animal nutrition. The intestine, as prominent barrier for nutritional toxins, has to handle the mycotoxin from the mucosa
protected luminal side (apical exposure), as well as already absorbed toxin, reaching the cells from basolateral side via the
blood stream. In the present study, the impact of the direction of DON exposure on epithelial cell behaviour and intestinal
barrier integrity was elucidated.

Methods: A non-transformed intestinal porcine epithelial cell line (IPEC-J2), cultured in membrane inserts, serving as a
polarised in vitro model to determine the effects of deoxynivalenol (DON) on cellular viability and tight junction integrity.

Results: Application of DON in concentrations up to 4000 ng/mL for 24, 48 and 72 hours on the basolateral side of
membrane cultured polarised IPEC-J2 cells resulted in a breakdown of the integrity of cell connections measured by
transepithelial electrical resistance (TEER), as well as a reduced expression of the tight junction proteins ZO-1 and claudin 3.
Epithelial cell number decreased and nuclei size was enlarged after 72 h incubation of 4000 ng/mL DON from basolateral.
Although necrosis or caspase 3 mediated apoptosis was not detectable after basolateral DON application, cell cycle analysis
revealed a significant increase in DNA fragmentation, decrease in GO/G1 phase and slight increase in G2/M phase after
72 hours incubation with DON 2000 ng/mL.

Conclusions: Severity of impact of the mycotoxin deoxynivalenol on the intestinal epithelial barrier is dependent on route
of application. The epithelium appears to be rather resistant towards apical (luminal) DON application whereas the same
toxin dose from basolateral severely undermines barrier integrity.
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Introduction

Deoxynivalenol (DON), a mycotoxin belonging to type B
trichothecenes, is a secondary metabolite of the fungal plant
pathogens Fusarium graminearum and F. culmorum and occurs
predominantly on grains, such as wheat, triticale and maize [l
4]. It is the most prevalent trichothecene in crop production in
Europe and contaminates common cereal-based diets [5].

Deoxynivalenol is implicated in acute and chronic mycotoxico-
sis in both humans and farm animals [6]. In humans,
deoxynivalenol produces emetic effects and is suspected to induce
more severe diseases such as alimentary toxic aleukia (ATA) or
increased occurrence of oesophageal cancer [7-11]. In animals,
low DON concentrations induce anorexia and alter immune
function, whereas high DON doses induce vomiting, diarrhoea
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and malabsorption of nutrients [12,13]. Pigs were identified to be
the most susceptible species [14].

Deoxynivalenol enters the body usually via the oral route and
subsequently encounters the intestinal epithelial cells, representing
the primary target for alimentary intoxication. In vivo and wn vitro
experiments report a rapid absorption in the upper gastrointestinal
tract (GIT) [15], a decrease in protein synthesis [16,17] and
various transporters, like GLUT, SGLT-1 and amino acid
transporters [18]. Furthermore, organs belonging to the immune
system (spleen, thymus, bone marrow) appear to be another target
of this agent [19,20].

Pig experiments showed a rapid and nearly complete systemic
absorption (91.5%27.4%), with DON appearing already 15
minutes after oral intake in the serum and reaching peak
concentrations already after 1.65%0.79 hours [15]. Gastric
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emptying time (t%2) of digesta was estimated at 4.8 hours and at
1.8 hours for DON. This rapid disappearance indicates that DON
leaves the stomach most likely with the liquid phase rather than
with the solid (digesta) phase. Furthermore, DON recovery in
various parts of the porcine gastro-intestinal tract (GIT) showed
the upper GIT, i.e. stomach until proximal jejunum, as the most
prominent absorption site. In stomach 88.5% of the initial oral
DON dose was recovered whereas only 1.5% and 10% could be
detected in the upper small intestine and large intestine,
respectively [21]. The rather high amounts of DON 1n the large
intestine were attributed to the long digesta retention time in this
part of the gut (6-16 hours) and thus to a likely accumulation of
the mycotoxin. However, another explanation could be a re-
absorption mechanism from the systemic side. Interestingly, effects
on intestinal morphology and cell turnover were seen rather for
the mid and distal jejunum than for the upper part (Danicke et al.,
unpublished data). This leads to the question how this effect could
take place when DON was already absorbed and thus could not
get in direct contact with the apical (luminal) side of the
epithelium? It could be postulated that DON first enters the
blood circulation when absorbed in the upper GIT and then re-
enters the intestinal lumen, passing through the more distal located
intestinal cells from the blood stream via the basolateral side of the
cell. In vitro trials give evidence for the existence of an active DON
transport in the basolateral to apical direction as opposed to simple
diffusion from apical to basolateral in the epithelial cell [22-24].

The functional repertoire of the intestinal cell differs: the apical
side is equipped with the brush border containing a large number
of enzyme and transporter complexes such as lactase, sucrase and
aminopeptidase that facilitate breakdown and absorption of
nutrients from the gut lumen into the blood circulation [25]. On
the basolateral side the transporters for nutrients such as amino
acids or sugars prevail. Consequently, agents intending to enter
the cell might encounter different resistance from the cell
depending on the route of entry and thus differing in its impact
on the cell.

The intestinal epithelium is characterised by tight and adherent
junctions that facilitate cell-cell contact and restrict the para-
cellular transport to small hydrophilic molecules. Transmembrane
and scaffolding proteins such as zonula occludens-1 protein (ZO-1)
and different claudins [26] are responsible for the barrier integrity.
DON was shown to disturb epithelial cell layer integrity measured
by transepithelial electrical resistance in human intestinal CaCo-2
cells [22].

In light of this background it is necessary to investigate the cell
response to the application route of exposure to an agent and thus
help to understand the underlying mechanisms of such a complex
event as mycotoxicosis. Thus we evaluated the effects of DON on
(i) cellular viability and (ii) intestinal barrier integrity, using an
vitro model of the intestinal porcine epithelial cell line IPEC-J2.
The aim of this study was to evaluate whether DON application
either from the apical or basolateral cell side affects the barrier
function of the intestine more severe.

