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Abstract 
In case of mycotoxin contaminations, food and feedstuff are usually contaminated by more than one toxin. However 
toxicological data concerning the effects of mycotoxin combinations are sparse. The intestinal epithelium is the first 
barrier against food contaminants and this constantly renewing organ is particularly sensitive to mycotoxins. The aim of 
this study was to investigate the effects of deoxynivalenol (DON) and four other type B trichothecenes (TCTB), 3-
acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol (15-ADON), nivalenol (NIV) and fusarenon-X (FX) alone or 
in combination on intestinal epithelial cells. Proliferating, non-transformed IPEC-1 cells were exposed to increasing 
doses of TCTB, alone or in binary mixtures and mycotoxin-induced cytotoxicity was measured with MTT test. The 
toxicological interactions were assessed using the isobologram-Combination index method. The five tested mycotoxins 
and their mixtures had a dose-dependent effect on the proliferating enterocytes. DON – NIV, DON – 15-ADON and 15-
ADON – 3-ADON combinations were synergistic, with magnitude of synergy for 10% cytotoxicity ranging from 2 to 7. 
The association between DON and 3-ADON also demonstrated a synergy but only at high doses, at lower doses 
antagonism was noted. Additivity was observed between NIV and FX, and antagonism between DON and FX. These 
results indicate that the simultaneous presence of mycotoxins in food commodities and diet may be more toxic than 
predicted from the mycotoxins alone. This synergy should be taken into account considering the frequent co-occurrence 
of TCTB in the diet. 
 
Introduction  
Trichothecenes are fungal secondary metabolites produced by genera including Fusarium, Myrothecium, Spicellum, 
Stachybotrys, Cephalosporium, Trichoderma and Trichothecium (McCormick et al. 2013). They represent a unique class 
of mycotoxins that do not only exert toxicity in animal but also are virulence factors in plant disease, which make them 
one of the major groups causing significant economic and health impacts (Desjardins 2009). The trichothecene-producing 
genera are adapted for colonization and growth on substrates with a wide range of moisture availability and nutrient 
content. An outcome of that feature is that these mycotoxins may be either food-borne contaminants or indoor 
environmental contaminants (Pestka et al. 2008). The adverse health effects of trichothecenes include emesis, nausea, 
anorexia, growth retardation, hemorrhagic lesions, neuroendocrine changes and immunosuppression (Larsen et al. 2004; 
Pestka et al. 2004). At the molecular level, trichothecenes display multiple inhibitory effects on primary metabolism of 
eukaryotic cells including inhibition of protein as well as DNA and RNA synthesis, and their activity may eventually 
produce harmful levels of oxidative stress due to generation of free radicals (Arunachalam and Doohan 2013). Thus 
organs and biological functions involving actively dividing cells appear more sensitive to this class of mycotoxins 
(Parent-Massin 2004; Pestka et al. 2004). The intestinal epithelium is the most vigorously renewing organ in mammals, 
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which makes it a sensitive target to the high concentrations of trichothecenes it may be exposed to, as the first barrier 
against food contaminants (Maresca 2013).  
Type B trichothecenes are produced by Fusarium species responsible of Fusarium head blight. Due to a high prevalence 
of this disease, type B trichothecenes are the most common contaminants of cereal grains in temperate regions of the 
world. A large scale data survey indicates that deoxynivalenol (DON), 15-acetyldeoxynivalenol (15-ADON), nivalenol 
(NIV), fusarenon X (FX; 4-acetylnivalenol) and 3-acetyldeoxynivalenol (3-ADON) (Online Resource 1) were present in 
57%, 20%, 16%, 10% and 8%, respectively of food samples collected in the European Union (SCOOP 2003). Fusarium 
species spoiling food and feed matrices may also produce several mycotoxins simultaneously, especially DON, NIV and 
their acetyl derivatives. Several studies have shown these trichothecenes to co-occur in corn, wheat and barley (Eckard et 
al. 2011; Schollenberger et al. 2012, De Boevre et al. 2013). 
Because of their natural co-occurrence, there is increasing concern about the hazard of exposure to mycotoxin mixtures. 
Unfortunately, the toxicity of mycotoxins when present together, cannot always be predicted based upon their individual 
toxicities (Speijers and Speijers 2004). Multi-exposure may lead to additive, synergistic or antagonist toxic effects. At the 
present very little is known about the actual combined health risk from exposure to mycotoxins. The aim of the present 
study was to assess the combined effects of the five major type B trichothecenes present in food and feed (DON, 3-
ADON, 15-ADON, NIV and FX) in terms of additive, antagonistic or synergistic toxicity towards the intestinal 
epithelium. Pig is considered as both a target and model species to study the toxicity of mycotoxins (Ireland et al. 2008; 
Meissonnier et al. 2007). Indeed, due to its cereal rich diet, pig can be exposed to high concentration of type B 
trichothecenes. In addition, because of its similarity, the pig can be regarded as a good model of extrapolation to human. 
In the present study, the non-transformed porcine intestinal cell line, IPEC-1 was used to analyze the combined toxicity 
of type B trichothecenes. 
 
Materials and methods 
Toxins 
DON, 3-ADON and 15-ADON were purchased from Sigma (St Quentin Fallavier, France). They were dissolved in 
dimethylsulfoxide (DMSO) to 15 mM, except 3-ADON that was dissolved to 40 mM. NIV and FX were purchased from 
Waco Pure Chemical Industries LTD (Osaka, Japan) and dissolved in DMSO to 10 mM. Stock solutions were stored at 
−20 °C and working dilutions were prepared in cell culture medium. 
Final concentration of 0.6% DMSO corresponding to the highest DMSO concentration of working dilutions was tested 
and results were not significantly different from controls. 
 
