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A B S T R A C T   

Fungi in the Fusarium genus produce trichothecene mycotoxins including deoxynivalenol (DON) and T-2 toxin 
which may elicit their damaging effects on the gastrointestinal tract following the consumption of contaminated 
cereal-based foods. The aim of our study was to evaluate the effects of these commonly occurring fusarotoxins 
alone and in combination using the human, non-cancerous intestinal epithelial cell line HIEC-6. Based on our 
experimental data, 24 h after treatment with fusarotoxins, hydrogen peroxide levels, intracellular oxidative stress 
and the amounts of inflammatory interleukins IL-6 and IL-8 significantly increased. Cell membrane localization 
of the tight junction protein claudin-1 decreased, whereas distribution of occludin remained unchanged. Taken 
together, the HIEC-6 cell line appears to be a suitable experimental model for monitoring the combined effects of 
mycotoxins at the cellular level including changes in the redox states of cells.   

1. Introduction 

Consuming mycotoxin contaminated cereal-based foods poses a 
multifaceted health threat. Mycotoxins are secondary metabolites pro
duced by moulds with well-established adverse health effects on 
eukaryotic cells. Fusarium is a genus of filamentous fungi capable of 
synthesising, among others, trichothecene mycotoxins, which are 
characterized by a unique core ring structure and include more than 200 
structurally similar metabolites (Pestka, 2010). Fusarium species may 
simultaneously infect plants and thereby exhibit enhanced, synergistic 
negative effects on their host organisms (Escrivá et al., 2015). Fusarium 
graminearum and Fusarium sporotrichoides are the main species that 
produce fusarotoxins (Liew and Mohd-Redzwan, 2018). The most sig
nificant trichothecene mycotoxins are deoxynivalenol (DON) and T-2 
toxin (Fig. 1). Contamination of feedstuffs, as well as food commodities 
by these substances is highly noxious on animals and humans, respec
tively (Liew and Mohd-Redzwan 2018). They could be detected in 
wheat, rye, barley, oats, and other grains and at low levels in certain 
commercial foods including beer and other fermented beverages, 
breakfast cereals, bread and other related products (Sudakin, 2003). In a 

recently published review it was shown that there is a clear link between 
inflammatory disease and compromised intestinal barrier caused by 
mycotoxin such as DON and T-2 exposure (Gao et al., 2020). 

DON is a heat-resistant compound; thus, its deleterious effects should 
even be considered after culinary treatment of foods and feeds (Lancova 
et al., 2008). Because of its strong emetic effects in both humans and 
animals, the US Department of Agriculture originally referred to it as 
“vomitoxin” but its diverse, toxic effects also include diarrhoea, 
anorexia, immunotoxicity, as well as impaired maternal reproduction 
and foetal development (Chen et al., 2017). Furthermore, DON ingestion 
may also cause neuroendocrine changes, leukocytosis, haemorrhage, 
circulatory shock, and ultimately death (Bonnet et al., 2012). A study on 
corn and wheat samples established a connection between contamina
tion with DON and human oesophageal cancer (Luo et al., 1990). T-2 
toxin is insoluble in water and its toxicity appears to depend mainly on 
the route of administration, the exposure time and the applied dose 
(Adhikari et al., 2017). It is one of the most toxic mycotoxin of type A 
trichothecene group (Sokolović et al., 2008). This toxin has been 
considered to increase the occurrence of fatal reactions among the ani
mals and humans upon consumption (Joseph et al., 2004). Nayakwadi 
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et al. (2020) proved that T-2 toxin exerted toxic effects through a cu
mulative impact of oxidative, apoptotic and inflammatory pathways via 
establishing the effects of T-2 -induced toxicity and pathological changes 
in juvenile goats. Following the consumption of foods or feedstuffs 
contaminated with mycotoxins, the gut epithelium might be exposed to 
toxic compounds to the extent that normal gut functions could be altered 
(Pinton and Oswald, 2014). Beisl et al. (2020) demonstrated that DON 
exhibited cytotoxicity against the human colon adenocarcinoma Caco-2 
cells already after 24 h of incubation using Neutral Red (NR) uptake 
assay. In another study, DON adversely affected the viability of Caco-2 
cells already at 1 μM and resulted in a significant cell death at 10 μM 
concentration (Kouadio et al., 2005). 

Exposure to trichothecene mycotoxins led to oxidative stress and 
inflammation in both in vitro and in vivo models (Du et al., 2018). At 10 
μM, DON caused oxidative stress in a dose-dependent manner in 
non-malignant intestinal porcine enterocytes IPEC-J2 (Kang et al., 2019) 
and human colon carcinoma cells HT-29 (Del Favero et al., 2018). 
Malondialdehyde (MDA) production by Caco-2 cells, a biomarker of 
lipid peroxidation, significantly increased by DON exposure (Kouadio 
et al., 2005). To date, the authors did not find studies that evaluate the 
effects of T-2 in intestinal epithelial cells. 