Materials and Methods

Cell culture conditions

The IPEC-J2 cell line is a non-transformed intestinal porcine
epithelial cell line continuously maintained in cell culture. Cells
were cultured in Dulbecco’s modified eagle medium (DMEM/
Ham’s F-12 [1:1]) supplemented with 5% foetal calf serum (FCS),
1% insulin-transferrin-selenium (I'TS), 16 mM HEPES (all PAN-
Biotech, Germany) and 5 ng/mL epidermal growth factor (EGF;
BD Biosciences, Germany) incubated at an atmosphere of 5%
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COy at 39 °C [27]. Cell cultures were regularly tested by PCR
(Venor® GeM Mycoplasma Detection Kit; Minerva Biolabs,
Germany) and found to be free of mycoplasma contamination.
Cells were routinely seeded at a density of 0.5x10°/mL in plastic
tissue culture flasks (75 cm? Nunc, Denmark) and passaged every
3—4 days for a maximum of 20 times (passages 70-90). In our
experiments, IPEC-]2 cells were grown on non-coated, 1 pm pore-
sized culture inserts (6-, 12-, or 24-well ThinCert™, Greiner bio-
one, Germany) at a density of 1.0x10°/well for 12 and 24-wells
and 2.0x10°/well for 6-well inserts, respectively, until reaching
confluence. By using culture inserts, cells were grown in a two-
compartment chamber allowing access from both sides, with an
upper compartment subsequently referred to as apical side and a
lower compartment referred to as basolateral side. Culture
medium, containing increasing concentrations (200, 500, 2000
or 4000 ng/mL) of DON (D0156; Sigma-Aldrich, Germany), was
added either in the apical or basolateral compartment for 24, 48
and 72 hours. Assays were performed in singles in at least three
independent experiments.

Preparation of deoxynivalenol (DON)

Purified DON (D0156; Sigma-Aldrich, Germany) was diluted in
absolute ethanol (99.6%; Roth, Germany) to prepare a 0.2 mg/
mL stock solution. Working solutions were prepared in cell culture
medium. A final concentration of 1% ethanol corresponding to the
ethanol concentration of 2000 ng/mL DON solution was tested in
all assays and results were not significantly different from control.

Assays in 24-well format

Transepithelial electrical resistance (TEER). Measure-
ment of TEER was performed using a Millicell electrical resistance
system (Millipore, France). Cells were deemed to be confluent at a
TEER value of =1 kOhm/well, which was routinely after 4 days.
This value derived from previous trials determining the TEER
kinetics of IPEC-]2 cell line in inserts during 21 days (data not shown).

Lactate dehydrogenase activity (LDH). Cellular mem-
brane integrity was assessed by measurement of medium LDH
activity (Cytotoxicity Detection Kit, Roche, Germany). LDH
assay was performed according to manufacturer’s protocol using
100 ul supernatant of the apical side at different time points
(24, 48, 72 h).

Immunohistochemical determination of DNA syn-
thesis. DNA-synthesis was detected by  5-brome-2’-
deoxyuridine (BrdU; Roche, Germany) incorporation during the
last 6 h of incubation. Membranes were fixed in absolute ethanol
at 4°C for 30 min and in acetone for 3 min, detached, washed in
Tris-buffered saline (IBS, pH 7.6) with 0.05% Tween and
blocked with 1% normal goat serum (NGS, Axxora, Germany)
for 10 min. In general, after each individual step membranes were
washed in TBS/Tween. Membranes were treated with 2 M HCI
at 37 °C for 30 min and neutralised at room temperature in 0.1 M
sodium borate (pH 8.5) twice for 5 min. After 30 min at 4 °C in
TBS/Tween (0.05%) membranes were incubated with a mouse
monoclonal antibody against BrdU (1:100; BD Pharmingen, USA)
for 30 min. A secondary biotin-labelled goat anti-mouse IgGl
antibody (1:50; Southern biotech, USA) was added for 30 min and
thereafter an ABC-reagent (ABC Elite, Vector Laboratories, USA)
for 60 min at room temperature. Diaminobenzidine solution
(DAB, in 0.1 M PBS, freshly added 0.015% HyO») was added for
1 min and membranes were subsequently counter-stained with
haematoxylin. The immuno-labelled (brown) and haematoxylin-
stained nuclei (blue) were counted manually.

Cell count. Detached membranes were fixed in absolute
ethanol and acetone. Cells were washed three times with
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phosphate buffered saline (PBS, pH 7.4 and nuclei stained
with the DNA-intercalating fluorescent dye 4°,6-diamidino-2-
phenylindole (DAPI, Partec, Germany). Fluorescence microscopy
and photographs were performed using an Axiovert 200 M (Zeiss,
Germany) equipped with an AxioCam MRm camera and
corresponding Axiovision software. DAPI-stained nuclei were
counted manually and their respective nucleus area was measured
using Axiovision software.

Assays in 12-well format

Analysis of tight junction structure using immuno-
fluorescence. DON concentration used for immunofo-
fluorescence was 2000 ng/mL. Membranes were detached from
the culture insert and fixed in absolute ethanol and subsequently in
acetone. Cells were washed with phosphate-buffered saline (PBS,
pH 7.4) and blocked for 10 min with 1% NGS. Rabbit anti-ZO-1
or rabbit anti-claudin-3, both diluted at 1:100 (Invitrogen,
Germany), were applied as primary and Alexa fluor 488 goat
anti-rabbit (green), diluted at 1:200 (Invitrogen, Germany) as
secondary antibody. Nuclei were stained with DAPI (Partec,
Germany). Fluorescence microscopy and photographs were done
using an Axiovert 200 M (Zeiss, Germany) with an AxioCam
MRm camera and corresponding Axiovision software.