Cell culture and cytotoxicity assay 
The IPEC-1 cell line is a non-transformed intestinal epithelial cell line that was derived from the small intestine of a 
newborn unsuckled piglet (Gonzalez-Vallina et al. 1996). This cell line was a generous gift from Drs. H. M. Berschneider 
and D. D. Black. The IPEC-1 cells were maintained as previously described (Pinton et al. 2010). In brief, the IPEC-1 
cells were grown at pig physiological internal body temperature (39°C), 5% CO2, in complete DMEM/F-12 medium 
(Eurobio) supplemented with antibiotics, 5% FBS, 2 mM L-glutamine, epidermal growth factor (5 μg/l; Becton 
Dickinson, Le Pont de Claix, France), and ITS solution (insulin (5 μg/ml), transferrin (5 μg/ml), selenium (5 ng/ml)). 
Before reaching confluence, the cells were trypsinized and plated at a density of 10 000 cells per well in culture medium 
in 96-well flat-bottom cell culture plates (Costar, Cambridge, MA, USA). 
To assess the individual and combined effects of DON, NIV and their acetyl derivatives, the IPEC-1 cells seeded in 96-
well plates were incubated 24 hours at 39°C, in complete DMEM/F12 media. Then the cells were exposed for 24 hours to 
serial dilutions of single or combination of mycotoxins or vehicle (DMSO) alone. Mycotoxin solutions were diluted in 
serum-free medium and the final toxin concentrations tested in the wells ranged from 0.12 µM to 150 µM. The tested 
ratios were 1:1 for DON – 15-ADON, 1:10 for DON – 3-ADON, 1:1 for DON – NIV, 1:0.8 for DON – FX and 1:0.8 for 
NIV – FX. These ratios, calculated from preliminary individual cytotoxicity experiments, allowed obtaining a roughly 
similar toxicity for each mycotoxin. As described by Gauthier et al. (2012), the cell viability after exposition to 
mycotoxins was assessed by means of the CellTiter 96® Non-Radioactive Cell Proliferation Assay MTT (Promega, 
Charbonnière, France), which is based on the cellular conversion of (3,(4,5-dimethylthiazol-2-yl) 2,5-
diphenyltetrazolium bromide into formazan product. Briefly 15µL of MTT solution (CellTiter 96® Non-Radioactive Cell 
Proliferation Assay MTT, Promega, France) was added per well before a 4-hour incubation.  One hundred µL of a 
solubilization/stop Mix (Promega, France) was then added per well, and after an additional hour room temperature 
incubation, the optical density (OD) was red using a multiplate reader (Infinite M200, TECAN, Austria) at 570 nm. 
The percentage of viable cells was calculated using the blank-corrected OD values in the following formula: 

Viability (%)=100×
Mean OD in mycotoxin(s)treated samples

Mean OD in vehicle treated samples
 

Data analysis 
Median-Effect and Combination Index-Isobologram analysis of mycotoxin mixtures. 
Dose-effect studies for single mycotoxins, and binary associations were carried out simultaneously (Fig. 2). The dose-
effect relationships of the individual and combined mycotoxins were biometrically modeled by using the Median-Effect 
Equation of the Mass Action Law (Chou 2006): 

𝑓a 𝑓u⁄  = (𝐷 𝐷m⁄ )m 
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where D is the dose of the toxin, fa is the fraction affected by D (e.g. percentage of inhibition/100), and fu is the fraction 
unaffected (i.e. fu = 1 - fa). Dm is the median-effect dose (e.g. IC50), and m is the coefficient signifying the shape of the 
dose-effect relationship (m = 1, m> 1, and m< 1 indicate hyperbolic, sigmoidal, and flat sigmoidal dose-effect curves, 
respectively). We verified that the linear regression correlation coefficients of the median effect plots were greater or 
equal to 0.95 (Chou 2010). 
Mycotoxin interactions were analyzed by the isobologram and combination-index (CI) methods derived from the 
Median-effect principle of the Mass-action Law (Chou 2006). 
Regardless of the mechanisms or the units of the drugs, CI = 0.9-1.1, CI <0.9, and CI >1.1 indicate an additive effect, a 
synergism, and an antagonism, respectively. For all binary mycotoxin combinations, CI values were generated over a 
range of fractions of cell viability affected (fa) from 0.05 –0.95 (5%  – 95% toxicity). When synergy occurred in the 
effects of the mixtures, dose reduction indices (DRI) were calculated (Chou 2006). The dose reduction index (DRI) 
measures how many folds the dose of each mycotoxin in a synergistic combination may be reduced at a given effect level 
compared with the doses of each mycotoxin alone.  
 
Statistical analysis  
The reported values are the means ± standard deviation (SD) of at least three independent experiments, each with 
triplicate wells per dose level. Statistical analyses were performed using Sigma Plot version 11.0 (Systat Software Inc., 
San Jose, CA, USA). Differences between all the mycotoxin treatments were analyzed by the non-parametric Kruskal-
Wallis One Way Analysis of Variance on Ranks with a critical level of significance set up at p <0.001. Significant 
differences between groups were analyzed with the Holm-Sidak post hoc multiple comparison procedure. The level of 
p<0.05 was considered statistically significant. 
The dose-effect relationship analysis for individual mycotoxin cytotoxicity, combination index (CI) and their 95% 
confidence intervals calculation, the dose reduction index calculation, isobologram plots and fa-CI plots for combined 
effects were all performed with Compusyn software version 3.0.1 (ComboSyn Inc., Paramus, NJ, USA). 
 