The barrier function of the gastrointestinal tract not only implies 
physical protection, but also local and quick immune responses from the 
body to certain xenobiotics (Ahluwalia et al., 2017). A main role in 
mediating immunes’ responses is attributed to the family of signalling 
molecules called cytokines, and in particular, interleukins (Akira et al., 
1990; Pathmakanthan and Hawkey, 2000; Neurath, 2014). 
Pro-inflammatory cytokines such as IL-6 and IL-8 play an important role 
in developing immune responses and thereby acute inflammation. IL-8 
levels have been shown to increase in a dose-dependent manner upon 
exposure to DON (Maresca et al., 2008; Van De Walle et al., 2008; Moon 
et al., 2007) and T-2 toxin (Kruber et al., 2011) in human intestinal 
epithelial cells lines Caco-2 and Int-407. Furthermore, DON stimulated 
IL-6 production in IPEC-J2 intestinal epithelial cells in a 
concentration-dependent way (Kang et al., 2019). Cano et al. (2013) 
reported that DON at a 10 μM concentration significantly increased 
expressions of inflammatory cytokines IL-8, IL-1α, IL-1β, and tumour 
necrosis factor-α (TNF-α) at the mRNA level, and also induced trans
lation of IL-6 and IL-1β messages, which humoral components partici
pate in the differentiation of T helper cells. These changes may promote 
susceptibility to development of inflammatory bowel disease (IBD). IL-6 
and IL-8 levels are known to be elevated in Crohn’s disease and colitis 
ulcerosa (Beck and Wallace, 1997), conditions that affect millions of 
people worldwide (Seyedian et al., 2019). 

The paracellular route of transportation between adjacent enter
ocytes is regulated by a type of cell–cell junction called tight junction 
(TJ). The presence of these multiprotein complexes in between epithelial 
cells provides the epithelium with selective permeability and disrupts 
transportation of substances via the paracellular space. TJs are formed 
by claudins, occludin, and zonula occludens proteins. Toxins present in 
foodstuffs may disrupt the TJ barrier and hence allow passage of 

pathogenic bacteria into the body (Goossens et al., 2012; Ling et al., 
2016). The integrity of the intestinal barrier is determined by TJ proteins 
claudins and occludin (Romero et al., 2016). DON, in a dose-dependent 
manner, has been shown to decrease claudin-1, claudin-3, and claudin-4 
protein expression levels (Akbari et al., 2014), while T-2 toxin, also in a 
dose-dependent manner, to suppress claudin-3, claudin-4, and occludin 
at the protein level (Romero et al., 2016). However, the impact of T-2 on 
the TJ proteins has not been completely elucidated so far. 

The aim of our study was to elucidate the effects of DON and T-2 
toxin on cell viability, production of inflammatory cytokines, and 
localization of TJ-forming proteins. Special emphasis was put on the 
elucidation of the effects of the 24-h-long exposure of DON and T-2 toxin 
on the extracellular hydrogen peroxide (H2O2) and intracellular redox 
statuses using the HIEC-6 cell line. HIEC-6 is a non-tumorigenic human 
intestinal cell line which can be applied to investigate physiological and 
pathophysiological conditions as these cells mimic in vivo conditions 
better compared to other cancerous cell lines upon human consumption 
of fusariotoxins. In addition, HIEC cells are originally derived from the 
human small intestine which makes them more favourable to elucidate 
interaction between intestinal epithelium and mycotoxins rather than 
using cells of colon origin such as Caco-2 cells. 

2. Materials and methods 

2.1. Cell line and culture conditions 

The HIEC-6 cell line (ATCC, CLR-3266) is originated from human 
foetal intestine. 

The complete culture medium was Dulbecco’s Modified Eagle’s 
Medium and Ham’s F-12 Nutrient Mixture 1:1 (DMEM/F12) (Merck, 
Darmstadt, Germany) with 5% foetal bovine serum (FBS), 5 μg/mL in
sulin, 5 μg/mL transferrin, 5 ng/mL selenium, 5 ng/mL epidermal 
growth factor (mouse EGF) and 1% penicillin-streptomycin solution (all 
were purchased from Thermo Fisher Scientific, USA). Prior to treatment, 
the cells were allowed to attach to the surface for 48 h. HIEC-6 cells were 
incubated in 37 ◦C in a humidified atmosphere of 5% CO2. 

