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Abstract
Intestinal epithelial cells are the first targets of ingested mycotoxins, such as ochratoxin A,
citrinin, and deoxynivalenol. It has been reported that paracellular permeability regulated by
tight junctions is modulated by several mycotoxins by reducing the expression of specific
claudins and integral membrane proteins in cell-cell contacts, accompanied by increase in
phosphorylation of mitogen-activated protein kinases, including extracellular signal-related
kinase (ERK) 1/2, p38, and c-Jun NH 2 -terminal protein kinase. Claudin-2 is expressed in the
deep crypt cells, but not in the villus/surface cells in vivo. While Caco-2, T84, and IPEC-J2
cells, which are widely used intestinal epithelial cell lines to assess the influence of
mycotoxins, do not express claudin-2, CMT93-II cells express claudin-2. We previously
reported that inhibition of the ERK pathway reduced claudin-2 levels in cell-cell contacts in
CMT93-II cells. In this study, we examined whether ochratoxin A, citrinin, and
deoxynivalenol affect claudin-2 expression and ERK1/2 phosphorylation in CMT93-II cells.
We found that all mycotoxins reduced claudin-2 expression in cell-cell-contacts, with
reduction (by citrinin and deoxynivalenol) or no change (by ochratoxin A) in phosphorylated
ERK1/2. All mycotoxins increased transepithelial electrical resistance, but did not affect flux
of fluorescein. While ochratoxin A and citrinin are known to be nephrotoxic, only
deoxynivalenol reduced claudin-2 expression in MDCK II cells derived from the renal tubule.
These results suggest that claudin-2 expression is regulated not only by the ERK pathway, but
also by other pathways in an organ-specific manner.
Introduction
Mycotoxins are toxic secondary metabolites produced by different fungi that can cause health
problems in humans and farm animals. The chemical structures of mycotoxins vary
considerably, but they are low molecular mass organic compounds [1]. Most of the
mycotoxins are produced by fungi belonging to the species Aspergillus, Penicillium, and
Fusarium. For example, ochratoxin A (OTA), citrinin (CTN), and deoxynivalenol (DON) are
produced by Aspergillus ochraceus, Penicillium citrinum, and Fusarium graminearum [2],
respectively. Exposure to mycotoxins is mostly by ingestion, but also occurs by dermal,
respiratory, and parental routes. It is reported that about 25% of the world’s crop production
may be contaminated by mycotoxins [3]. Thus, it is most likely that mycotoxins enter the
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body through the epithelium of the digestive tract. These mycotoxins then spread throughout
the body via the blood stream. In fact, OTA has been shown to be absorbed passively
throughout the gastrointestinal tract, especially the stomach and jejunum [4, 5], and has been
detected in the blood [1] as well as hum milk [6-9]. The mycotoxins spread throughout the
body and affect specific organs by an unknown mechanism. OTA and CTN affect the kidney,
and are thus known as nephrotoxins [10]. DON belongs to the trichothecenes family of
mycotoxins. Acute toxicity of trichothecenes induces diarrhea, vomiting, leukocytosis, and
hemorrhage, while chronic toxicity of trichothecenes causes weight loss and neuroendocrine
and immunological changes [11].
Substances pass through the epithelia via two routes, paracellular and transcellular
routes. Tight junctions are located in the most apical portion of the lateral plasma membrane
of epithelial cells and restrict the passage of ions, solutes, and macromolecules between
adjacent cells (paracellular route). Tight junctions are formed by integral membrane proteins,
such as claudins [12], occludin [13], junctional adhesion molecule [14], tricellulin [15], and
MarvelD3 [16] and scaffolding proteins, such as ZO proteins [17-19], which link actin
filaments to tight junctions. The claudin family consists of at least 27 members [20] and forms
the backbone of tight junctions. Claudin-1, -3, and -5 are sealing claudins, which increase the
tightness of the barrier [21-23]. Some claudins form paracellular channels whose cation- or
anion-selectivity depends on the net charge of the second half of extracellular loop 1 of each
claudin [24]. While claudin-2, -10b, and -15 form cation-selective channels [25-30],
claudin-10a and -17 form anion-selective channels [29, 31].
In vitro studies using human and piglet intestinal epithelial cell lines have shown
that both OTA and DON induce an increase in paracellular permeability, accompanied by
reduction in the protein expression of specific claudins [32-39]. Treatment with DON
increases phosphorylation of mitogen-activated protein kinases (MAPKs), including
extracellular signal-related kinase (ERK) 1/2, p38 MAPK, and c-Jun NH 2 -terminal protein
kinase (JNK) [36, 38, 39]. The effect of CTN on claudins expression in intestinal epithelial
cells has not been studied so far.
Claudins are localized in different segments of the intestine, such as the duodenum,
jejunum, ileum, and large intestine (for review, see Lu et al. [40]). Furthermore, several
claudins show selective expression along the crypt-villus axis in the small intestine and
crypt-surface axis in the large intestine. For example, claudin-2 is localized in the deep crypt
of the intestine [41, 42]. Thus, if mycotoxins influence the expression of specific claudin
isoform(s), segment-specific and crypt-villus/surface axis-specific alteration of paracellular
permeability may be caused by mycotoxins depending on which claudins are expressed in the
intestinal epithelial cells. Since CMT93-II cells, a clone of CMT93 cells derived from mouse
rectum carcinoma [43], express claudin-2 protein [44], these cells exhibit the features of deep
crypt cells. In contrast, differentiated Caco-2 and T84 cells, which are widely used as models
2

