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Fusarium mycotoxins, such as fumonisin B, (FB;), deoxynivalenol (DON)
and zearalenone (ZEN), frequently co-occur in feed raw materials and their pres-
ence is ubiquitous. The aims of this study were to determine the concentration that
inhibits cell viability by 50% (ICso values) for each mycotoxin (after 24, 48 and
72 h) and to investigate their combined effects in binary (DON + ZEN: DZ,
DON + FBy: DF, FB, + ZEN: FZ) and ternary (DFZ) mixtures using cyto- and
genotoxicity on porcine lymphocytes as endpoints. The potency of cytotoxicity of
the three toxins in an increasing order was FB; < ZEN < DON. The range of IC
values depending on the period of exposure was 0.31-0.42 pg/ml and 16.6—
22.9 ug/ml for DON and ZEN, respectively, and 101.15 pg/ml for FB; (50% vi-
ability was reached only after 72 h). The main interaction observed was antago-
nism regarding cytotoxicity. Lower and higher sets of concentrations were used
for the genotoxicity (comet assay) experiments. When lower concentrations were
used, antagonism was again the main interaction observed. However, at higher
concentrations an antagonism was confirmed only for DFZ, whereas for DZ and
FZ a synergism was observed. Interactions of DF were inconsistent in different
exposure periods in both series of experiments. Further studies with additional
endpoints should be performed (e.g. DNA fragmentation, protein synthesis) in or-
der to elucidate the mechanisms underlying the interactions observed.
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The health effects of mycotoxins have been thoroughly studied and legis-
lation has been implemented on the basis of single mycotoxin exposures in many
countries of the world. However, as shown in recent surveys, mycotoxin co-
occurrence is very frequent (Monbaliu et al., 2010; Rodrigues and Naehrer, 2012).
In the latest survey conducted by BIOMIN GmBH (a commercial feed supplier),
over 50% of the samples (feed raw materials) were contaminated with more than
one mycotoxin. Furthermore, deoxynivalenol (DON), zearalenone (ZEN) and
fumonisins were present in more than 50% of the samples tested worldwide
(BIOMIN, 2016). Fusarium toxins, and especially fumonisin B, (FB;), DON and
ZEN, are the most likely to co-occur in nature. More specifically, the combina-
tions of these mycotoxins present in low concentrations — which is a realistic
scenario — should be investigated.

FB; is mainly produced by Fusarium verticillioides while the commonest
main producer of DON and ZEN is F. graminearum (Pestka, 2010). The main
mechanism of action of fumonisins is the disruption of sphingolipid metabolism
due to their structural similarity (Voss et al., 2007). Trichothecenes inhibit pro-
tein synthesis by binding to the 60s ribosomal subunit of the cell (Ueno, 1984).
Despite its low acute toxicity in comparison with other trichothecenes (i.e. T-2
toxin), DON has been widely studied since it is the commonest contaminant of
cereal grains worldwide (BIOMIN, 2016). ZEN has a chemical structure similar
to oestrogens, and thus it binds antagonistically to oestrogen receptors. Through
this antagonistic binding, ZEN causes reproductive disturbances in both male
and female animals, with swine being the most sensitive species (Minervini and
Dell’ Aquila, 2008). Besides its oestrogenic effects, ZEN is known to exert cyto-
toxic and genotoxic effects and to induce an immune response (Abid-Essefi et
al., 2004; Vlata et al., 2006; Marin et al., 2010; Gao et al., 2013).

There are only few studies on the interactions of mycotoxins in binary
(Ficheux et al., 2012; Bensassi et al., 2014; Cortinovis et al., 2014) and espe-
cially in ternary mixtures (Kouadio et al., 2007; Wan et al., 20134,b). Therefore,
the aim of this study was to determine the concentration that inhibits cell viabil-
ity by 50% (ICsy values) of FB;, DON and ZEN and to investigate their com-
bined cyto- and genotoxic effects exerted on porcine lymphocytes in low concen-
trations. To the best of our knowledge, this is the first study on the interactions of
FB,, DON and ZEN on porcine lymphocytes.

Materials and methods

Chemicals

FB;, DON and ZEN were purchased from Sigma Aldrich (Schnelldorf,
Germany) and Cayman Chemical (Ann Arbor, Michigan, USA). The toxins were
dissolved in pure ethanol (stock solutions). CCK-8 solution was provided by Do-
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jindo EU GmbH (Munich, Germany). All other chemicals used were supplied by
Sigma Aldrich (Schnelldorf, Germany).

Isolation and enumeration of lymphocytes

Blood was taken from the v. cava cranialis of healthy adult pigs. Blood
(3 ml) was mixed with an equal volume of culture medium (RPMI-1640) in a 12-ml
centrifuge tube. The mixture was gently overlaid onto an equal quantity of Histo-
paque 1077 (6 ml) and centrifuged for 30 min at 3000 rpm. The interface layer
(mononuclear cells) was carefully transferred with a sterile Pasteur pipette into a
new centrifuge tube, suspended in 12 ml RPMI-1640 and centrifuged at 4000 rpm
for 20 min. After removing the supernatant, the cells were resuspended in fresh
medium (12 ml) and centrifuged at 4000 rpm for 15 min. Then the cells were gen-
tly resuspended in 10 ml of complete cell medium [CCM; RPMI supplemented
with penicillin and streptomycin solution (1%) and fetal bovine serum (10%)].

The cell suspension (100 pl) was mixed with an equal volume of 0.4%
trypan blue and allowed to stand at room temperature for 2 min. Using a sterile
pipette, a small amount (10 pl) was then transferred to both chambers of a
Neubauer haemocytometer, covered with a cover slip and counted under light
microscope. The cell viability (%) was calculated as: total number of viable cells
x 100/total number viable plus non-viable cells. The cell number was adjusted to
2 x 10° cells/ml and 45 x 10° (minimum 95% cell viability) for cytotoxicity and
genotoxicity assays, respectively.