Assays in 6-well format

Protein isolation and immunoblotting of ZO-1, claudin-3
and caspase 3. DON concentrations used for immunoblotting
comprised 200 and 2000 ng/mlL and times were set at 6 and
24 hours for caspase 3. ZO-1 blotting was done for 2000 ng/mL
DON at 24, 48 and 72 hours. Cell homogenate protein was
obtained by 10 min incubation on ice with SDS-gel loading buffer
(1M Tris base pH 6.8; 1% Glycerol, 10% SDS, 0.1%
Bromophenol blue; freshly added with 0.05% B-mercaptoethanol
and 1% protease inhibitors; Complete, Roche, Germany) and cells
were collected with a cell scraper. Samples were denatured at
95 °C for 5 min and loaded together with a prestained protein
ladder (SM1811; Fermentas, Germany) onto 10% SDS-
polyacrylamide gels. After electrophoresis and semi-dry blotting
onto 0.45 pum nitrocellulose membranes (Whatman, Germany) the
primary rabbit anti-ZO-1 antibody (1:500; Invitrogen, Germany),
rabbit anti-caspase 3 antibody (1:1000, Cell Signaling, Germany)
or rabbit anti-claudin-3 antibody (1:1000; Invitrogen, Germany)
were used in blocking reagent of the corresponding detection kit.
Detection of primary antibody binding on western blot was done
with BM Chemiluminescence Western Blotting Kit mouse/rabbit
(Roche, Germany). After ZO-1, caspase 3 and claudin-3
development, the blots were stripped at 50 °C for 30 min with
stripping buffer (7.58 ¢ Tris base, 20 g SDS, 7 mL 8-
mercaptoethanol, pH 6.8), washed and reprobed with anti-
GAPDH antibody (1:1000, Cell Signaling, Germany). Blots were
analyzed on an Alpha-Ease® FC Imaging System (Alpha Innotech,
Canada).

Cell cycle analysis by flow cytometry. After reaching
confluence cells were synchronised for 24 hours in serum free
media before being exposed to 2000 ng/mL DON. Cells were
trypsinised, pelleted and resuspended in PBS. Ethanol fixation and
propidium iodide (PI; Sigma, Germany) staining proceeding were
performed as previously described [28]. Cells were analysed on a
FACSCalibur flow cytometer using CellQuest Pro® software (both
BD Biosciences, Germany).

Statistical analysis

Data were analysed by ANOVA and P values calculated using
Dunnett’s or Tukey’s post hoc test (GraphPad Prism 3.0,
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GraphPad Software Inc.). Each value represents a single
measurement of at least three independent experiments. Data
are expressed as means (ZSEM). Significant differences between
treated cells and control are indicated by asterisks * p=0.05;
** p=0.01; ** p=0.001.

Results

DON influenced cell number and nucleus area

The cell number, defined by count of DAPI stained nuclei on
membranes, as well as the measured nuclei area, were not
influenced by the application of DON from apical side at any
concentration or time in comparison to the control (DONO). In
contrast, after 24 hours incubation from the basolateral side, we
observed a numerical decrease in number of DAPI-stained nuclei
at 4000 ng/mL DON. However, this decrease reached statistical
significance after 48 hours of DON exposure. After DON
incubation of 72 hours we detected a significantly lower cell count
at 2000 ng/mL and 4000 ng/mL (Fig. 1). Furthermore we
determined the DAPI stained nucleic area. It is noteworthy that
we detected a significant enlargement in nucleus area for 4000 ng/
mL DON from basolateral for 72 hours incubation only (Tab. 1).

DON induced cell proliferation

DNA-synthesis and thus cell proliferation was measured by
BrdU incorporation. We detected a significant relative increase of
proliferation after 48 and 72 h incubation with 2000 ng/mL
DON from basolateral, whereas apical toxin application showed
no effect on DNA synthesis (Fig. 2).

DON did not affect LDH release

Although cell count did change markedly dependent on route of
application of DON we could not observe any alteration in LDH
release at any concentration or incubation time when expressed
relative to control (data not shown).

DON did not induce caspase 3 mediated apoptosis

The protein expression of activated caspase 3, one marker of
cellular apoptosis, was determined using immunoblotting. We did
not see any appearance of the active cleaved caspase 3 protein in
response to DON exposure independent of time, route or
concentration (Fig. 3). The protein expression of the housekeeping
glycolytic protein GAPDH remained stable under all concentra-
tions or times and staurosporine (100 pM) induced detectable
caspase 3 activation.

DON stimulated DNA-fragmentation and G2/M arrest
(Cell cycle analysis)

Analysis of the cell cycle phases by Pl-staining using flow
cytometry revealed a marked role of the route of DON exposure
on the toxin effect. Apical toxin exposure did not alter the DNA
content in comparison to control. Cell exposure to DON
2000 ng/mL from basolateral resulted in a significant decrease
in the GO/G1 phase after 48 and 72 hours as well as a significant
increase in preGl phase after 72 hours (Fig. 4). Although we
observed a numerical increase in cells in G2/M phase after
72 hour DON-treatment this finding was not statistically signifi-
cant.

DON induced breakdown of intestinal barrier integrity
TEER is an indicator for the tight junction integrity of a

confluent epithelial cell layer. In control cells TEER was

essentially constant throughout the experimental period. In our
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Figure 1. Effect of deoxynivalenol (DON) on total cell count of
IPEC-J2. Cells were grown on inserts and incubated for 24, 48 or
74 hours with DON (0-4000 ng/mL) applied from apical or basolateral
side in complete medium. Data are given as means (=SEM) in triplicates
from three separate experiments. ***p=0.001 vs. DONO.
doi:10.1371/journal.pone.0017472.9001

Table 1. Deoxynivalenol (DON) enlarged nucleic area (um?)
of IPEC-J2 cells.

DON (ng/
mL) 24 h 48 h 72 h

ap bl ap bl ap bl
0 139+10 134+6 137+4
200 148+17 129%£5 133+4 138£16 130£7 1306
500 138*6 12717 148%x12 148*16 140*£14 134*13
2000 144+7 138+6 150+15 143*£14 136*9 170+15
4000 144+5 16525 151%£17 163*20 134*6 225+ 19%**

xCells were incubated for 24, 48 or 74 hours with DON (0-4000 ng/mL) in
complete medium applied from apical (ap) or basolateral (bl) side. Data are
given as means (=SEM) from three separate experiments.