Results  
Individual and combined cytotoxicity of type B trichothecenes on IPEC-1 cells 
First, we evaluated the cytotoxic effects of individual and combined type B trichothecenes on non-transformed porcine 
intestinal epithelial cells. The mycotoxins and their mixtures clearly showed a dose-dependent toxicity toward 
proliferating IPEC-1 cells (Fig 1, Online Resource 2). The highest concentrations tested for the single mycotoxins and 
mixtures decreased cell viability by almost 80% compared to control. For all data points tested, mixtures showed higher 
inhibition of viability than individual mycotoxins. The parameters (Dm, m, r) of the dose-effect relationships for the 
toxicity of the tested mycotoxins are presented in Table 1. All the dose-effect experiments showed good linear correlation 
coefficients of the Median-Effect plots (r>0.95), which qualifies for further analysis using the Median-Effect principle. 
The Dm values for individual toxins DON, 15-ADON, NIV and FX were in the same range, while 3-ADON had roughly 
a ten-fold higher Dm which means it was ten-fold less potent. The analysis of the types of interaction was done by 
drawing isobolograms, and calculating CI values.  
 
Synergistic associations of type B trichothecenes 
The isobologram for the combination of DON and 15-ADON at three different cytotoxicity levels (10%, 30% and 50%) 
is presented in Online Resource 3 and revealed a synergy between DON and 15-ADON. In this type of graph, the 
additive combined effect follows the diagonal line between the effective concentrations of each single toxin. If the 
measured combined effect of two toxins is above or below the diagonal line, it indicates an antagonistic or a synergistic 
effect of the combination respectively. The CI values were also calculated for a wide range of cytotoxity levels.  
For mixtures of DON, NIV and acetyl derivatives, the evolution of CI values for graded levels of cytotoxicity is 
presented in Fig. 2. Along the graded cytotoxicity levels, the DON – 15-ADON combination mainly demonstrated 
synergy, with the higher limit of the 95% confidence interval for the CI values lower than 0.9 (Fig. 2 panel a). A similar 
pattern of this synergistic activity was also noted for the 3-ADON – 15-ADON combination (Fig. 2 panel c). In order to 
quantify the magnitude of the ascertained synergistic interactions, dose reduction indices (DRI) were calculated for low 
(10%), medium (50%) and high (80%) cytotoxicity levels (Table 2). This later parameter indicates the ratio between the 
concentration of tested mycotoxins when used alone or in combination to achieve the same toxicity level. The DRI values 
for synergistic associations DON – 15-ADON and 3-DON – 15-ADON varied from 7 at lower toxicity level to 2 at 
higher toxicity level, indicating that the synergy had a higher magnitude at the low toxicity levels. Conversely, DON – 
NIV mixture depicted a constant-magnitude synergy that was less intensive (Fig. 2 panel d, Table 2).  
3. 3. Other types of interaction between type B trichothecenes 
By contrast to the DON – NIV mixture, the combination of DON to the acetyl derivative of NIV (FX) led to an 
antagonistic interaction, while the combination of NIV and FX was constantly additive (Fig. 2 panels e and f). The DON 
– 3-ADON mixture presented a unique feature of variation of the type of interaction accordingly to the dose. Low doses 
were antagonistic, and medium doses behaved additively, while synergy was only noted for the combined effects of high 
mycotoxin concentrations (Fig. 2 panel b). The short-range synergy noted for DON – 3-ADON mixture had a similar 
magnitude compared to other synergistic mixtures of DON and acetyl derivatives (Table 2).  
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Discussion 
Fusarium toxins are very common contaminants for feedstuffs and food (Streit et al. 2012). Analytical results related to 
mycotoxin contamination of cereal grain commodities, collected in the course of national monitoring programmes in 
Finland, Sweden, Norway and the Netherlands during a 20-year period, revealed that DON had the highest overall 
incidence of 46% (Van Der Fels-Klerx et al. 2012).  It is likely that dietary exposure to mycotoxin may involve several 
compounds at the same time. During the last years, the shift from single analyte methods to multi-target methods has 
permitted a better comprehension of the reality of mycotoxin co-contamination of food matrices. There is increasing 
evidence that co-contamination of food matrices is the rule, not the exception (Streit et al. 2013). DON is often present 
with other type B trichothecenes such as 3-ADON, 15-ADON, NIV and FX (Eckard et al. 2011; Schollenberger et al. 
2012, De Boevre et al., 2013) but variable amounts and ratios between these toxins have been reported. For example in 
maize silage, mean and maximum amounts for DON were 1,356 µg/Kg and 2,990 µg/Kg versus 521.3 µg/Kg and 760 
µg/Kg for NIV, which correspond to an average ratio DON:NIV 2.6:1 (Eckard et al. 2011). In maize rudimentary ears, a 
higher contamination by NIV compared to DON was observed, 27,209 µg/Kg and 18,071 µg/Kg for the mean amounts, 
which corresponds to a DON:NIV ratio 1:1.15 (Schollenberger et al. 2012). For DON, 3-ADON and 15-ADON, the 
mean amounts in belgian cereal-based food products were 42, 25 and 16 µg/Kg respectively, which correspond to a 
DON:3-ADON ratio 1.68:1 and a DON:15-ADON ratio 2.63:1 (De Boevre et al. 2013). 
The present study was designed to assess the combined toxicity of type B trichothecenes toward the proliferation of non-
transformed intestinal epithelial cells. 
Trichothecenes have multiple inhibitory effects on eukaryote cells, including inhibition of protein, DNA and RNA 
synthesis, inhibition of mitochondrial function, effects on cell division and membrane toxicity (Arunachalam and Doohan 
2013). Therefore, organs and tissues showing high rates of cell turnover are regarded as particularly susceptible to 
trichothecenes. The intestinal epithelium is the most vigorously self-renewing tissue of adult mammals (Heath 1996; 
Maresca et al. 2008). The high cell turnover allows rapid resealing of the epithelial barrier following injury or damage in 
order to maintain an effective barrier function. This normal homeostasis may be impaired by food contaminants affecting 
self-renewing capacities of the intestinal epithelium. Previous works showed that DON and its acetyl derivatives 3-
ADON and 15-ADON alter pig intestinal barrier function by modulating the expression of tight junction proteins (Lucioli 
et al. 2013; Pinton et al. 2012). This work was performed to understand how DON, NIV and their acetyl derivatives 
could jointly impair intestinal barrier function by affecting epithelial cell renewing. 
Pig is considered an illustrative case of dual-purpose target and model species that benefits agricultural and biomedical 
research, especially for the mycotoxin health risk assessment issues (Almond 1996; Ireland et al. 2008).  The non-
transformed porcine IPEC-1 cell line has been broadly used as an in vitro model for pig intestinal epithelium 
functionalities, to assess mycotoxins and especially fusariotoxins toxicity (Goossens et al. 2012; Loiseau et al. 2007; 
Pinton et al. 2010). This cell line is known to retain most of its original epithelial nature, which makes it possible to 
extrapolate the results of the in vitro trials to the in vivo situations (Brosnahan and Brown 2012; De Vos et al. 2012). 
Non-differentiated pig enterocytes appeared clearly more sensitive to DON toxicity (Vandenbroucke et al. 2011), 
suggesting that exposure to this contaminant could impair the physiologically constant state of regeneration of the 
intestinal epithelium. In this work, the mycotoxins and their mixtures clearly showed a dose-dependent toxicity toward 
proliferating IPEC-1 cells. The effective concentration inhibiting cell viability by 50% (Dm) reported here for DON is in 
accordance with previous cytotoxicity studies using the IPEC-1 model (Danicke et al. 2010; Diesing et al. 2011). These 