for the intestinal barrier, hardly express claudin-2 [35, 41, 45], and thus exhibit the features of
intestinal villus/surface cells. We previously reported that claudin-2 protein expression was
positively or negatively regulated by ERK1/2 depending on the cell type [46].
In this study, using CMT93-II cells, which are different from the previously reported
intestinal epithelial cells with regard to claudin expression patterns, we examined whether
mycotoxins (OTA, CTN, and DON) affect paracellular permeability, phosphorylation of
MAPKs, and expression of claudins, especially claudin-2. Because OTA and CTN are
nephrotoxic [10], we examined if they influence claudin-2 protein expression in Madin-Darby
canine kidney (MDCK) II cells, which are derived from the distal tubule or collecting duct of
the nephron.
Methods
Reagents
OTA and CTN were purchased from Enzo Life Sciences (Farmingdale, NY, USA). DON was
obtained from Cayman Chemical (Ann Arbor, MI, USA). U0126 and SB202190 were
obtained from Sigma-Aldrich (Saint Louis, MO, USA). Stock solutions of OTA (50 mM),
CTN (50 mM), DON (20 mM), U0126 (20 mM), and SB202190 (40 mM) in
dimethylsulfoxide (DMSO) were prepared.
Cell culture and treatment with mycotoxins or U0126
CMT93-II and MDCK II Tet-Off cells (Clontech, Palo Alto, CA, USA) were grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 2
mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco, Grand Island, NY,
USA). The cells were treated with vehicle (DMSO), mycotoxins, or U0126 at the indicated
concentration for the indicated time periods.
Immunofluorescence microscopy
CMT93-II and MDCK II Tet-Off cells were seeded at a density of 3.0 × 104 and 6.0 × 104
cells/well, respectively, in the wells (6 mm in diameter) of 10-well glass slides printed with
highly water-repellent marks (Matsunami Glass Ind. Ltd., Osaka, Japan). Next day, when the
cells reached confluence, they were treated with 40 μM OTA for CMT93-II cells, 10 μM
OTA for MDCK II cells, 50 μM CTN, 1 μM DON, 20 μM U0126, 20 μM SB202190, or 0.1%
DMSO (vehicle) for 36 h. They were fixed with 1% paraformaldehyde in phosphate buffered
saline (PBS) for 10 min, washed in PBS, incubated in 0.2% Triton-X 100 in PBS for 10 min,
washed again in PBS, and then incubated with 1% bovine serum albumin in PBS (BSA-PBS)
for 30 min at room temperature to block non-specific binding. The samples were incubated
with primary antibodies for 1 h in a moist chamber. Primary antibodies against claudin-2
(1:100), claudin-4 (1:200), claudin-6 (1:100), and GATA-4 (1:50) were purchased from
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Zymed (South San Francisco, CA, USA), Abcam (Cambridge, MA, USA), IBL (Takasaki,
Japan), and Santa Cruz (Santa Cruz, CA, USA), respectively. After rinsing in PBS five times
for 3 min each, samples were incubated with secondary antibodies at a 1:400 dilution in
BSA-PBS for 30 min in the dark. Anti-mouse Ig and anti-rabbit Ig conjugated with either
Alexa 488 or Alexa 594 (Molecular Probes, Eugene, OR, USA) were used as secondary
antibodies. Cells were then washed five times in PBS for 3 min each, and mounted in
Vectashield mounting medium containing 4',6-diamidino-2-phenylindole (DAPI; Vecta
Laboratories, Burlingame, CA, USA). The specimens were examined under a Zeiss LSM 510
confocal microscope (Oberkochen, Germany).
Gel electrophoresis and immunoblot analysis
Confluent cells cultured on 35-mm culture dishes were treated with vehicle, mycotoxins, or
U0126 as described in the above section. Cells were washed with ice-cold PBS and lysed in
lysis buffer [62.5 mM Tris, pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 5%
2-mercaptoethanol, and 0.002% bromophenol blue] containing protease inhibitor cocktail
(Sigma-Aldrich) and phosphatase inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). Cell
lysates (5μL per lane) were fractionated by SDS-polyacrylamide gel electrophoresis (PAGE)
and then transferred onto polyvinylidene difluoride (PVDF) membranes. Precision Plus
protein dual color standards (Bio-Rad, Hercules, CA, USA) were used to calculate the size of
the detected bands. The membranes were incubated with Blocking One (Nacalai Tesque,
Kyoto, Japan) for 1 h and then with primary antibodies (listed below) overnight at 4°C.
Antibodies against phospho (P)-ERK (1:1,000), ERK (1:1,000), P-p38 (1:1,000), p38
(1:1,000), P-JNK (1:1,000), JNK (1:1,000), actin (1:2,000), claudin-2 (1:1,000), claudin-4
(1:1,000), and claudin-6 (1:1,000) were used as primary antibodies and diluted with Tris
buffered saline (TBS) [20 mM Tris (pH 7.6) and 137 mM NaCl] containing 5% Blocking One.
These primary antibodies against MAPKs were obtained from Cell Signaling Technology
(San Diego, CA, USA) and anti-actin antibody was from Sigma-Aldrich. After washing with
TBS containing 0.1% Tween 20 (T-TBS), cells were incubated with horseradish peroxidase
(HRP)-conjugated anti-rabbit or anti-mouse Ig (1:2,000) (GE Healthcare UK Ltd,
Buckinghamshire, England) for 1 h. They were then washed with T-TBS and the bands were
detected using Luminata Forte Western HRP substrate (Millipore, Billerica, MA, USA).
Some membranes were reprobed after stripping primary and secondary antibodies with
stripping buffer [62.5 mM Tris (pH 6.7), 2% SDS, and 100 mM 2-mercaptoethanol] at 50°C
for 30 min.
RNA extraction and quantitative polymerase chain reaction (qPCR)
CMT93-II cells (1 × 106 cells/well) and MDCK II cells (2 × 106 cells/well) were seeded onto
6-well plates and treated with 40 μM OTA for CMT93-II cells, 10 μM OTA for MDCK II
4