***¥*p=0.001 vs control.

doi:10.1371/journal.pone.0017472.t001

@ PLoS ONE | www.plosone.org

Deoxynivalenol and Polarised Intestinal Epithelium

trials with apical DON exposure we did not see a significant
change in TEER even with highest concentrations (4000 ng/mL)
applied. It is noteworthy that DON added to the basolateral side
showed a significant decrease in TEER at 2000 ng/mL and
4000 ng/mL DON already after 24 hours. TEER did not recover
throughout prolonged incubation times (Fig. ).

DON influenced expression of tight junction proteins
The expression of ZO-1 and claudin-3, proteins of the tight
junction complex between adjacent cells, was investigated using
immunoblotting and immunofluorescence. We found a slight
difference after 48 hours between 2000 ng/mL DON from apical
or basolateral side, the latter resulting in a lower protein
expression. This difference was markedly enhanced after 72 hours
incubation, i.e. the ZO-1 expression in cells treated with 2000 ng/
mL DON from basolateral disappeared completely from the blot
(Fig. 6). In contrast to these findings, the immunofluorescence
staining of ZO-1 did not change the distribution pattern between
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Figure 2. Influence of deoxynivalenol (DON) on proliferation of
IPEC-J2 cells. Cells were grown on inserts, synchronised for 24 hours
in serum free medium and subsequently incubated for 24, 48 or
74 hours with DON (0, 200 or 2000 ng/mL) applied from apical or
basolateral side in complete medium. DNA synthesis was assessed by
BrdU incorporation. Data are given as means (+SEM) from four separate
experiments. ***p=0.001 vs. DONO.
doi:10.1371/journal.pone.0017472.g002
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Figure 3. Effect of deoxynivalenol (DON) on apoptosis of IPEC-
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basolateral side in complete medium. Protein expression of pro caspase
3 (35 kDa) cleaved caspase 3 (17 kDa) was analysed by immunoblot-
ting. The housekeeping protein GAPDH (37 kDa) was used as loading
control. Staurosporine (100 uM) was used as positive control for cleaved
caspase 3.

doi:10.1371/journal.pone.0017472.g003

apical or basolateral treated cells with 2000 ng/mL DON at any
investigated time point (Fig. 7). ZO-1 was detected as a continuous
lining around each epithelial cell independent of application route.
However, at 72 hours incubation of 2000 ng/mL DON from
basolateral the confluent cell layer was disturbed and thus only cell
islets were distributed on the membrane. Interestingly, DON
showed a more pronounced impact on claudin-3 protein
expressions (Fig. 6) and structure (Fig. 8). Immunoblotting clearly
demonstrated the absence of a claudin-3 signal when DON was
applied from basolateral at each time point. This effect was absent
at apical application. This was confirmed by the immunofluores-
cence staining, where claudin-3 appeared as a continuous lining
around each cell in controls and in cells treated with DON from
apical. Basolateral application elicited a definite disturbance of the
continuous lining, beginning at 24 h and resulting in a complete
disappearance oat 48 and 72 h.

Discussion

One of the most important functions of the intestinal epithelial
cell layer is to form an effective barrier against the uptake of
nutritional antigens, pathogens and toxins [29]. Intestinal
epithelial cells form a polarised layer which effectively separates
the apical (luminal) from the basolateral compartment, i.e. the
lamina propria. Tight junctions between adjacent cells represent an
integral part of this compartmentalisation and any damage to
them leads to an enhanced permeability of the cell layer and a
decreased TEER which can lead to intestinal disorders.

In wvitro, cells grown on permeable filter supports are morpho-
logically different from cells grown on non-permeable dishes. They
exhibit a more columnar cell type which is represented in an
increased layer thickness and a lower contact area to the support
(Nossol et al., unpublished data). This morphology is more
comparable to the in vivo situation where the intestinal barrier is a
simple, columnar epithelium [30]. In general, an epithelial cell
layer is characterised by its polarity and the generation of two
compartments, apical and basolateral, thereby creating a physical
barrier. This is facilitated by cell-cell contact and cell-substrate
contact [31]. More importantly, i vivo the intestinal epithelial cell
receives its nutrients from the basolateral as well as from apical
side. Cells cultured on non-permeable supports cannot form the
two compartments and may not be fully polarised. Additionally,
cells have to rearrange their apical domain to accommodate
nutrient supply from the apical side solely [32]. This also implies
that any agent being exposed to the basolateral side of the
epithelial cell also might interfere with the cell’s nutrient supply in
some way. This emphasises the importance of the cell support
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Figure 4. Cell cycle analysis of IPEC-J2 cells treated with
deoxynivalenol (DON). Cells were grown on inserts and synchro-
nised for 24 hours in serum free medium and then incubated for 24, 48
or 74 hours with DON (0 or 2000 ng/mL) applied from apical or
basolateral side in complete medium. After staining with propidium
iodide DNA content was analysed by FACS. Data given are means
(xSEM) from five separate experiments. **p=0.01 vs. DONO,
***p=0.001 vs. DONO.

doi:10.1371/journal.pone.0017472.g004

chosen for i vitro experiments investigating epithelial or endothe-
lial cell lines.