results also confirm that 3-ADON exerts less toxicity to pig intestine than DON, while 15-ADON could be more toxic 
(Pinton et al. 2012). Compared to DON, NIV demonstrated a higher cytotoxic effect on IPEC-1 cells. A similar ranking 
was noted in the closely related IPEC J-2 cells, although the reported IC50 values were lower in a 48-hour exposure study 
(Wan et al. 2013). Both cell lines are intestinal columnar epithelial cells derived from jejunum and a mixture of jejuna 
and ileal tissue respectively, from unsuckled 1-day-old piglets (Koh et al. 2008). In non-tumorigenic rat intestinal 
epithelial cell line IEC-6 also, NIV exerted a stronger anti-proliferative activity than DON (Bianco et al. 2012). The 
toxicity of NIV in this study was similar to the toxicity of FX (4-acetyl NIV) suggesting that the presence of an acetyl 
group may not increase the toxicity of NIV for IPEC-1 cells. Depending on the position of the acetyl radical on DON, the 
toxicity was lower (3-ADON) or higher (15-ADON). This is in line with the known structure-activity relationship of 
trichothecenes (Desjardins et al. 2007; Thompson and Wannemacher 1986). However the toxicity may vary depending 
on the biological systems. The toxicity ranking of NIV and its acetyl derivative FX in the mouse fibroblast 3T3 cell line 
was similar to the results presented here (Sundstol Eriksen et al. 2004). On the contrary a higher toxicity of FX (10 to 30-
fold increase) compared to NIV was noted in the human intestinal Caco-2 cell line (Alassane-Kpembi et al. 2013; Bony 
et al. 2007).  
For interaction analysis, the critical issue is the definition of the additive response (also known as non-interaction 
response) and discrepancies in conclusion for interaction studies mainly result from the lack of a consensual definition of 
the additivity model. Most interaction studies consider that the additive response corresponds to the arithmetical 
summation of the individual effects of the compounds present in the mixture (Ficheux et al. 2012; Kouadio et al. 2007; 
Ribeiro et al. 2010). This approach is weakened by the hyperbolic or sigmoidal shape of most dose-response curves in 
toxicology (Boedeker and Backhaus 2010; Chou 2006). Indeed, doubling the dose does not automatically result in 
doubling the response. In the method used in the present study, the prediction of additive response is only based on a 
mass-action law-based simulation of the combined effect (Chou 2006). 
Using a factorial design approach, Wan et al. (2013) investigated the combined toxicity of Fusarium toxins DON and 
NIV on IPEC J-2, and concluded to a non-additive interaction. Unfortunately, this type of design did not allow specifying 
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the type of interaction. The DON – NIV interaction was also studied on J7741.A, a murine macrophages cell line 
(Marzocco et al., 2009). By comparing the IC50 values for pro-apoptotic activity of the toxins and their mixture, the 
authors concluded to an additive interaction but the mathematical model behind the analysis was not clearly stated. In the 
present study the Chou-Talalay method was used to characterize the interactions induced by combinations of type B 
trichothecenes. This method combines a qualitative assessment of interactions via an isobolographic analysis and a 
quantification of synergy or antagonism by calculating a combination index and dose reduction index at different effect 
levels. The combined toxicity for DON and NIV could be characterized as a constant-magnitude synergy in IPEC-1 cells. 
Synergistic interaction between DON and NIV has already been reported in a yeast bioassay (Kluyveromyces marxianus). 
Indeed, the mixture demonstrated a higher degree of toxicity than that produced by the sum of the individual toxicities 
(Madhyastha et al. 1994). However because of the additivity model used in the study, the conclusion need confirmation. 
We also previously reported synergy combining DON and NIV on the one hand, and DON and its acetyl derivatives in 
human intestinal Caco-2 cells, even though the magnitude of interactions was higher at low doses (Alassane-Kpembi et 
al. 2013). These observations in IPEC-1 cells confirm previous conclusion in the Caco-2 model that when type B 
trichothecenes are present simultaneously in food and feed, the main type of interaction observed is synergy.  
The dose reduction index, that is a quantitative assessment based on the ratio of observed to predicted doses of 
trichothecenes in mixtures, gives an indication of correction factors that may take the observed synergies into account 
(Chou 2006). In the present experiments the calculated correction factors ranged from 2 to 7. As already mentioned in the 
Caco-2 model, combining NIV and its acetyl derivative FX led to an additive toxicity. However, antagonism was noted 
with low-dose associations for the binary mixture DON – 3-ADON and for the binary mixture DON – FX. It is 
noteworthy that these two acetyl derivatives showed a markedly lower individual toxicity in IPEC-1 compared to Caco-2 
cells, which suggests that their biological pathways could differ in both cell lines (Alassane-Kpembi et al. 2013; Bony et 
al. 2007). 
Though mainly synergistic effects have been observed in the present study, antagonism was reported for DON – 3-
ADON and DON – FX combinations. Moreover, concentration-dependent variations were noted for the magnitude 
and/or the type of interaction. Biologically, the involvement of cellular active transport systems could be proposed to 
explain the differences in intrinsic toxicity of the type B trichothecenes and the pattern of toxicological interactions 
reported in this study. Trichothecenes are small size amphiphatic organic molecules that contain aromatic groups. These 
structural criteria are common denominators identified for the efflux transporter P-gp substrates (Schinkel and Jonker 
2003). It has been shown that DON and NIV may passively diffuse into intestinal cells and then become substrates for 
both P-gp and MRP2 efflux transporters (Tep et al. 2007; Videmann et al. 2007). One could speculate that differences in 
affinity to transporters may contribute to a differential cellular accumulation and the subsequent intrinsic toxicity of the 
type B trichothecenes. This involvement of transporters in the trafficking of trichothecenes also suggests that the 
mycotoxins could compete for binding when co-occurring. NIV by its own presented a limited bioavailability (Hedman 
et al. 1997; Poapolathep et al. 2003; Poapolathep et al. 2004). In the DON – NIV mixture experiment, we could speculate 
that, competition for binding to transporters may have resulted in a higher accumulation of NIV depicted by a 
potentiation of toxicity for the mixture. The antagonism observed for DON – 3-ADON and DON – FX mixtures may 
tentatively be explained by a higher affinity of the most toxic compound in each of the mixtures to the transporters, 
which could result in accumulation of the less toxic one and an overall lower toxicity than that would have been 
predicted for the combined effect. Finally, the variation of the magnitude and/or type of the interactions with the 
concentration may be explained by the graded levels of saturation of efflux systems from low to high toxin 
concentrations. These hypotheses deserve to be further investigated. 
The present study demonstrates that the toxicity of a mixture of mycotoxins cannot be predicted solely on the basis of the 
effect of the individual compounds. The synergistic effects observed here after the exposure of a non-transformed cell 
line to the mixtures are biologically relevant since type B trichothecenes often occur in combination. The molecular 
mechanisms behind the toxicological interactions were not explored in this study and deserve further investigations. 
Besides these in vitro results further research into the toxicity of mycotoxin mixtures and their interactions in whole-
animal assays should be addressed to provide regulatory agencies with substantial data in health risk assessment for the 
actual co-exposure to mycotoxins. 
 