2.2. Reagents 

DON and T-2 were purchased from Merck (Darmstadt, Germany). 
Dimethyl sulfoxide (DMSO) and acetonitrile were obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). The final concentration 
of acetonitrile or DMSO in the cell culture medium was <0.5% (v/v). 

2.3. Experimental design 

The cells were seeded to 96-well plate (Corning Costar Transwell, 
Merck, Darmstadt, Germany) at a density of 2 × 104 cells per well for cell 
viability tests. For other experiments the HIEC-6 cells were cultured on 
Transwell 24-well polyester membrane inserts (pore size: 0.4 μm, sur
face area: 0.33 cm2 (Corning Costar Transwell, Merck, Darmstadt, 

Fig. 1. The chemical structures of deoxynivalenol (DON) (a) and T-2 toxin (b).  
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Germany) at the density of 2 × 104 cells per well. Apical volume was 0.1 
mL and basolateral volume was 0.6 mL. HIEC-6 cells were treated with 
DON, T-2 and their combination (DT2) both apically and basolaterally. 
DON was used in a concentration range of 0–20 μM and T-2 was applied 
in 0–50 nM for 24 h. 

For assessing the impact of mycotoxin combinations the following 
mixtures were prepared and added apically and basolaterally: 0.5 μM 
DON +1 nM T-2; 0.5 μM DON +5 nM T-2; 1 μM DON +1 nM T-2; 1 μM 
DON +5 nM T-2; 5 μM DON +10 nM T-2; 20 μM DON +50 nM T-2. 

Dissolved substances were filtered with syringe filters (Millex-GV, 
pore size: 0.2 μm, Merck, Darmstadt, Germany) before their application 
on HIEC-6 cells. 

2.4. 2.4. Cell viability assays after mycotoxin treatments 

Viability of HIEC-6 cells were measured after 24 h treatments with 
DON (at 0; 0.5; 1; 5 and 20 μM) or with T-2 toxin (at 0; 1; 5; 10 and 50 
nM) or with DT2 (0.5 μM DON + 1 nM T-2; 0.5 μM DON + 5 nM T-2; 1 
μM DON + 1 nM T-2; 1 μM DON + 5 nM T-2; 5 μM DON + 10 nM T-2 and 
20 μM DON + 50 nM T-2) using MTS - CellTiter96 Aqueous One Solution 
(Promega, Bioscience, Budapest, Hungary). After the treatment solu
tions were removed, the cells were washed 3-fold with phosphate- 
buffered saline buffer (PBS). 20 μL of MTS solution, containing the 
tetrazolium compound was pipetted into each well of the 96-well plates 
containing the samples in 100 μL of phenol red-free DMEM/F12 culture 
medium (Merck, Darmstadt, Germany). The plates were incubated with 
the MTS dye for 90 min at 37 ◦C in a humidified atmosphere of 5% CO2. 
Viability of HIEC-6 cells was measured at 490 nm using a microplate 
reader (EZ Read Biochrom 400 microplate reader). 

2.5. Assessment of the changes in extracellular H2O2 concentrations 

Extracellular H2O2 determination was performed using the Amplex 
Red Hydrogen Peroxide Assay Kit (Invitrogen, Molecular Probes, 
Carlsbad, CA, USA). The working solution of the Amplex Red contains 
horseradish peroxidase, which reacts with H2O2 in 1:1 stoichiometry to 
produce the fluorescent resorufin (Zhao et al., 2012). The collected cell 
free supernatants were mixed with the working solution according to the 
manufacturer’s instructions. After the incubation time the fluorescence 
intensity was measured at 560 nm excitation and 590 nm emission 
wavelength with a fluorimeter (Victor X2 2030, Perkin Elmer, Waltham, 
MA, USA). 

2.6. Determination of intracellular ROS levels in HIEC-6 cells 

To evaluate the intracellular ROS level in HIEC-6 cells after myco
toxin treatments, 10 mM 2,7-dichlorodihydrofluorescein diacetate 
(DCFH-DA) (Merck, Darmstadt, Germany), a non-fluorescent compound 
was used. DCFH-DA penetrates freely through the cell membranes and 
hydrolysed by the esterase enzymes to DCFH (Aranda et al., 2013). The 
ROS in cells oxidize the non-fluorescent DCFH to fluorescent DCF. 
Tracking the fluorescence of DCF reflects the quantity of ROS in the cell. 
The DCFH-DA assays were carried out according to the manufacturer’s 
instructions. The fluorescence signal intensity was detected using a 
fluorimeter (Victor X2 2030, Perkin Elmer, Waltham, MA, USA) at the 
excitation wavelength of 488 nm and the emission wavelength of 525 
nm. 