In our study we observed a significant impact of the mycotoxin
DON on intestinal barrier integrity as well as cell viability in
dependence on the application route. First, TEER was detrimentally
affected already after 24 hours when exposed to 2000 ng/mL DON
from basolateral that persisted after 48 and 72 hours toxin exposure.
The highest DON level (4000 ng/mL) resulted in a TEER-decrease
even below the level of cellular confluence, i.e. 1 kOhm, after
72 hours exposure. It is noteworthy that any apical application of the
toxin did not alter TEER compared to the control. Other studies
[33,34] reported also an impact of DON on TEER using IPEC-1,
CaCo-2 and HT-29 cells, representing frequently used porcine and
human intestinal epithelial cell lines. In these studies the toxin
elicited a significant response from the apical side as opposed to our
data, but a decrease below the level of confluence was only achieved
at the distinctly higher concentrations of 50 and 100 uM (approx. 15
and 30 pg/mL) after 72 hours DON exposure. The basolateral
administration was not tested by these authors.
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1 kOhm being the level of confluence. Data are given as means (=SEM)
from at least 14 separate experiments. ***p=0.001 vs. DONO.
doi:10.1371/journal.pone.0017472.9005

Further indicators for epithelial layer integrity are the
scaffolding protein ZO-1 and the transmembrane protein
claudin-3, both part of the tight junction complex. They facilitate,
besides others, cell-cell contact and the distinction between apical
and basolateral compartment. Furthermore, ZO-1 as a scaffolding
protein is essential for the spatial organisation of claudins which
are primarily responsible for maintenance of TEER [35].
Immunoblotting of ZO-1 showed a fading signal after 48 hours
that literally became annihilated after 72 hours when cells were
exposed to the toxin from basolateral. Even more pronounced was
the impact on claudin-3, which showed a very faint band after
24 h basolateral toxin exposure and complete absence of signals
after 48 and 72 h basolateral application. Apical toxin exposure
did not change the protein expression as compared to control.
This was also reflected in the immunofluorescence of claudin-3.
Moreover, the intestinal barrier function, as characterised by the
coinciding TEER measurements, was detrimentally affected by the
loss of claudin-3. The protein structure of ZO-1 appeared
surprisingly intact as seen by immunofluorescence, but viewing
the entire cell layer revealed great gaps in the layer, accounting for
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Figure 6. Western blot of tight junction proteins ZO-1 and
claudin-3 in IPEC-J2 cells treated with deoxynivalenol (DON).
Cells were grown on inserts and incubated for 24, 48 or 74 hours with
DON (0 or 2000 ng/mL) applied from apical or basolateral side in
complete medium. ZO-1 (225 kDa) and claudin-3 (22 kDa) expression
was analysed by immunoblotting. The housekeeping protein GAPDH
(37 kDa) was used as loading control.

doi:10.1371/journal.pone.0017472.g006

cell death and disintegration of the epithelium. This also explains
the drop in protein amount shown by immunoblotting: although
7Z0-1 structure between two adjacent cells remained intact, cell
losses increased significantly and thus amount of ZO-1 protein
diminished on a large scale. Other authors also reported no effect
of DON on ZO-1 after 48 h apical incubation despite high doses
(30 uM=9 ng/mL) but a marked deterioration of claudin-3 in the
same study [34]. Total cell count dropped significantly after
48 hours exposure to 4000 ng/mL DON from basolateral and
aggravated during 72 hours toxin exposure. Along with this we
also noticed a significant increase in nucleus area after 72 hours
and 4000 ng/mL DON although not in a dose-dependent way.
Some groups also reported a significant decrease in total cell
numbers in a human K562 erythroleukaemia cell line in response
to DON, although stating statistical significance already at
300 ng/mL DON for a 48 hour incubation [36]. However, these
were immune cells that are known to be more sensitive to DON as
compared to epithelial cell lines [37]. Interestingly, we could
neither detect necrotic cell death as measured by LDH assay nor
caspase 3 mediated apoptosis despite the drastic decrease in total
cell count. This lack of LDH release in DON-treated intestinal
epithelial cells (CaCo-2, IPEC-1) despite a marked decrease in
TEER and cell reduction capacity (MTT assay) was earlier
reported [22,34]. In immune cells a significant increase in
apoptotic cell death after 24 hours DON exposure (=10 ug/mL)
was given, but no effect on necrotic cell death [37]. The same
study showed no impact on these parameters on the epithelial cell
lines tested, BHK21 (kidney cells) and MH-22a (liver cells).
Contradictory, some authors found a marked LDH release
following DON exposure, but at rather high concentrations of
100 pM (=30 pg/mL) for 48 hours (CaCo-2) and 30 pM (=9 ug/
mL) for 24 hours (HT-29-D4), respectively [23,33].

One possible explanation for the lack of LDH release seen in our
study could be that cells undergo anoikis rather than apoptosis.
Anoikis represents a special form of programmed cell death where
anchorage-dependent cells, such as epithelial cells, detach from their
surrounding cell layer and matrix by severing bonds mediated by
hemidesmosomes or integrins. This way the cell membrane of the
dying cell is still intact and would not release LDH [38,39].

Using flow cytometry we investigated the effect of mycotoxin
exposure route on cell cycle. We observed a significant decrease in
G0/G1 already after 48 h and an increase in preG1l phase after
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Figure 7. Cellular distribution of the tight junction protein ZO-1 in IPEC-J2 monolayers treated with deoxynivalenol (DON). Cells
were grown on inserts and incubated for 24, 48 or 74 hours either without DON (upper panel) or with 2000 ng/mL DON applied from apical (middle
panel) or basolateral side (lower panel) in complete medium. Monolayers were stained for the tight junction associated protein ZO-1 and nuclei
stained with DAPI, then detected by immunofluorescence microscopy. All micrographs were taken under identical exposure time and in the centre of
each membrane. Micrographs are representative for 3 separate experiments with similar results. Scale bar = 50 pum.

doi:10.1371/journal.pone.0017472.g007

72 hours basolateral DON application. Other groups reported a
similar impact of the mycotoxin on cell cycle, in particular on cell
cycle arrest in epithelial cells [40,41]. The increase in preG1 phase,
representing subdiploid, apoptotic cells [42], was also reported in
IPEC-1 cells [43]. This increase points towards the apoptotic
pathway rather than a cell cycle arrest. Caspase 3, one of the effector
proteins of apoptosis, was not activated during the investigated time
frame in our study, being somewhat contradictory to the data on cell
cycle. However, caspase 3 was activated after 6, 8 and 12 hours of
DON exposure in IPEC-1 or HT-29 cells grown on non-permeable
plastic dishes [43,44]. Probably either the signal for caspase 3
activation was too weak or the pathway of apoptosis was activated in a
caspase 3 independent manner in cells growing on permeable inserts.
Although caspase-dependent apoptosis seems to be a common type of
cell death it became apparent that cells could also die when caspase
function is blocked. This type of cell death is termed caspase-
independent cell death (CICD) that occurs in response to
mitochondrial outer membrane permeabilisation and disruption of
mitochondrial morphology. In this process death receptor activation
leads to so-called necroptosis (i.e. cell death) through the upregulation
of phospholipase Ay (PLA2) activity that in turn increases oxidative
stress or by effecting autophagy [45]. However, the question of
caspase-independent cell death was not further pursued in our trial.