Acknowledgements: The authors are grateful to Pr. T.C. Chou, Memorial Sloan-Kettering Cancer Center, New York 
City for kind help in data analysis, and Pr F. A. Abiola, Institut des Sciences Biomédicales Appliquées, Cotonou 
(Republic of Benin) for fruitful discussion. The authors thank Dr. Woodley for language editing. 
Funding:  This work was supported by the ANR-CESA project DON & Co. I.A.K. was supported by a doctoral 
fellowship from the Government of the Republic of Benin. 
Competing financial interests declaration: Authors declare no conflict of interest. 
 
References 
Alassane-Kpembi, I., Kolf-Clauw, M., Gauthier, T., Abrami, R., Abiola, F., A, Oswald, I., P, Puel, O., 2013. New 

insights into mycotoxin mixtures: The toxicity of low doses of Type B trichothecenes on intestinal epithelial cells is 
synergistic. Toxicol Appl Pharmacol 272: 191-198. 

Almond, G.W., 1996. Research applications using pigs. Vet Clin North Am Food Anim Pract 12: 707-716. 



6 
  

Arunachalam, C., Doohan, F.M., 2013. Trichothecene toxicity in eukaryotes: cellular and molecular mechanisms in 
plants and animals. Toxicol Lett 217: 149-158. 

Bianco, G., Fontanella, B., Severino, L., Quaroni, A., Autore, G., Marzocco, S., 2012. Nivalenol and deoxynivalenol 
affect rat intestinal epithelial cells: a concentration related study. PLoS One 7 : e52051. 

Boedeker, W., Backhaus, T., 2010. The scientific assessment of combined effects of risk factors: different approaches in 
experimental biosciences and epidemiology. Eur J Epidemiol 25:539-546 

Bony, S., Olivier-Loiseau, L., Carcelen, M., Devaux, A., 2007. Genotoxic potential associated with low levels of the 
Fusarium mycotoxins nivalenol and fusarenon X in a human intestinal cell line. Toxicol In Vitro 21: 457-465. 

Brosnahan, A.J., Brown, D.R., 2012. Porcine IPEC-J2 intestinal epithelial cells in microbiological investigations. Vet 
Microbiol 156: 229-237. 