2.7. Measurements of IL-6 and IL-8 concentrations 

The cell free supernatants of HIEC-6 were collected after 24 h incu
bation time. Human IL-6 and human IL-8 sandwich ELISA Kit (Merck, 
Darmstadt, Germany) were used to calculate the concentrations of IL-6 
and IL-8 pro-inflammatory cytokines. The supernatants were treated 
according to the instructions of the manufacturer and measured by 
spectrophotometer (Victor X2 2030, Perkin Elmer, Waltham, MA, USA) 

at 450 nm. 

2.8. Localization of claudin-1 and occludin protein with confocal electron 
microscopy 

The localization of claudin-1 and occludin was determined by 
confocal microscopy. Cells were fixed with 100% methanol (Merck, 
Darmstadt, Germany) and stained on the 24-well membrane inserts. 
Cells were blocked for 20 min at room temperature in bovine serum 
albumin solution (PBS supplemented with 5% bovine serum albumin 
(BSA, Merck, Darmstadt, Germany). The primary antibodies were 
diluted in 5% BSA solutions. The HIEC-6 cells were incubated on the 
inserts for 1 h at room temperature in presence of anti-claudin-1 rabbit 
polyclonal primary antibody (1:200, Invitrogen, Molecular Probes, 
Carlsbad, CA, USA) or anti-occludin rabbit polyclonal primary antibody 
(1:200, Merck, Darmstadt, Germany). Then they were incubated with 
Alexa-Fluor 546 conjugated anti-rabbit IgG secondary antibodies 
(1:200, Invitrogen, Molecular Probes, Carlsbad, CA, USA), which were 
diluted in PBS. To detect the sialic acid residues in HIEC-6 cell mem
branes cells were stained with wheat germ agglutinin conjugated with 
Alexa-Fluor 488 (1:200 diluted in PBS, WGA Alexa Fluor 488, Invi
trogen, Molecular Probes, Carlsbad, CA, USA) for 10 min. Cell nuclei 
were stained using 4’,6-diamidino-2-phenylindole (DAPI) (1:500 
diluted in PBS, Invitrogen, Molecular Probes, Carlsbad, CA, USA) for 
additional 10 min. Between each staining, the inserts were washed in 
PBS for 3 x 5 min. Inserts were put on glass slides using fluorescent 
mounting medium (Dako, Agilent Technologies, Glostrup, Denmark). 
The claudin-1 and occludin samples were analysed using a Zeiss 
confocal microscope 63 x Plan Apochromat 63x/1.4 Oil DIC M27 (Zeiss 
LSM 710 Confocal Microscope, Oberkochen, Germany). 

2.9. Evaluation of claudin-1 and occludin concentrations with sandwich 
ELISA 

To quantify the claudin-1 and occludin concentrations in HIEC-6 
cells, human claudin-1 sandwich ELISA Kit (Cloud-Clone Corp., Wuhan, 
China) and occludin sandwich ELISA Kit were used (Elabscience, Central 
European Biosystems, Budapest, Hungary). Prior to the experiments 
HIEC-6 cells were incubated with 1 μM DON, 5 nM T-2 and DT2 (1 μM 
DON+5 nM T-2) added apically and basolaterally for 24 h. The cells 
were dispersed with 0.25% trypsin solution and the cell suspensions 
were collected and centrifuged for 5 min at 1000×g at 5 ◦C. The cells 
were suspended with pre-cooled PBS, then were centrifuged for 10 min 
at 1500×g at 5 ◦C. The cell free supernatants were collected and the 
ELISA tests were carried out according to the manufacturer’s in
structions and measured by spectrophotometer (Victor X2 2030, Perkin 
Elmer, Waltham, MA, USA) at 450 nm. 

2.10. Statistical analysis 

All data are expressed as means ± standard deviations. The statistical 
analysis of the results was performed by using the R Core Team (2016). 
R: A language and environment for statistical computing (R Foundation 
for Statistical Computing, Vienna, Austria). 

The results data were analysed by one-way ANOVA together with the 
post hoc Tukey test. p values < 0.05 were considered to be statistically 
significant (*p < 0.05; **p < 0.01; ***p < 0.001). 

3. Results 

3.1. Individual and combined effects of DON and T-2 toxin on the 
viability of HIEC-6 cells 

The cytotoxic effects of DON or T-2 toxin alone, or the combination 
of the two (DT2) on HIEC-6 cells were investigated using 24 h incubation 
times (Fig. 2). DON was used in the 0–20 μM, while the effects of T-2 
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were tested in the 0–50 nM concentration range. For DT2, the concen
trations applied were as follows: 0.5 μM DON +1 nM T-2; 0.5 μM DON 
+5 nM T-2; 1 μM DON +1 nM T-2; 1 μM DON +5 nM T-2; 5 μM DON 
+10 nM T-2; 20 μM DON +50 nM T-2. Significant cell death was 
observed at 5 and 20 μM DON (for both concentrations p < 0.001) 
(Fig. 2a). A significant decrease in cell viability following the treatment 
with 10 and 50 nM T-2 was also noted (for both concentrations p <
0.001) (Fig. 2b). As for DT2, treatments 5 μM DON +10 nM T-2 and 20 
μM DON +50 nM T-2 decreased cell viability significantly (for both 
concentrations p < 0.001) (Fig. 2c). In subsequent tests, the effects of the 
non-cytotoxic 1 μM DON, 5 nM T-2, and 1 μM DON +5 nM T-2 DT2 
concentrations were used. 