cells, 50 μM CTN, 1 μM DON, 20 μM U0126, or 0.1% DMSO (vehicle) for 36 h. RNA
extraction and qPCR were performed according to the manufacturer's instructions. Briefly,
total RNA was extracted using SV total RNA isolation system (Promega, Madison, WI, USA).
Reverse transcription and amplification were carried out using the GoTaq 2-Step RT-qPCR
system (Promega, Madison, WI, USA). Relative mRNA levels were measured with a SYBR
Green detection system using the 7500 real-time PCR system (Applied Biosystems, Foster
City, CA). All samples were measured in triplicate. The relative mRNA level of each gene
was calculated as the ratio of target to control gene (β-actin). The following PCR primers
were used: mouse β-actin [47]: forward, 5'-AGA GGG AAA TCG TGC GTG AC-3' and
reverse, 5'- CAA TAG TGA TGA CCT GGC CGT-3'; mouse claudin-2 [48]: forward, 5'- TAT
GTT GGT GCC AGC ATT GT-3' and reverse, 5'-TCA TGC CCA CCA CAG AGA TA-3';
mouse claudin-4 [32]: forward, 5 –CGC TAC TCT TGC CAT TAC G-3' and reverse, 5'-ACT
CAG CAC ACC ATG ACT TG-3'; mouse claudin-6 [49]: forward, 5'-GCA GTC TCT TTT
GCA GGC TC-3' and reverse, 5'-CCC AAG ATT TGC AGA CCA GT-3'; canine β-actin [50]:
forward, 5'-CGA GAC ATT CAA CAC CCC AAC-3' and reverse, 5'-AGC CAG GTC CAG
ACG CAA G-3'; canine claudin-2 [51]: forward, 5'-GGT GGG CAT GAG ATG CAC T-3' and
reverse, 5'-CAC CAC CGC CAG TCT GTC TT-3'. The specificity of the amplified products
was evaluated by melting curve analysis.
Measurement of transepithelial electrical resistance (TER)
CMT93-II cells were seeded at 6.0 × 104 cells/wells on 12-mm membrane culture inserts
(Millicell-HA; Millipore, Bedford, MA, USA) in a 24-well plate, and cultured to confluence
for 4 days. Culture medium containing vehicle, 100 μM OTA, 125 μM CTN, or 2.5 μM DON
was added to the apical compartment and the cells were cultured for 48 h. During this period,
TER was measured with a Millicell ERS-2 epithelial voltohmmeter (Millipore), as described
previously [52]. To examine the effect of Na+, some of the TER measurements were
performed in P Na buffer containing 140 mM sodium aspartate, 2 mM CaCl 2 , 1 mM MgCl 2 , 10
mM glucose, 10 mM Hepes, pH7.3 [53]. The TER values were calculated by subtracting the
contribution of the bare filter and medium and multiplying it by the surface area of the filter.
All experiments were performed twice in triplicate.
Measurement of paracellular permeability
CMT93-II cells were seeded and treated with mycotoxins for 48 h, as described in the above
section. Inserts and wells were washed three times with P buffer [10 mM HEPES (pH 7.4), 1
mM sodium pyruvate, 10 mM glucose, 3 mM CaCl 2 , and 145 mM NaCl]. P buffer with or
without 30 μg/mL fluorescein (Sigma-Aldrich) was added to the upper or lower compartment,
respectively. The P buffer from the lower compartment was collected at 2 h after addition of
the tracer, and paracellular flux was measured with a fluorometer (excitation, 492 nm;
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emission, 520 nm). Experiments were performed twice in triplicate.
Statistical analysis
All data are expressed as the mean ± standard error of mean (SEM). Statistical differences
between groups were determined by the two-sided Welch’s t- test. P < 0.05 was considered
statistically significant.
Results
We first determined the concentration that affected the expression of claudin-2, -4, or -6 in
cell-cell contacts in CMT93-II cells. In previous reports, intestinal epithelial cells were treated
with 1–100 μM of OTA [34, 35, 54, 55] or 1–100 μM of DON [32, 36, 37, 54]. Although there
is no data of CTN treatment of intestinal epithelial cell lines, CTN was used at concentration
of 30 μM or 50 μM in kidney PK15 cells [56]. We first tested 1, 5, 10, 20, 50, and 100 μM of
each mycotoxin for 48 h and examined the localization of claudins. Then, the concentration
was reduced by 10 μM or 1 μM. We selected 40 μM OTA, 50 μM CTN, and 1 μM DON to
treat cells without obvious cell damage. Localization of claudin-2, -4, and -6 after treatment
with mycotoxins or U0126 was examined by confocal microscopy (Fig. 1). Localization of
claudin-2 in cell-cell contacts was significantly reduced by treatment with OTA, CTN, and
DON (Fig. 1) as well as 20 μM U0126, as previously reported [46]. Localization of claudin-4
and -6 was not affected by mycotoxins and U0126, though OTA slightly reduced claudin-4
staining in cell-cell contacts. Next, we examined the total protein expression of claudins and
phosphorylation of MAPKs, including ERK1/2, p38, and JNK by immunoblotting (Fig. 2).
Consistent with microscopy data, claudin-2 protein expression was prominently reduced by
treatment with all mycotoxins and U0126, while that of claudin-4 was prominently reduced