Chou, T.C., 2006. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in 
drug combination studies. Pharmacol Rev 58: 621-681. 

Chou, T.C., 2010. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res 
70: 440-446. 

Danicke, S., Hegewald, A.K., Kahlert, S., Kluess, J., Rothkotter, H.J., Breves, G., Doll, S., 2010. Studies on the toxicity 
of deoxynivalenol (DON), sodium metabisulfite, DON-sulfonate (DONS) and de-epoxy-DON for porcine peripheral 
blood mononuclear cells and the Intestinal Porcine Epithelial Cell lines IPEC-1 and IPEC-J2, and on effects of DON 
and DONS on piglets. Food Chem Toxicol 48: 2154-2162. 

De Boevre, M., Jacxsens, L., Lachat, C., Eeckhout, M., Di Mavungu, J.D., Audenaert, K., Maene, P., Haesaert, G., 
Kolsteren, P., De Meulenaer, B., De Saeger, S., 2013. Human exposure to mycotoxins and their masked forms 
through cereal-based foods in Belgium. Toxicol Lett 218:281-292. 

De Vos, M., Huygelen, V., Casteleyn, C., Van Cruchten, S., Van Ginneken, C., 2012. Alternative models to study the 
intestinal barrier function of piglets. Altern Lab Anim 40: P26-27. 

Desjardins, A.E., 2009. From yellow rain to green wheat: 25 years of trichothecene biosynthesis research. J Agric Food 
Chem 57: 4478-4484. 

Desjardins, A.E., McCormick, S.P., Appell, M., 2007. Structure-activity relationships of trichothecene toxins in an 
Arabidopsis thaliana leaf assay. J Agric Food Chem 55: 6487-6492. 

Diesing, A.K., Nossol, C., Panther, P., Walk, N., Post, A., Kluess, J., Kreutzmann, P., Dänicke, S., Rothkötter, H.J., 
Kahlert, S., 2011. Mycotoxin deoxynivalenol (DON) mediates biphasic cellular response in intestinal porcine 
epithelial cell lines IPEC-1 and IPEC-J2. Toxicol Lett 200: 8-18. 

Eckard, S., Wettstein, F.E., Forrer, H.R., Vogelgsang, S., 2011. Incidence of Fusarium species and mycotoxins in silage 
maize. Toxins 3: 949-967. 

Ficheux, A.S., Sibiril, Y., Parent-Massin, D., 2012. Co-exposure of Fusarium mycotoxins: in vitro myelotoxicity 
assessment on human hematopoietic progenitors. Toxicon 60:1171-1179 

SCOOP, 2003. Collection of occurrence data of Fusarium toxins in food and assessment of dietary intake by the 
population of EU member states Reports on tasks for scientific cooperation SCOOP Task 3210. p 606. Available at 
http://ec.europa.eu/food/fs/scoop/task3210.pdf 

Gauthier, T., Wang, X., Dos Santos, J.S., Fysikopoulos, A., Tadrist, S., Canlet, C., Artigot, M.P., Loiseau, N., Oswald, 
I.P., Puel, O., 2012. Trypacidin, a spore borne toxin from Aspergillus fumigatus, induces cytotoxicity in lung cells. 
PLOSone. 7: e29906 

Gonzalez-Vallina, R., Wang, H., Zhan, R., Berschneider, H.M., Lee, R.M., Davidson, N.O., Black, D.D., 1996. 
Lipoprotein and apolipoprotein secretion by a newborn piglet intestinal cell line (IPEC-1). Am J Physiol 271: 249-
259. 

Goossens, J., Pasmans, F., Verbrugghe, E., Vandenbroucke, V., De Baere, S., Meyer, E., Haesebrouck, F., De Backer, P., 
Croubels, S., 2012. Porcine intestinal epithelial barrier disruption by the Fusarium mycotoxins deoxynivalenol and T-
2 toxin promotes transepithelial passage of doxycycline and paromomycin. BMC Vet Res 8: 245. 

Heath, J.P., 1996. Epithelial cell migration in the intestine. Cell Biol Int 20: 139-146. 
Hedman, R., Pettersson, H., Lindberg, J.E., 1997. Absorption and metabolism of nivalenol in pigs. Arch Tierernahr 50: 

13-24. 
Ireland, J.J., Roberts, R.M., Palmer, G.H., Bauman, D.E., Bazer, F.W., 2008. A commentary on domestic animals as 

dual-purpose models that benefit agricultural and biomedical research. J Anim Sci 86: 2797-2805. 
Koh, S.Y., George, S., Brozel, V., Moxley, R., Francis, D., Kaushik, R.S., 2008. Porcine intestinal epithelial cell lines as 

a new in vitro model for studying adherence and pathogenesis of enterotoxigenic Escherichia coli. Vet Microbiol 130: 
191-197. 

Kouadio, J.H., Dano, S.D., Moukha, S., Mobio, T.A., Creppy, E.E., 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 

Larsen, J.C., Hunt, J., Perrin, I., Ruckenbauer, P., 2004. Workshop on trichothecenes with a focus on DON: summary 
report. Toxicol Lett 153: 1-22. 

Loiseau, N., Debrauwer, L., Sambou, T., Bouhet, S., Miller, J.D., Martin, P.G., Viadere, J.L., Pinton, P., Puel, O., Pineau, 
T., Tulliez, J., Galtier, P., Oswald, I.P., 2007. Fumonisin B1 exposure and its selective effect on porcine jejunal 
segment: sphingolipids, glycolipids and trans-epithelial passage disturbance. Biochem Pharmacol 74: 144-152. 