3.2. Changes in the extracellular H2O2 concentrations upon exposure to 
mycotoxins 

To monitor the changes in H2O2 concentrations in the extracellular 
space of cultured HIEC-6 cells treated with low concentrations of DON, 
T-2, and DT2 for 24 h, cell-free supernatants were used (Fig. 3). The 
results demonstrated that treatment with 1 μM DON (p = 0.00637) and 
5 nM T-2 (p = 0.03181) significantly increased the production of H2O2, 

compared to the control. DT2 treatment (1 μM DON+5 nM T-2) also 
significantly boosted the amount of extracellular H2O2 (p = 0.00683), 
when compared to the control. The respective effect of DT2, in com
parison with that of DON and T-2 treatments, did not significantly differ 
(DON: p = 1.0000; T-2: p = 0.89387). 

3.3. Elucidation of intracellular ROS by dichloro-dihydro-fluorescein 
diacetate (DCFH-DA) assay 

Changes in intracellular ROS levels were measured in HIEC-6 cells 
after mycotoxin exposure for 24 h (Fig. 4). After centrifugation, fluo
rescence intensities were monitored in cell-free supernatants, indicative 
of changes in intracellular ROS levels upon treatment with toxins. 1 μM 
DON, 5 nM T-2, and DT2 (1 μM DON + 5 nM T-2) all significantly 
increased ROS, compared to the control values (DON: p = 0.0134; T-2: p 
= 0.0272; DT2: p = 0.0112). Effects of DON treatment and T-2 treatment 
alone did not significantly differ from that with DT2 (DON: p = 0.9997; 
T-2: p = 0.9547). 

Fig. 2. The effects of DON (a), T-2 (b), and DT2 (c) on the viability of HIEC-6 cells using 24 h of incubation time. Significant changes were detected for DON at 5 and 
20 μM, and for T-2 at 10 and 50 nM compared to the control. A notable extent of cell death was detected for the combined, DT2 treatment at 5 and 20 μM DON +10 
and 50 nM T-2 concentrations. Mean absorbances ± standard deviations are shown (n = 9, ***p < 0.001). 

Fig. 3. Measurement of extracellular H2O2 concentrations after 24 h of 
mycotoxin treatment. HIEC-6 cells were treated with solutions containing 1 μM 
DON, 5 nM T-2, and DT2 (1 μM DON + 5 nM T-2). All mycotoxin treatments 
significantly elevated extracellular H2O2 concentrations in the cell-free super
natants. Means ± standard deviations are shown (n = 8, *p < 0.05; **p < 0.01). 

Fig. 4. Evaluation of intracellular ROS in mycotoxin treated HIEC-6 cells. Cells 
were treated with solutions containing 1 μM DON, 5 nM T-2, and DT2 (1 μM 
DON + 5 nM T-2) for 24 h. Based on the observed values, all mycotoxin 
treatments significantly increased levels of intracellular ROS in these cells. 
Mean values ± standard deviations are shown (n = 10, *p < 0.05). 
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3.4. Quantitative assessment of inflammatory cytokines IL-6 and IL-8 

Changes in the amounts of two inflammatory cytokines, IL-6 and IL-8 
were examined by sandwich ELISA. HIEC-6 cells were exposed to 
mycotoxin-containing treatment solutions apically and basolaterally 
and concentrations of IL-6 and IL-8 were monitored by sandwich the 
ELISA method (Fig. 5). Cell-free supernatants were collected after 24 h 
of incubation. 

The concentration of IL-6 (Fig. 5a) significantly increased after 
treatment with 1 μM DON, 5 nM T-2, and DT2 (1 μM DON + 5 nM T-2), 
compared to the control (for all p < 0.001). In comparison with single 
mycotoxins, the combination treatment significantly elevated IL-6 
cytokine concentration (p < 0.001). IL-8 concentration (Fig. 5b) 
increased upon 1 μM DON, 5 nM T-2, and DT2 (1 μM DON + 5 nM T-2) 
treatments, compared to that in control cells (DON: p = 0.00225; T-2: p 
= 0.00597; DT2: p < 0.001). Comparing the effects of single and com
bined treatments, the effect of DT2 did not significantly differ from that 
of DON (p = 0.08004), while, in comparison with T-2, DT2 significantly 
increased the concentration of IL-8 (p = 0.03624). 