DNA synthesis was determined on single cell level using the
thymidine-analogue BrdU. Although we observed a significant
decrease in total cell count after 48 and 72 h of basolateral DON
application, nearly all of those remaining cells were proliferating,
possibly attempting to close the gaps in the IPEC-J2 layer. This
resulted in a significant relative increase of proliferation compared to
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control. So far we can not decide whether this increased BrdU uptake
is as primary DON effect or a secondary effect due to the cell death
related gaps in the cell layer. Apical DON application elicited no
response in DNA synthesis. This surprising result is in contrast to data
reported in literature [46]. However, in vitro studies used predomi-
nantly BrdU-ELISA that provides information only for the entire cell
population. Furthermore, relationships between the actual cell
number and those of proliferating cells are rarely given and cells
are cultivated on impermeable supports. One study used proliferating
cell nuclear antigen (PCNA) as a single cell marker for proliferation,
however this marker decreased in response to DON [47].

One striking aspect of former studies reporting on epithelial cells
1s that the cell layer was exposed to DON from the apical side in
most cases. Most likely this originated from the idea that this apical
exposure is the result of the oral intake of this mycotoxin whereby
it will encounter the enterocytes from the luminal side.
Furthermore, most assays, with the exception of TEER measure-
ments were conducted on cells grown on non-permeable plastic or
glass dishes. In our study we did see a surprising resilience of
intestinal epithelial cells against DON when added to the apical
side with virtually no effect in the applied assays. In contrast the
basolateral application of the same mycotoxin concentration
elicited a clear, dose-dependent response with impairment of the
epithelial barrier integrity and an increase in apoptotic cell death,
starting with quite lower DON concentrations than applied in
other studies. As all experimental conditions were the same with
the exception of route of toxin application we can assume that the
cell support and the resulting changes in cell layer formation
played a crucial role.
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Other investigations reported that intestinal cells react indeed
more sensitive to agents from the basolateral side as compared to
apical exposure [48]. Interleukin-8 was significantly higher
secreted by CaCo-2 cells grown on filters and exposed to E. coli
from basolateral. This interleukin secretion was even amplified by
DON, although this was only applied apically. The author’s
explanation for this difference in sensitivity was the existence of
toll-like receptor 5 (TLR-5) which is present on the basolateral
side of the epithelial cell and in charge for the detection of
bacterial flagellin [49]. Another study reported about the
difference in impact of adenosine administered either from apical
or basolateral to T84 colonic cells i vitro [50]. Ussing chamber
experiments revealed a more potent effect of adenosine from
basolateral on short-circuit current as well as on cellular cAMP.
The authors explained these differences with distinct receptor
proteins and density as well as different linkage to post-receptor
signalling mechanisms. fn vivo, a rapid absorption of DON in the
upper small intestine of growing pigs, confined to the duodenum
and the proximal jejunum, was found. Indicative for this rapid
absorption were the fast serum peak concentrations
(1.65 h®=0.79 h) and the extremely low recovery of DON (1.5%
of initial dose) after oral ingestion of the mycotoxin [15,21].
Moreover, only 2.5% of the oral DON dose was excreted via
faeces whereas the majority was excreted via the urinary tract. An
efficient urinary excretion indicates a high gastro-intestinal
absorption while a high faecal absorption might be due to an
efficient biliary excretion or a lack of systemic absorption. As
faecal elimination of DON in pigs was very low and systemic
absorption very high we can deduce that a hepatic first pass effect
of DON is negligible [15]. Although the toxin was in direct
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Figure 8. Cellular distribution of the tight junction protein claudin-3 (CLDN-3) in IPEC-J2 monolayers treated with deoxynivalenol
(DON). Cells were grown on inserts and incubated for 24, 48 or 74 hours either without DON (upper panel) or with 2000 ng/mL DON applied from
apical (middle panel) or basolateral side (lower panel) in complete medium. Monolayers were stained for the tight junction associated protein
claudin-3 and nuclei stained with DAPI, then detected by immunofluorescence microscopy. All micrographs were taken under identical exposure

time and in the centre of each membrane. Micrographs are representative for 3 separate experiments with similar results. Scale bar = 50 pm.
doi:10.1371/journal.pone.0017472.g008

contact with the apical cell surface the authors could not see any
alterations in terms of morphology and proliferation of epithelial
cells. However, they reported marked effects in the mid-jejunum
and ileum such as an increase in crypt depth and altered protein
turnover, which in all likelihood could not have come in contact
with substantial luminal amounts of DON. On one hand these
vivo data support our own results on the resilience of the apical
cell surface towards DON. On the other hand it poses the
question on how these epithelial changes could take place so
distant from the actual site of absorption. One explanation would
be that the mycotoxin enters the jejunal and ileal intestinal cells
from the basolateral, i.e. blood stream side, after absorption in
more proximal parts.

In conclusion, we could demonstrate that the response of the non-
transformed, non-cancerous epithelial cell line IPEC-J2 to the
mycotoxin deoxynivalenol differed dramatically depending on the
route of toxin exposure. In particular, the basolateral domain of the
intestinal barrier was significantly more vulnerable as compared to
their apical counterpart. This result suggests a potential mechanism
for the n vivo changes in intestinal barrier distal from the actual site
of high apical DON exposure as discussed above. Moreover, this
emphasises the importance of establishing a truly polarised cell layer
when addressing physiological and pathophysiological questions of
the intestinal epithelium i vitro.