7 
  

Lucioli, J., Pinton, P., Callu, P., Laffitte, J., Grosjean, F., Kolf-Clauw, M., Oswald, I.P., Bracarense, A.P., 2013. The food 
contaminant deoxynivalenol activates the mitogen activated protein kinases in the intestine: Interest of ex vivo models 
as an alternative to in vivo experiments. Toxicon 66: 31-36. 

Madhyastha, M.S., Marquardt, R.R., Abramson, D., 1994. Structure-activity relationships and interactions among 
trichothecene mycotoxins as assessed by yeast bioassay. Toxicon 32: 1147-1152. 

Maresca, M., Yahi, N., Younes-Sakr, L., Boyron, M., Caporiccio, B., Fantini, J., 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-1beta effect and increase in the transepithelial 
passage of commensal bacteria. Toxicol Appl Pharmacol 228: 84-92. 

Maresca, M., 2013. From the gut to the brain: journey and pathophysiological effects of the food-associated 
trichothecene mycotoxin deoxynivalenol. Toxins 5: 784-820. 

Marzocco, S., Russo, R., Bianco, G., Autore, G., Severino, L. 2009. Pro-apoptotic effects of nivalenol and 
deoxynivalenol trichothecenes in J774A.1 murine macrophages. Toxicology Letters 189:21-26  

McCormick, S.P., Alexander, N.J., Proctor, R.H., 2013. Trichothecene Triangle: Toxins, Genes, and Plant Disease. In 
Gang, D.R., (Ed.), Phytochemicals, Plant Growth, and the Environment. Springer New York, pp. 1-17. 

Meissonnier, G.M., Laffitte, J., Loiseau, N., Benoit, E., Raymond, I., Pinton, P., Cossalter, A.M., Bertin, G., Oswald, I.P., 
Galtier, P., 2007. Selective impairment of drug-metabolizing enzymes in pig liver during subchronic dietary exposure 
to Aflatoxin B1. Food Chem Toxicol 45: 2145-2154. 

Parent-Massin, D., 2004. Haematotoxicity of trichothecenes. Toxicol Lett 153: 75-81. 
Pestka, J.J., Yike, I., Dearborn, D.G., Ward, M.D., Harkema, J.R., 2008. Stachybotrys chartarum, trichothecene 

mycotoxins, and damp building-related illness: new insights into a public health enigma. Toxicol Sci 104: 4-26. 
Pestka, J.J., Zhou, H.R., Moon, Y., Chung, Y.J., 2004. Cellular and molecular mechanisms for immune modulation by 

deoxynivalenol and other trichothecenes: unraveling a paradox. Toxicol Lett 153: 61-73. 
Pinton, P., Braicu, C., Nougayrede, J.P., Laffitte, J., Taranu, I., Oswald, I.P., 2010. Deoxynivalenol impairs porcine 

intestinal barrier function and decreases the protein expression of claudin-4 through a mitogen-activated protein 
kinase-dependent mechanism. J Nutr 140: 1956-1962. 

Pinton, P., Tsybulskyy, D., Lucioli, J., Laffitte, J., Callu, P., Lyazhri, F., Grosjean, F., Bracarense, A.P., Kolf-Clauw, M., 
Oswald, I.P., 2012. Toxicity of Deoxynivalenol and Its Acetylated Derivatives on the Intestine: Differential Effects 
on Morphology, Barrier Function, Tight Junction Proteins, and Mitogen-Activated Protein Kinases. Toxicological 
Sciences 130: 180-190. 

Poapolathep, A., Sugita-Konishi, Y., Doi, K., Kumagai, S., 2003. The fates of trichothecene mycotoxins, nivalenol and 
fusarenon-X, in mice. Toxicon 41: 1047-1054. 

Poapolathep, A., Sugita-Konishi, Y., Phitsanu, T., Doi, K., Kumagai, S., 2004. Placental and milk transmission of 
trichothecene mycotoxins, nivalenol and fusarenon-X, in mice. Toxicon 44:111-113. 

Ribeiro, D.H., Ferreira, F.L., da Silva, V.N., Aquino, S., Correa, B., 2010. Effects of aflatoxin B1 and fumonisin B1 on 
the viability and induction of apoptosis in rat primary hepatocytes. Int J Mol Sci 11:1944-1955 

Schinkel, A.H., Jonker, J.W., 2003. Mammalian drug efflux transporters of the ATP binding cassette (ABC) family: an 
overview. Adv Drug Deliv Rev 55: 3-29. 

Schollenberger, M., Muller, H.M., Ernst, K., Sondermann, S., Liebscher, M., Schlecker, C., Wischer, G., Drochner, W., 
Hartung, K., Piepho, H.P., 2012. Occurrence and distribution of 13 trichothecene toxins in naturally contaminated 
maize plants in Germany. Toxins 4: 778-787. 

Speijers, G.J., Speijers, M.H., 2004. Combined toxic effects of mycotoxins. Toxicol Lett 153: 91-98. 
Streit, E., Schatzmayr, G., Tassis, P., Tzika, E., Marin, D., Taranu, I., Tabuc, C., Nicolau, A., Aprodu, I., Puel, O., 

Oswald, I.P., 2012. Current situation of mycotoxin contamination and co-occurrence in animal feed-focus on Europe. 
Toxins 4: 788-809. 

Streit, E., Schwab, C., Sulyok, M., Naehrer, K., Krska, R., Schatzmayr, G., 2013. Multi-mycotoxin screening reveals the 
occurrence of 139 different secondary metabolites in feed and feed ingredients. Toxins 5: 504-523. 

Sundstol Eriksen, G., Pettersson, H., Lundh, T., 2004. Comparative cytotoxicity of deoxynivalenol, nivalenol, their 
acetylated derivatives and de-epoxy metabolites. Food Chem Toxicol 42: 619-624. 