3.5. Localization and quantitative assessment of claudin-1 expression 

Localization of claudin-1 proteins to sites of TJs was detected by 
immunofluorescent staining in untreated control cells and after 1 μM 
DON, 5 nM T-2, and DT2 (1 μM DON + 5 nM T-2) treatment (Fig. 6). 
Immunofluorescent stainings (Fig. 6a–h) demonstrate that all treat
ments decreased the expression of claudin-1, when compared to the 
control. T-2 and DT2 treatments resulted in lower claudin-1 expression. 
All mycotoxin treatments examined significantly decreased claudin-1 
concentration (Fig. 6i), compared to control samples (p < 0.001). A 
significant difference was also detected between 1 μM DON and DT2 (p 
= 0.0391). 

3.6. Localization and quantitative assessment of occludin expression 

Cell membrane localization of occludin was visualised using immu
nofluorescent staining in untreated control cells, and after 1 μM DON, 5 
nM T-2, and DT2 (1 μM DON + 5 nM T-2) treatments (Fig. 7). HIEC-6 
cells were treated with treatment solutions for 24 h. Micrographs ob
tained with confocal microscopy (Fig. 7a–h) revealed no significant 
differences among treatment types, indicating that none of the myco
toxin treatments applied altered occludin expression. Concentration of 
occludin (Fig. 7i) did not change upon any of the treatments, when 
compared to that in control cells (DON: p = 0.937; T-2: p = 0.979; DT2: 
p = 1.000). 

4. Discussion 

DON and T-2 toxin belong to the group of trichothecene mycotoxins 
produced by Fusarium mould species and are detectable in contaminated 
cereal crops of the temperate climate zone. Their natural occurrence 

makes it rather difficult to evade mould contamination and mycotoxin 
exposure (Zinedine and Mañes, 2009). Mycotoxins, once inside the 
digestive tract, first make contact with the epithelial layer; hence these 
cells are exposed to the highest concentrations of these toxic com
pounds. The cellular effects of mycotoxins should therefore be studied 
on primary intestinal epithelial cells or cells lines derived from the in
testinal epithelium. Several cells lines established from mammalian, 
including human small intestinal epithelia serve as model systems for 
assessing the effects of foodborne toxins on the small intestine. Caco-2, 
although derived from the colon and of malignant origin, is widely used 
for studying differentiation traits, nutrient absorption, and responsive
ness to growth factors and pharmacologically active substances (Sam
buy et al., 2005). In contrast, the HIEC-6 cell line derives from a 
non-malignant small intestinal epithelium and thus serves as a better 
model towards studying nutrient absorption (Takenaka et al., 2016). 
Due to the presence and distribution of TJ proteins they are well 
applicable for elucidating the barrier function of the gut (Pageot et al., 
2000). 

Our work is the first to examine the cellular effects of DON and T-2 
fusarotoxins separately and in combination on the human non- 
malignant intestinal cell line HIEC-6. Graziani et al. (2015) detected a 
significant cytotoxic effect of DON on Caco-2 cells, when applied at a 
100 μM concentration for 24 h, using a lactate dehydrogenase (LDH) 
leakage assay. Goossens et al. (2012) determined IC50 values for DON 
(23.5 μM) and for T-2 (20.4 nM) in non-tumorigenic IPEC-J2 cells using 
different concentrations of DON and T-2 for 72 h. 

Treating HT-29 cells for 24 h, Krishnaswamy et al. (2010) deter
mined the IC50 value of DON to be 0.84 μM, using the 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and the LDH 
leakage assays. Del Favero et al. (2018) tested the effects of 24 h 1 
nM–10 μM DON on the viability of HT-29 cells and noted a significant 
decrease in the viability of cells at 1 and 10 μM DON concentrations, 
using a WST-1 based colorimetric assay. This is in line with our finding 
that ≥5 μM DON causes significant cell death in HIEC-6 cells. Calvert 
et al. (2005) treated Caco-2 cells with 0.34–1.7 μM T-2 for 48 h. Results 
of MTT assays revealed that the cell line was generally resistant to the 
toxin. Romero et al. (2016) determined IC50 for T-2 at 14.83 μM in 
Caco-2 cells for 24 h, using the MTT and LDH methods. T-2 toxicity was 
evaluated by Verbrugghe et al. (2012) and it was found that IC50 values 
of T-2 mycotoxin for undifferentiated and differentiated non-cancerous 
IPEC-J2 cells were 12.198 nM and 395.9 nM, respectively. It was also 
reported that dose-dependent decreases in cell proliferation in porcine 
IPEC-1 and in the histopathological scores of swine jejunal explants were 
observed for T-2 toxin at nM-levels, with IC50 values for T-2 of 9.3 and 
15.1 nM in vitro and ex vivo, respectively (Kolf-Clauw et al., 2013). 