Acknowledgments

We thank Brigitte Ketzler, Anja Koeppen, Anke Schmidt and Sandra
Vorwerk, Institute of Anatomy, Otto-von-Guericke University, Magdeburg
for their indispensable assistance in all aspects of cell culture and
subsequent analysis.

February 2011 | Volume 6 | Issue 2 | 17472



Author Contributions

Conceived and designed the experiments: AKD CN SD NW AP SK HJR
JK. Performed the experiments: AKD CN SK. Analyzed the data: JK

References

1.

21.

22.

26.

Konigs M, Lenczyk M, Schwerdt G, Holzinger H, Gekle M, et al. (2007)
Cytotoxicity, metabolism and cellular uptake of the mycotoxin deoxynivalenol in
human proximal tubule cells and lung fibroblasts in primary culture. Toxicology

240: 48-59.

. Larsen JC, Hunt J, Perrin I, Ruckenbauer P (2004) Workshop on trichothecenes

with a focus on DON: summary report. Toxicol Lett 153: 1-22.

. Moss MO (2003) Fusarial toxins: are they a cause for concern? Vet J 165:

184-185.
Sudakin DL (2003) Trichothecenes in the environment: relevance to human
health. Toxicol Lett 143: 97-107.

. FAO/WHO Expert Committee on Food Additives (2001) Evaluation of certain

mycotoxins in food: fifty-sixth report of the Joint FAO/WHO Expert
Committee on Food Additives. WHO Technical Report Series 906: 35-42.

. Pestka JJ, Smolinski AT (2005) Deoxynivalenol: toxicology and potential effects

on humans. J Toxicol Environ Health B Crit Rev 8: 39-69.

. Bryden WL (2007) Mycotoxins in the food chain: human health implications.

Asia Pac ] Clin Nutr 16 Suppl 1: 95-101.

. Hussein HS, Brasel JM (2001) Toxicity, metabolism, and impact of mycotoxins

on humans and animals. Toxicology 167: 101-134.

. Richard J (2007) Some major mycotoxins and their mycotoxicoses—An

overview. Int J Food Microbiol 119: 3-10.
Schoental R (1985) Trichothecenes, zearalenone, and other carcinogenic
metabolites of Fusarium and related microfungi. Adv Cancer Res 45: 217-290.

. Wannemacher RW, Wiener SL (1997) Trichothecene Mycotoxins. In:

Zajtschuk R, Bellamy RF, eds. Medical Aspects of Chemical and Biological
Warfare. Washington, USA: TMM Publications, The Office of the Surgeon
General, Borden Institute. pp 655-676.

. Rotter BA, Prelusky DB, Pestka JJ (1996) Toxicology of deoxynivalenol

(vomitoxin). ] Toxicol Environ Health 48: 1-34.

. Young LG, McGirr L, Valli VE, Lumsden JH, Lun A (1983) Vomitoxin in corn

fed to young pigs. J] Anim Sci 57: 655-664.

. Pestka JJ (2007) Deoxynivalenol: Toxicity, mechanisms and animal health risks.

Anim Feed Sci Technol 137: 283-298.

Goyarts T, Dinicke S (2006) Bioavailability of the Fusarium toxin deoxyniva-
lenol (DON) from naturally contaminated wheat for the pig. Toxicol Lett 163:
171-182.

Goyarts T, Grove N, Dinicke S (2006) Effects of the Fusarium toxin
deoxynivalenol from naturally contaminated wheat given subchronically or as
one single dose on the in vivo protein synthesis of peripheral blood lymphocytes
and plasma proteins in the pig. Food Chem Toxicol 44: 1953-1965.

. Dinicke S, Goyarts T, Déll S, Grove N, Spolders M, et al. (2006) Effects of the

Fusarium toxin deoxynivalenol on tissue protein synthesis in pigs. Toxicol Lett

165: 297-311.

. Awad WA, Aschenbach JR, Setyabudi FMCS, Razzazi-Fazeli E, Bohm J, et al.

(2007) In Vitro Effects of Deoxynivalenol on Small Intestinal D-Glucose Uptake
and Absorption of Deoxynivalenol Across the Isolated Jejunal Epithelium of
Laying Hens. Poult Sci 86: 15-20.

. Pestka JJ (2008) Mechanisms of deoxynivalenol-induced gene expression and

apoptosis. Food Addit Contam 25: 1128-1140.

. Rocha O, Ansari K, Doohan FM (2005) Effects of trichothecene mycotoxins on

cukaryotic cells: a review. Food Addit Contam 22: 369-378.

Dinicke S, Valenta H, Klobasa F, Doll S, Ganter M, et al. (2004) Effects of
graded levels of Fusarium toxin contaminated wheat in diets for fattening pigs on
growth performance, nutrient digestibility, deoxynivalenol balance and clinical
serum characteristics. Arch Anim Nutr 58: 1-17.

Sergent T, Parys M, Garsou S, Pussemier L, Schneider Y-J, et al. (2006)
Deoxynivalenol transport across human intestinal Caco-2 cells and its effects on
cellular metabolism at realistic intestinal concentrations. Toxicol Lett 164:
167-176.

. Tep J, Videmann B, Mazallon M, Balleydier S, Cavret S, et al. (2007)

Transepithelial transport of fusariotoxin nivalenol: mediation of secretion by
ABC transporters. Toxicol Lett 170: 248-258.

. Videmann B, Tep J, Cavret S, Lecoeur S (2007) Epithelial transport of

deoxynivalenol: involvement of human P-glycoprotein (ABCBI) and multidrug
resistance-associated protein 2 (ABCC2). Food Chem Toxicol 45: 1938-1947.

. Rodriguez-Boulan E, Powell SK (1992) Polarity of epithelial and neuronal cells.