Tep, J., Videmann, B., Mazallon, M., Balleydier, S., Cavret, S., Lecoeur, S., 2007. Transepithelial transport of 
fusariotoxin nivalenol: mediation of secretion by ABC transporters. Toxicol Lett 170: 248-258. 

Thompson, W.L., Wannemacher, R.W., Jr., 1986. Structure-function relationships of 12,13-epoxytrichothecene 
mycotoxins in cell culture: comparison to whole animal lethality. Toxicon 24: 985-994. 

Van Der Fels-Klerx, H.J., Klemsdal, S., Hietaniemi, V., Lindblad, M., Ioannou-Kakouri, E., Van Asselt, E.D., 2012. 
Mycotoxin contamination of cereal grain commodities in relation to climate in North West Europe. Food Addit 
Contam Part A Chem Anal Control Expo Risk Assess 29: 1581-1592. 

Vandenbroucke, V., Croubels, S., Martel, A., Verbrugghe, E., Goossens, J., Van Deun, K., Boyen, F., Thompson, A., 
Shearer, N., De Backer, P., Haesebrouck, F., Pasmans, F., 2011. The mycotoxin deoxynivalenol potentiates intestinal 
inflammation by Salmonella typhimurium in porcine ileal loops, PLoS One 6: e23871. 

Videmann, B., Tep, J., Cavret, S., Lecoeur, S., 2007. Epithelial transport of deoxynivalenol: involvement of human P-
glycoprotein (ABCB1) and multidrug resistance-associated protein 2 (ABCC2). Food Chem Toxicol 45: 1938-1947. 



8 
  

Wan, L.Y., Turner, P.C., El-Nezami, H., 2013. Individual and combined cytotoxic effects of Fusarium toxins 
(deoxynivalenol, nivalenol, zearalenone and fumonisins B1) on swine jejunal epithelial cells. Food Chem Toxicol 57: 
276-283. 

 
 
Table 1: Dose-effect relationship parameters for viability inhibition by DON, NIV, and their acetyl derivatives in IPEC-1 
cells. 

Mycotoxin Dose-effectparameters 
Dm (µM) m r EC10 (µM) EC80 (µM) 

DON 3.56 0.90 0.974 0.31 16.54 
3-ADON 19.84 0.75 0.973 1.06 125.72 
15-ADON 2.41 0.94 0.967 0.24 10.47 
NIV 2.11 0.87 0.975 0.17 10.34 
FX 2.29 0.96 0.968 0.23 9.64 
 
m, Dm and r are the slope, the median-effect dose, and the coefficient of linear correlation of the experimental data to the 
mass-action law. EC10 and EC80 are the effective concentrations inhibiting cell viability by 10 and 80%, respectively.  
 
Table 2: Combination Index and Dose reduction index values for viability inhibition by DON, NIV, their acetyl 
derivatives and their binary mixtures in IPEC-1 cells. 
 

Mycotoxin Combination 
ratio 

10% cytotoxicity 50% cytotoxicity 80% cytotoxicity 

CI DRI CI DRI CI DRI 
DON 

1:1 0.53 
4.18 

0.67 
3.38 

0.77 
3.06 

15-ADON 3.93 2.70 2.27 
DON 

1:10 1.67 
2.07 

0.96 
2.63 

0.69 
3.06 

3-ADON 0.84 1.73 2.73 
15-ADON 

1:10 0.49 
6.50 

0.61 
3.65 

0.72 
2.53 

3-ADON 2.94 3 3.05 
DON 

1:1 0.77 
4.06 

0.79 
3.74 

0.80 
3.56 

NIV 1.90 1.92 1.94 
DON 

1:0.8 1.15 
1.67 

1.43 
1.45 

1.64 
1.33 

FX 1.80 1.35 1.13 
NIV 

1:0.8 0.91 
1.58 

0.91 
1.71 

0.92 
1.80 

FX 3.64 3.09 2.79 
 
CI: Combination Index. CI<0.9, 0.9<CI<1.1, and CI >1.1 indicate synergism, additive effect, and antagonism, 
respectively. DRI: Dose reduction index. DRI >2 indicate a synergistic effect. 
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1: Comparative toxicity of single mycotoxins DON ( ), 3-ADON ( ), 15-ADON ( ), NIV ( ) or FX ( ) and 
binary combinations ( ) on proliferating IPEC-1 cells. Intestinal epithelial cells were exposed for 24 hours to serial 
dilutions of toxins alone or in combination and cytotoxicity was assessed by the MTT assay. Data are means ± SD of 
three independent experiments. 
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Fig 2: Combination index – fraction affected curve for binary combinations of DON, NIV and their acetyl derivatives. CI 
values were calculated from data obtained from three independent experiments on the basis of roughly equipotent 
mycotoxin combinations. The vertical bars indicate 95% confidence intervals for CI values based on sequential deletion 
analysis (Chou, 2006). Horizontal dashed lines correspond to lower and upper limits of the additivity zone. 
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OnlineResource 1: Chemical structures of DON and NIV and their acetyl derivatives  
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Online Resource 2: Comparative toxicity of individual mycotoxins on proliferating IPEC-1 cells. Intestinal epithelial 
cells were exposed for 24 hours to serial dilutions of toxins. Cytotoxicity was assessed by the MTT assay. Data are 
means ± SD of three independent experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Online Resource 3: Isobologram illustrating the combined cytotoxicity of DON and 3-ADON at concentrations eliciting 
10% ( ), 30% ( ) or 50% ( ) toxicity. The points are mean concentrations of dose-response MTT test cytotoxicity 
curves for each toxin or toxin combination (Compusyn software analysis). 
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