Our results from incubating HIEC-6 cells with T-2 toxin for 24 h 
showed cytotoxicity ≥10 nM, obtained from MTS assays. The coopera
tive effects of DON and other trichothecene mycotoxins on Caco-2 cells 
were tested by Alassane-Kpembi et al. (2013), using 48 h of incubation 
time and the NR assay. Administering DON at low concentrations of 
0.15–0.55 μM together with other mycotoxins, synergistic effects were 

Fig. 5. Changes in the amounts of IL-6 (a) and IL-8 
(b) inflammatory cytokines in HIEC-6 cells after 
mycotoxin exposure for 24 h. Concentrations of in
flammatory cytokines in cell-free supernatants were 
determined using sandwich ELISA. Cells were 
exposed to treating solutions containing 1 μM DON, 5 
nM T-2, and DT2 (1 μM DON + 5 nM T-2) for 24 h. 
Concentrations of both IL-6 and IL-8 significantly 
increased by exposure to either toxin or to their 
combination. Mean concentrations ± standard de
viations are shown (IL-6: n = 8, IL-8: n = 6 **p <
0.01; ***p < 0.001).   
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Fig. 6. Localization of claudin-1 detected by confocal 
microscopy (a–h) in mycotoxin treated HIEC-6 cells 
(24 h of incubation) and determination of changes in 
claudin-1 concentrations (i). Claudin-1 in the cells 
was visualised by AlexaFluor 546 dye and sialic acids 
in membranes were labelled with AlexaFluor 488 
conjugated wheat germ agglutinin (WGA). Cell nuclei 
were counterstained with DAPI. Claudin-1 concen
trations significantly dropped upon mycotoxin treat
ment. Scale bars in the bottom right corner of each 
panel represent 20 μm (n = 4, ***p < 0.001).   

Fig. 7. Localization of occludin proteins using 
confocal microscopy (a–h) in mycotoxin treated 
HIEC-6 cells (24 h of incubation) and determination 
of changes in occludin concentrations (i). Occludin in 
the cells was visualised by AlexaFluor 546 dye and 
sialic acids in membranes were labelled with Alexa
Fluor 488 conjugated wheat germ agglutinin (WGA). 
Cell nuclei were counterstained with DAPI. Occludin 
concentration did not change upon mycotoxin treat
ments. Scale bars in the bottom right corner of each 
panel represent 20 μm (n = 4, p > 0.05).   
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detected. In our experiments, we investigated the combined effects of 
co-administered DON and T-2 toxin on HIEC-6 cells applying MTS assay. 
Although at higher concentrations, ≥5 μM for DON and ≥10 nM for T-2 
toxin, a significant degree of cell death was detected after 24 h of in
cubation in HIEC-6 cells. 

Our in vitro experimental data demonstrate that DON and T-2 toxin 
trigger a significant degree of oxidative stress. Kouadio et al. (2005) 
found in Caco-2 cells that 24 h of treatment with 10 μM DON signifi
cantly increased lipid peroxidation using the MDA assay. In accordance, 
the extracellular H2O2 levels were significantly increased in IPEC-J2 
cells after 72 h incubation of cells with 1 μM, DON, 5 nM T-2 or their 
combination (Pomothy et al., 2020). Results of DCFH-DA assays on 
HT-29 cells showed a significant elevation in ROS amounts following 
treatment with 1 μM DON for 0.5–6 h and a more moderate increase 
after 24 h (Wan et al., 2019). Similar results were obtained by Bensassi 
et al. (2009), who found the intensities of fluorescent signals from 
DCFH-DA assays unchanged after treating HT-29 cells with that 2.5–15 
μM DON for 24 h. Our findings contradict latter data, as in HIEC-6 cells 
1 μM DON significantly increased H2O2 concentration and intracellular 
ROS levels. Nevertheless, our results are congruent with data from ex
periments on similarly non-malignant IPEC-J2 cells, where 6.7 μM DON 
for 24 h significantly increased intracellular ROS levels detected by the 
DCFH-DA assay (Kang et al., 2019). In our analysis, 5 nM T-2 signifi
cantly raised the extracellular concentration of H2O2 and the intracel
lular levels of ROS. 1 μM DON and 5 nM T-2 in combination significantly 
contributed to the formation of an oxidative stress. 