Annu Rev Cell Biol 8: 395-427.
Harhaj NS, Antonetti DA (2004) Regulation of tight junctions and loss of barrier
function in pathophysiology. Int J Biochem Cell Biol 36: 1206-1237.

@ PLoS ONE | www.plosone.org

Deoxynivalenol and Polarised Intestinal Epithelium

AKD SK. Contributed reagents/materials/analysis tools: AKD CN SD
NW AP SK HJR JK. Wrote the paper: JK AKD.

27.

29.

30.

31.

32.

33.

34.

37.

39.

40.

41.

43.

44,

46.

47.

48.

Schierack P, Nordhoff M, Pollmann M, Weyrauch KD, Amasheh S, et al. (2006)
Characterization of a porcine intestinal epithelial cell line for in vitro studies of
microbial pathogenesis in swine. Histochem Cell Biol 125: 293-305.

. Chen AC, Donovan SM (2004) Genistein at a Concentration Present in Soy

Infant Formula Inhibits Caco-2BBe Cell Proliferation by Causing G2/M Cell
Cycle Arrest. J] Nutr 134: 1303-1308.

Arrieta MC, Bistritz L, Meddings JB (2006) Alterations in intestinal
permeability. Gut 55: 1512-1520.

Shen L (2009) Functional morphology of the gastrointestinal tract. Curr Top
Microbiol Immunol 337: 1-35.

Rodriguez-Boulan E, Salas PJI (1989) External and internal signals for epithelial
cell surface polarization. Annu Rev Physiol 51: 741-754.

Simons K, Fuller SD (1985) Cell surface polarity in epithelia. Annu Rev Cell
Biol 1: 243-288.

Maresca M, Mahfoud R, Garmy N, Fantini J (2002) The Mycotoxin
Deoxynivalenol Affects Nutrient Absorption in Human Intestinal Epithelial
Cells. J Nutr 132: 2723-2731.

Pinton P, Nougayrede JP, Del Rio JC, Moreno C, Marin DE, et al. (2009) The
food contaminant deoxynivalenol, decreases intestinal barrier permeability and
reduces claudin expression. Toxicol Appl Pharmacol 237: 41-48.

. Krause G, Winkler L, Mueller SL, Haseloff RF, Piontek JR, et al. (2008)

Structure and function of claudins. Biochim Biophys Acta - Biomembranes
1778: 631-645.

5. Wu X, Murphy P, Cunnick J, Hendrich S (2007) Synthesis and characterization

of deoxynivalenol glucuronide: its comparative immunotoxicity with deoxyni-
valenol. Food Chem Toxicol 45: 1846-1855.

Baltriukiene D, Kalvelyte A, Bukelskiene V (2007) Induction of apoptosis and
activation of JNK and p38 MAPK pathways in deoxynivalenol-treated cell lines.
Altern Lab Anim 35: 53-59.

. Douma S, van Laar T, Zevenhoven J, Meuwissen R, van Garderen E, et al.

(2004) Suppression of anoikis and induction of metastasis by the neurotrophic
receptor TrkB. Nature 430: 1034-1039.

Frisch SM, Ruoslahti E (1997) Integrins and anoikis. Curr Opin Cell Biol 9:
701-706.

Ohtsubo K, Yamada M, Saito M (1968) Inhibitory effect of nivalenol, a toxic
metabolite of Fusarium nivale, on the growth cycle and biopolymer synthesis of
HeLa cells. Jpn J Med Sci Biol 21: 185-194.

Yang H, Chung DH, Kim YB, Choi YH, Moon Y (2008) Ribotoxic mycotoxin
deoxynivalenol induces G2/M cell cycle arrest via p21Cip/WAFI mRNA
stabilization in human epithelial cells. Toxicology 243: 145-154.

. Darzynkiewicz Z, Bruno S, Del Bino G, Gorczyca W, Hotz MA, et al. (1992)

Features of apoptotic cells measured by flow cytometry. Cytometry 13: 795-808.
Diesing A-K, Nossol C, Panther P, Walk N, Post A, et al. (2011) Mycotoxin
Deoxynivalenol (DON) mediates biphasic cellular response in intestinal porcine
epithelial cell lines IPEC-1 and IPEC-J2. Toxicol Lett 200: 8-18.

Bensassi F, Golli-Bennour E, Abid-Essefi S, Bouaziz C, Hajlaoui MR, et al.
(2009) Pathway of deoxynivalenol-induced apoptosis in human colon carcinoma
cells. Toxicology 264: 104-109.

. Tait SW, Green DR (2008) Caspase-independent cell death: leaving the set

without the final cut. Oncogene 27: 6452-6461.

Kouadio JH, Dano SD, Moukha S, Mobio TA, Creppy EE (2007) Effects of
combinations of Fusarium mycotoxins on the inhibition of macromolecular
synthesis, malondialdehyde levels, DNA methylation and fragmentation and
viability in Caco-2 cells. Toxicon 49: 306-317.

Tiemann U, Viergutz T, Jonas L, Schneider F (2003) Influence of the
mycotoxins alpha- and beta-zearalenol and deoxynivalenol on the cell cycle of
cultured porcine endometrial cells. Repro Tox 17: 209-218.

Maresca M, Yahi N, Younes-Sakr L, Boyron M, Caporiccio B, et al. (2008) Both
direct and indirect effects account for the pro-inflammatory activity of
enteropathogenic mycotoxins on the human intestinal epithelium: Stimulation
of interleukin-8 secretion, potentiation of interleukin-1 beta effect and increase in
the transepithelial passage of commensal bacteria. Toxicol Appl Pharmacol 228:
84-92.

. Abreu MT (2010) Toll-like receptor signalling in the intestinal epithelium: how

bacterial recognition shapes intestinal function. Nat Rev Immunol 10: 131-144.

. Barrett KE, Huott PA, Shah SS, Dharmsathaphorn K, Wasserman SI (1989)

Differing effects of apical and basolateral adenosine on colonic epithelial cell line
T84. Am J Physiol 256: C197-C203.

February 2011 | Volume 6 | Issue 2 | 17472