by OTA. Although there was no clear reduction in claudin-4 and -6 expression in cell-cell
contacts by DON treatment when examined by confocal microscopy, immunoblotting
revealed that claudin-4 expression was slightly reduced, and claudin-6 expression was
considerably reduced by DON. Phosphorylation of JNK was neither detected in control cells
nor in cells treated with mycotoxins or U0126. Phosphorylation of ERK1/2 was clearly
reduced by CTN, DON, and U0126, but was not altered by OTA. Phosphorylation of p38 was
slightly increased by OTA and CTN, but decreased by DON and U0126. Treatment of
SB202190, an inhibitor of p38 MAPK, did not alter localization of claudin-2 and claudin-4 at
sites of cell-cell contact between CMT93-II cells (Supplementary Fig. 1). The transcription
factor GATA-4 was detected in the nucleus of CMT93-II cells but not in that of MDCK II
cells (Supplementary Fig. 2). Treatment of CMT93-II cells with OTA, CTN, DON, and
U0126 decreased claudin-2 in cell-cell contacts, but GATA-4 was still detected in their
nucleus (Supplementary Fig. 2).
We examined the relative mRNA level of expression of claudin-2, -4, and -6
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standardized by β-actin (Fig. 3). Claudin-2 mRNA was markedly decreased by OTA, CTN,
DON, and U0126. Claudin-4 transcript was slightly decreased by U0126, significantly
decreased by OTA and CTN, and significantly increased by DON. Claudin-6 transcript was
slightly decreased by DON and U0126, and clearly decreased by OTA and CTN. The
decreased expression level of claudin-2 transcript in cells treated with OTA, CTN, DON, and
U0126 (Fig. 3) was consistent with the decreased expression level of claudin-2 protein (Fig.
2). However, the expression level of transcripts was not always consistent with that of
proteins. For example, while expression of claudin-4 transcript was decreased by CTN or
increased by DON (Fig. 3), that of claudin-4 protein was unaffected by CTN or slightly
decreased by DON (Fig. 2).
Next, we examined whether treatment with mycotoxins affected paracellular
permeability by assessing TER and flux of fluorescein. TER represents the instantaneous
electrical conductance of soluble ions, while flux assesses the amount of large non-charged
molecules passed through transient breaks in anastomosing tight junction strands usually over
one hour or more. Culture medium containing vehicle (0.25% DMSO), 100 μM OTA, 125 μM
CTN, or 2.5 μM DON was added to the apical compartment because ingested mycotoxins
first come in contact with the apical membrane domain of intestinal epithelial cells. The apical
and basal compartment contained 0.4 and 0.6 mL of culture medium, respectively. If
mycotoxins were diluted with the total volume of the medium (1.0 mL), the final
concentration became the same as the concentration that was used in cells seeded in 10-well
glass slides for confocal microscopy. Therefore, we used 2.5 times higher concentration of
mycotoxins than that used for confocal microscopy. Similarly, a higher concentration of
U0126 was required to induce an increase in TER and decrease in claudin-2 protein
expression in CMT93-II cells seeded on membrane culture inserts [46]. TER in cells treated
with OTA, CTN, or DON for 24 h was approximately 2 times higher than that in control cells
(Fig. 4A). At 48 h, TER in cells treated with OTA, CTN, or DON was 1.6, 2, or 1.7 times
higher than that in control cells, respectively (Fig. 4A). P Na buffer principally contains sodium
aspartate (Na+, aspartate-) to examine the effect of Na+ on TER. After treatment of OTA, CTN,
or DON for 48 h, TER was measured in P Na buffer. In P Na buffer, increased TER was
observed in cells treated with OTA, CTN, or DON, indicating the decrease of paracellular
permeability for Na+, thereby increasing TER (Fig. 4B). Fluorescein was used as a tracer to
assess paracellular permeability. The molecular weight of fluorescein is 332.3, which is close
to that of OTA (403.8), CTN (250.2), and DON (296.3). In spite of the increase in TER by all
mycotoxins, flux of fluorescein remained unaltered (Fig. 5).
Finally, we examined whether treatment with OTA, CTN, DON, and U0126
influenced expression of claudin-2 in MDCK II cells derived from the dog renal tubule,
because OTA and CTN are known to be nephrotoxic. Although DON markedly reduced
claudin-2 localization in cell-cell contacts, OTA, CTN, and U0126 did not alter the
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localization of claudin-2 (Fig. 6A). Consistently, DON markedly reduced claudin-2 protein
(Fig. 6B) and mRNA (Fig. 6C). Findings from the present and previous studies regarding the