Several investigators analysed cytokine expression patterns of 
different cell lines and whether they are suitable models for studying the 
process of inflammation. Eckmann et al. (1993) worked with numerous 
malignant cell lines and demonstrated that all those cell lines (Caco-2, 
HT-29, SW620, T84) secreted IL-8 and other cytokines e.g. IL-12 and 
TGFβ1. In addition, Caco-2 and HT-29 both secreted detectable levels of 
IL-6 as well (Vitkus et al., 1998; Li et al., 2009). They also reported that 
the HIEC-6 cell line produced IL-6 and IL-8 cytokines (Schwartz et al., 
2005). Trichothecene mycotoxins induce inflammation in tissues by 
triggering cytotoxicity and oxidative stress (Pestka, 2010; Adhikari 
et al., 2017). In Caco-2 cell, DON significantly increased IL-8 levels in a 
dose-dependent manner when applied within the range of 0–16.85 μM 
concentration using 48 h of incubation time (Van De Walle et al., 2008). 
Kadota et al. (2013) also observed elevation in IL-8 levels when exposing 
Caco-2 cells to 0.337–3.37 μM DON. In IPEC-J2 cells, upon DON expo
sure at 0.5–2 μM for 4 h a significant increase in IL-6 expression was 
noted (Kang et al., 2019). The effect of T-2 on proinflammatory cytokine 
levels in intestinal epithelial cells has not been widely studied yet. It was 
found that T-2 in concentration range of 4.29–275 nM could upregulate 
IL-8 levels in Caco-2 cells after 20 h exposure (Kruber et al., 2011). Based 
on our previous experimental data IL-6 and IL-8 overproduction 
occurred when IPEC-J2 cells were incubated with DON and T-2 com
bination (1 μM DON and 5 nM T-2) for 48 h and 72 h and these eleva
tions in IL-6 and IL-8 levels were suppressed by the pre-treatment of cells 
with 50 μM concentration of RA for 24 h (Pomothy et al., 2020). 

In HIEC-6 cells, we found that DON is already able to significantly 
increase IL-6 and IL-8 levels at 1 μM concentration, following 24 h of 
incubation. The scientific literature on the effects of T-2 toxin on cyto
kine production is very limited. Kruber et al. (2011) tested the effects of 
4.29–275 nM T-2 on Caco-2 cells using a 20 h of incubation and found 
increased IL-8 levels. This is in line with our findings on HIEC-6 cells that 
5 nM T-2 significantly elevated IL-8 concentration. Our results using 
HIEC-6 cells demonstrate that mycotoxin treatments tested here signif
icantly increase IL-6 and IL-8 levels, which suggests a pro-inflammatory 
role for the combined exposure to DON and T-2 toxin. 

ROS-induced damage to the epithelial barrier integrity appears to be 
present in the background of the pathogenesis of various inflammatory 
diseases (Rao, 2008). Van De Walle et al. (2010) published that para
cellular permeability in Caco-2 cultures treated with 0.17–17 μM DON 
increased due to reduced claudin-4 expression. This finding was 

confirmed by Pinton et al. (2009), who showed decreased claudin-3 and 
claudin-4 expression in Caco-2 cells upon exposure to DON. Claudin-1 
with general barrier tightening function can be regulated via alter
ations in redox state (Overgaard et al., 2011). Springler et al. (2016) in 
non-malignant IPEC-J2 cells demonstrated that DON at 20 μM sup
pressed claudin-1 expression but did not affect that of occludin. These 
results are in good agreement with our findings in HIEC-6 cells that 
already 1 μM DON significantly decreased claudin-1 expression. Our 
data showed that in HIEC-6 cells, 5 nM T-2 significantly decreased 
claudin-1 concentration after 24 h of incubation, but the amount of 
occludin did not change significantly. Immunofluorescent staining pat
terns of TJs showed that treatment with DON, T-2, as well as their 
combination, result in decreased claudin-1 expression, whereas distri
bution of occludin remained even and unchanged, using 24 h of incu
bation times. 

5. Conclusions 

Our study elucidates firstly the effects of mycotoxins DON and T-2 
which were administered either separately or in combination for 24 h, 
on the viability of HIEC-6 cells. We confirmed that the HIEC-6 cell line is 
a suitable in vitro experimental model for elucidating the pro- 
inflammatory and pro-oxidant characteristics of these foodborne my
cotoxins. Based on our experimental data, it can be concluded that 
mycotoxins administered below cytotoxic concentrations augment both 
extra- and intracellular oxidative stress and the production of inflam
matory cytokines IL-6 and IL-8. DON and T-2 applied separately, as well 
as in combination, significantly decreased the expression of TJ protein 
claudin-1, while the expression of occludin remained unchanged. 
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