effects of DON, OTA, and CTN on the intestinal cell lines, jejunal explants, or MDCK II cells
are summarized in Table 1.
Discussion
In this study, we showed that OTA, CTN, or DON treatment increased TER in CMT93-II cells
by reducing paracellular permeability for Na+, concomitant with marked reduction of
claudin-2 expression in cell-cell contacts. Claudin-2 forms cation-permeable paracellular
channels [24, 25, 30, 57] in tight junctions, thereby inducing reduction in TER in
claudin-2-overexpressing epithelial cells. Conversely, it is likely that removal of claudin-2
from tight junctions induces an increase in TER. In fact, treatment of CMT93-II cells with
U0126, an inhibitor of the ERK pathway, reduced claudin-2 expression in cell-cell contacts
and increased TER [46]. Several studies have examined the effects of DON and OTA on TER
in human intestinal epithelial cell lines (Caco-2, T84, and HT-29) [32-35, 37, 54, 58, 59] or
piglet intestinal epithelial cell lines (IPEC-1 and IPEC-J2) [36-39, 60]. Inconsistent with our
result, both DON and OTA induced reduction in TER in these intestinal cell lines. This
discrepancy can be explained by the different expression patterns of claudins among the
different intestinal epithelial cell lines examined. IPEC-J2 cells express claudin-1, -3, -4, -5,
-7, -8, and -12 proteins as demonstrated by immunoblotting [61], but do not express claudin-2
and -15 [62]. Although Caco-2 cells express claudin-2 in cell-cell contacts before they reach
confluence, the expression is markedly reduced after confluence [35, 41]. Because TER was
examined in differentiated Caco-2 cells after confluence in all previous reports, claudin-2 was
hardly expressed. Similarly, claudin-2 expression was abolished in cell-cell contacts in T84
cells after confluence [45]. Taken together, OTA, CTN, and DON increased TER by removing
claudin-2 from tight junctions in CMT93-II cells.
qPCR analysis revealed that all mycotoxins and U0126 markedly reduced claudin-2
transcripts, suggesting that all mycotoxins as well as inhibition of the ERK pathway reduced
claudin-2 levels in cell-cell contacts by reducing the expression of claudin-2 transcripts.
Consistent with our results, the level of claudin-4 transcript was decreased by OTA [55].
While claudin-4 transcript levels in CMT93-II cells treated with DON were 1.4 times higher
than that in control cells, claudin-4 protein level was paradoxically decreased. A similar
discrepancy was reported previously in Caco-2 cells treated with DON [32]. Although further
studies are needed, DON treatment may suppress translation and/or increase degradation of
claudin-4 protein.
Confocal microscopy showed that OTA, CTN, and DON removed claudin-2 from
cell-cell contacts in CMT93-II cells and that OTA slightly reduced claudin-4 expression in
cell-cell contacts. Immunoblot analysis confirmed the reduction in claudin-2 expression, and
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also revealed the reduction in claudin-4 and -6 expression by DON treatment, even though
continuous immunofluorescence staining for claudin-4 and -6 was detected in cell-cell
contacts. Consistently, claudin-4 level was decreased by OTA and DON in Caco-2 and
IPEC-1 cells [33-36, 38]. However, claudin-4 protein expression was not altered by DON
treatment in IPEC-J2 cells, but claudin-1 and -3 levels were decreased [39]. It is debatable
whether claudin-4 acts as a sealing claudin (barrier against Na+ and Cl-) or not. Claudin-4 was
previously reported to act as a sealing claudin [63]. Later, claudin-4 was found to act as a Na+
barrier without affecting Cl- permeability [24, 64], or as an anion channel when it was
expressed with claudin-8 [65]. Claudin-6 was shown to act as a sealing claudin when
overexpressed in MDCK II cells expressing claudin-2 [66]. Although CTN reduced only
claudin-2 levels, OTA or DON reduced claudin-4 or claudin-4 and -6 levels, respectively, in
addition to reduction of claudin-2 level. Therefore, claudin-4 and -6 may act as sealing
claudins in CMT93-II cells because the increase in TER by OTA and DON was lesser than
that by CTN.
Claudin isoforms distribute differently in the gastrointestinal tract (for review, see
Lu et al. [40]). In mice, for example, claudin-2, -3, -7, and -15 have been shown to localize in
all segments of the small (duodenum, jejunum, and ileum) and large intestine. Claudin-12 is
distributed in the jejunum, ileum, and large intestine. Claudin-1, -4, and -8 have been detected
in the ileum and large intestine. Claudin-5 and -13 are restricted to the large intestine.
Intestinal epithelial cells differentiate and move from the crypt to the villus (small intestine)
or surface (large intestine). Along these axes, claudin-2 is restricted to the deep crypt in the
intestine [41, 42]. Therefore, intestinal epithelial cells express different combinations and
mixing ratios of claudin isoforms, not only in the intestinal segment, but also along the
crypt-villus/surface axis. It is possible that each claudin isoform expressed in intestinal
epithelial cells can be differently affected by mycotoxins. If this is true, mycotoxins
differently modulate paracellular permeability in the intestinal segment and along the
crypt-villus/surface axis. CMT93-II cells have the features of deep crypt cells because
CMT93-II cells expresses claudin-2 [44]. It is speculated that intestinal epithelial cells in the
deep crypt in vivo may increase TER via removal of cation-selective channels formed by
claudin-2 after treatment with OTA, CTN, and DON.
Because DON activates MAPKs in pig intestinal epithelial cells in vitro [36, 38, 39]
and in porcine jejunal explants [67], we examined phosphorylation of MAPKs in CMT93-II
cells treated with OTA, CTN, and DON. Although DON binds to the ribosomes and activates
ERK1/2 and p38, known as the ribotoxic stress response [68], treatment with 1 μM DON
decreased phosphorylation of ERK1/2 and p38 in CMT93-II cells. In porcine intestinal
epithelial cells, treatment with 10–30 μM DON increased phosphorylation of MAPKs [36, 38,
39]. In jejunal explants, 10 μM DON increased phosphorylation of ERK1/2 and p38, while 5
μM DON had no effect [67]. In contrast to porcine intestinal epithelial cells and jejunal
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explants, 1 μM DON decreased phosphorylated ERK1/2 in CMT93-II cells. We previously
reported that inhibition of the ERK1/2 pathway by U0126 removed claudin-2 from cell-cell
contacts in CMT93-II cells and increased TER [44]. Therefore, DON and CTN may reduce
claudin-2 levels through suppression of ERK1/2 phosphorylation in CMT93-II cells. OTA did
not alter the phosphorylation of ERK1/2, but reduced claudin-2 level in cell-cell contacts,
suggesting that more than two pathways, including the ERK pathway may regulate the
localization of claudin-2 in cell-cell contacts in CMT93-II cells. DON, but not OTA, CTN,
and U0126, decreased claudin-2 levels in cell-cell contacts in MDCK II cells derived from the
renal tubule, suggesting that claudin-2 expression is regulated in an organ-specific manner
(intestine versus kidney). Moreover, reduction in claudin-2 expression was induced by
inhibition of the ERK pathway in intestinal epithelial cells, such as T84 [69] and CMT93-II
cells [46] or, on the contrary, by activation of the ERK pathway in renal tubule-derived
MDCK II cells [70]. In our next study, we aim to examine whether DON affects ERK1/2
phosphorylation in MDCK II cells.
The precise mechanism underlying the decrease in claudin-2 levels in cell-cell
contacts by OTA, CTN, and DON in CMT93-II cells is still unclear; however, involvement of
the CNT- and DON-mediated inhibition of the ERK pathway is suggested in this study. The
decrease in claudin-2 mRNA expression, induced by OTA, CTN, and DON, is one of the
reasons for the decreased claudin-2 protein localization in cell-cell contacts. Inhibition of the
p38 pathway by SB202190 did not decrease claudin-2 protein localization in cell-cell contacts
in CMT93-II cells (Supplementary Fig. 1), suggesting that decrease in claudin-2 localization
may not be induced by the decrease in phosphorylated p38 levels on treatment with DON and
U0126 (Fig. 2). We examined the nuclear localization of GATA-4, a transcription factor
related to maintenance of claudin-2 protein expression in the intestine but not in the kidney
[41], in CMT93-II cells treated with OTA, CTN, and DON, but GATA-4 was still detected in
their nucleus (Supplementary Fig. 2). Thus, GATA-4 may not be involved in maintenance of
claudin-2 expression in CMT93-II cells. Claudin-2 is continuously endocytosed and recycled
back to plasma membrane, and inhibition of this process causes reduction of claudin-2 in
cell-cell contacts [71, 72]. In autophagy-induced Caco-2 cells, claudin-2 is targeted to the
lysosome; consequently, its levels are decreased in cell-cell contacts [73]. In our future study,
we will examine whether endocytosis and/or autophagy is related to decreased claudin-2
localization at sites of cell-cell contact between CMT93-II cells treated with mycotoxins.
Concluding remarks
In this study, we showed that treatment with mycotoxins (OTA, CTN and DON) induced a
decrease in the level of claudin-2, which forms cation-selective channels in cell-cell contacts,
and an increase in TER, but did not alter flux of fluorescein in CMT93-II cells. Treatment
with U0126, a specific inhibitor of the ERK pathway, also decreased claudin-2 level in
10

cell-cell contacts and increased TER. While CTN and DON decreased the phosphorylation of
ERK1/2, OTA did not alter it. Therefore, more than two pathways, including the ERK
pathway may regulate claudin-2 expression in cell-cell contacts. As claudin-2 localizes in the
deep crypt, it is possible that mycotoxins may differently modulate paracellular permeability
of ions along the crypt-villus/surface axis. Paracellular permeability of enterocytes may be
differently modulated by mycotoxins, which decrease the levels of specific claudin isoforms
depending on which isoform they express.
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Table 1. Summary of effects of deoxynivalenol, ochratoxin A, and citrinin on the intestinal
cell lines, jejunal explants or MDCK II cells.

Cells

Conc. (μM) TER Flux WB

IF

qPCR

Ref

deoxynivalenol
0.34

↓

↑1

58

100

↓

↑2, 3

54

30–100

↓

↑2

CL3 →
CL4 ↓

1.69

↓

↑4

CL4 ↓

1.39–12.5

↓

↑1, 2 CL1 ↓
CL3 ↓
CL4 ↓

T84

0.34

↓

↑1

IPEC-1

5–30

↓

↑2

CL3 ↓
CL4 ↓

30

↓

↑2

CL4 ↓

P-ERK ↑

CL4 ↓

30

↓

CL3 ↓
CL4 ↓

P-ERK ↑
P-p38 ↑
P-JNK ↑

CL3 ↓
CL4 ↓

38

6.76

↓

CL3 ↓

CL3 ↓

60

5–20

↓

CL1 ↓
CL3 ↓
CL4 →

Caco-2

IPEC-J2

CL3 →
CL4 ↓

37

33
CL1 ↓
CL3 ↓
CL4 ↓

CL1 ↑
CL3 ↑
CL4 ↑

32

58

18

CL3 ↓
CL4 ↓

P-ERK ↑
P-p38 ↑

37

CL4 ↑

36

39

Explants

10

↓

CMT93-II

1

↑

MDCK II

1

67
→5 CL2 ↓
CL4 ↓
CL6 ↓

P-ERK ↓
P-p38 ↓

CL2 ↓

CL2 ↓
CL4 →
CL6 →

CL2 ↓ *
CL4 ↑
CL6 →

CL2 ↓

CL2 ↓

*

ochratoxin A
17–40

↓

50–100

↓

↑2, 6 CL1 →
CL3 ↓
CL4 ↓

100

↓

CL1 →
CL3 ↓
CL4 ↓

100

↓

1–100

↓

HT-29-D4

6–10

↓

CMT93-II

40

↑

MDCK II

10

Caco-2

59
CL1 →
CL3 ↓
CL4 ↓

35

34

↑2, 3

54
CL3 ↓
CL4 ↓

55

59
→5 CL2 ↓
CL4 ↓
CL6 →

P-ERK →
P-p38 ↑

CL2 →

CL2 ↓
CL4 ↓
CL6 →

CL2 ↓
CL4 ↓
CL6 ↓

*

CL2 →

CL2 ↓

*

CL2 ↓
CL4 →
CL6 →

CL2 ↓
CL4 ↓
CL6 ↓

*

citrinin
CMT93-II

50

↑

→5 CL2 ↓
CL4 →
CL6 →
19

P-ERK ↓
P-p38 ↑

MDCK II

50

CL2 →

CL2 →

CL2 ↓

*

Conc.: concentration, WB: western blotting, IF: immunofluorescence, Ref: reference number,
CL: claudin, P-ERK: phosphorylated ERK, P-p38: phosphorylated p38, P-JNK:
phosphorylated JNK, ↑: increase, ↓: decrease, →: steady, *the present study. Tracers of flux:
1
Lucifer yellow, 24 kD FITC-dextran, 3Horseradish peroxidase, 4Mannitol, 5 Fluorescein, 610
kD FITC-dextran.
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Fig. 1. Treatment with OTA, CTN, DON, and U0126 reduces claudin-2 expression at
sites of cell-cell contact between CMT93-II cells derived from the mouse rectum.
Confluent CMT93-II cells were treated with vehicle (a, a’, f, f’), 40 μM OTA (b, b’, g,
g’), 50 μM CTN (c, c’, h, h’), 1 μM DON (d, d’, i, i’), or 20 μM U0126 (e, e’, j, j’) for 36
h. The cells were doubly stained with antibodies against claudin-2 (a–e, green) and
claudin-4 (a’–e’, red) or antibodies against claudin-2 (f–j, green) and claudin-6 (f’–j’, red).
The nuclei were stained with DAPI (blue). The image was a stack of six x–y sections
recorded at 0.48-μm intervals from base to apex by confocal microscopy. Scale bar: 20
μm for all images.

Fig. 2. Immunoblot analysis of claudins and MAPKs in CMT93-II cells. Confluent
CMT93-II cells treated with 40 μM OTA, 50 μM CTN, 1 μM DON, 20 μM U0126, or
0.1% DMSO (vehicle) for 36 h were lysed, fractionated by SDS-PAGE, and transferred
onto PVDF membranes. Immunoblotting was performed using antibodies against
claudin-2, -4, and -6, P-ERK, ERK, P-p38, p38, P-JNK, JNK, and β-actin. Membranes
were reprobed after stripping primary and secondary antibodies.

Fig. 3. qPCR analysis of mRNA expression levels of claudin (cldn)-2, -4, and -6 in
CMT93-II cells. Confluent CMT93-II cells were treated with 40 μM OTA, 50 μM CTN,
1 μM DON, 20 μM U0126, or 0.1% DMSO (vehicle) for 36 h. Total RNA isolated from
these treated cells was reverse transcribed to synthesize cDNA, which was used for PCR
amplification. The reference gene, β-actin, was used as a control. Data represent the mean
± SEM of two independent experiments performed in triplicate. *P < 0.05 vs control.

Fig. 4. Treatment with OTA, CTN, and DON increases the TER of the CMT93-II
monolayer by reducing paracellular permeability for Na+. CMT93-II cells grown on
inserts were treated with 100 μM OTA, 125 μM CTN, 2.5 μM DON, or 0.25% DMSO
(vehicle) in the apical compartment. (A) TER of the CMT93-II monolayer in DMEM
containing 10% FBS was measured at 24 and 48 h after addition of mycotoxins. (B) After
measurement of TER at 48 h, cells were washed three times with P Na buffer and TER was
measured in P Na buffer. Data represent the mean ± SEM of two independent experiments
performed in triplicate. *P < 0.05 vs control.

Fig. 5. Treatment with OTA, CTN, and DON does not alter the permeability of the
CMT93-II monolayer. CMT93-II cells grown on inserts were treated with 100 μM OTA,
125 μM CTN, 2.5 μM DON, or 0.25% DMSO (vehicle) in the apical compartment. After
treatment with mycotoxins for 48 h, the culture medium was replaced with P buffer with
or without 30 μg/mL fluorescein in the apical or basal compartment, respectively, and
further cultured for 2 h. The P buffer from the lower compartment was then collected and
flux of fluorescein was measured. Data represent the mean ± SEM of two independent
experiments performed in triplicate. *P < 0.05 vs control.

Fig. 6. Effect of OTA, CTN, DON, and U0126 on localization, protein expression, and
mRNA expression of claudin-2 in MDCK II cells derived from the renal tubule. Confluent
MDCK II cells were treated with vehicle (a), 10 μM OTA (b), 50 μM CTN (c), 1 μM
DON (d), or 20 μM U0126 (e) for 36 h. (A) The treated cells were stained with antibodies
for claudin-2 (green). The nuclei were stained with DAPI (blue). The image was a stack
of six x–y sections recorded at 0.48-μm intervals from base to apex by confocal
microscopy. Scale bar: 20 μm for all images. (B) The treated cells were lysed, fractionated
by SDS-PAGE, and transferred onto PVDF membranes. Immunoblotting was performed
using antibodies against claudin-2 and β-actin. After primary and secondary antibodies
were stripped from the blots, the membranes were reprobed. (C) Total RNA isolated from
these treated cells was reverse transcribed to synthesize cDNA, which was amplified by
PCR. The reference gene, β-actin, was used as the control. Data represent the mean ±
SEM of two independent experiments performed in triplicate. *P < 0.05 vs control.