Determination of ICs

Preliminary experiments (n = 3) were performed to establish the ICs, value
for each mycotoxin. Five concentrations and three exposure periods (24, 48 and
72 h) were used. The concentration ranges were chosen on the basis of data re-
ported in the literature (Minervini et al., 2004; Cetin and Bullerman, 2005; Vlata et
al., 2006; Maenetje et al., 2008; Mwanza et al., 2009) as well as the results of pre-
liminary experiments (data not shown). The concentration ranges were 50—150 pg/ml,
0.07-0.84 ug/ml and 1-50 pg/ml for FB;, DON and ZEN, respectively.

Combination experiments

The mycotoxins were tested in binary and ternary mixtures (n = 3) in low
concentrations (below the ICs,) to assess interactive effects, if any. Binary and
ternary mixtures of the toxins were investigated at 5 ug/ml (FB, and ZEN) and
0.07 pg/ml (DON) for cytotoxicity and genotoxicity. Higher concentrations (be-
low the ICs,) were used for a second series of genotoxicity experiments (25, 0.21
and 10 pg/ml for FB;, DON and ZEN, respectively). The combinations tested
were: DON + FB, (DF), DON + ZEN (DZ), FB, + ZEN (FZ), DON + FB, +
ZEN (DFZ).
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Cytotoxicity assay

The conversion of the tetrazolium salt, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT) to MTT formazan in living cells is used for
the determination of cell viability and proliferation (Mossman, 1983). In our
study a water soluble tetrazolium salt was used [WST-8; cell counting kit-8
(CCK-8)]. The use of a water-soluble tetrazolium salt eliminates the additional
step of crystal solubilisation. In addition, the detection sensitivity of CCK-8 is
higher and its toxicity is lower than that of MTT.

After isolation the cell culture was subdivided in a 96-well microtitre plate
with each well containing 100 pl of medium (2 x 10’ cells per well). After 24-h
incubation, 20 pl of phytohaemagglutinin (PHA) and 100 pl of mycotoxin or
solvent were added to the wells. Control cells were treated with mycotoxin-free
vehicle (0.9% NaCl sterile distilled water). Each treatment had 5 replicates and
the incubation times were 24, 48 and 72 h. After each incubation period, 22 pl of
CCK-8 was added to the wells and after 4-h incubation the absorbance was read
at 450 and 620 nm under a Microplate Reader (DIALAB GmbH, Wiener Neu-
dorf, Austria).

Genotoxicity (comet) assay

After isolation the cell culture was subdivided (100 pl) into microcentri-
fuge tubes which were incubated overnight in a humidified incubator at 37 °C
and 5% CO,. Then toxin or vehicle/carrier solutions were added to the tubes and
were incubated for 24 h, 48 h and 72 h. After each incubation period the proce-
dure described by Horvatovich et al. (2013) was followed, with slight modifica-
tions. The slides were washed with phosphate-buffered saline (PBS) instead of
neutralising buffer and ethidium bromide (EtBr) was used instead of DAPI for
staining the slides.

Calculations and statistical analysis

Dose-response curves were fitted to the best linear or non-linear models
and the concentration that induced 50% loss of viability (ICsy) was calculated us-
ing the software OriginPro version 9.0 (OriginLab, Northampton, MA, USA).

The values obtained in the combination experiments were compared with
expected values to detect any significant differences. Expected values were cal-
culated as a mean value obtained after exposure to one substance alone plus a
mean value obtained after exposure to a second or a third substance (Klaric et al.,
2007):

Mean % (expected for mycl + myc2) = mean % (mycl) + mean % (myc2) —
100% control

Mean % (expected for mycl + myc2 + myc3) = mean % (mycl) + mean %
(myc2) + mean % (myc3) — 100% control
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Calculation of expected SD/SEM:

SD (expected for mycl + myc2) = [(SD for myc1)* + (SD for myc2)*]"?

SD (expected for mycl + myc2 + myc3) = [(SD for mycl)® + (SD for
myc2)® + (SD for myc3)]"?.

The results were interpreted according to Klaric et al. (2007) as follows:
(i) an additive effect was recorded if the measured values were not significantly
above or below the expected values; (ii) a synergistic effect was recorded if the
measured values were significantly above (tail intensity) and below (cell viabil-
ity) the expected values; (iif) an antagonistic effect was recorded if the measured
values were significantly below (tail intensity) and above (cell viability) the ex-
pected values.

Analysis and scoring for comet slides were performed with Epifluorescent
Microscope (B600 TiFL) and Comet IV (version 4.3.1) software (Perceptive In-
struments Ltd, Bury St Edmunds, UK). One hundred cells/gels (i.e. 400 cells/
concentration) were investigated during the analysis. The cells were classified by
software analysis according to tail intensity (% tail DNA).

The statistical difference between observed and expected values was cal-
culated with unpaired #-test.

Results

Cytotoxicity experiments

Determination of ICsy. A time- and dose-dependent decrease in cell viabil-
ity was observed for all three toxins (Fig. 1). For DON and ZEN ICs, values
could be calculated for all incubation times (Table 1). In contrast, FB, decreased
cell viability by 50% only after 72 h. The potency of cytotoxicity in an increas-
ing order was FB; < ZEN < DON.

Combined effects of binary and ternary mixtures. The mixtures of FBy,
DON and ZEN provided antagonism which was more evident after 72 h of expo-
sure (Fig. 2). After 24 h of incubation the binary mixtures did not show interac-
tions, whereas the ternary (DFZ) mixture exhibited a significant antagonism
which was expressed for all incubation times. After 48 h an antagonistic effect
was revealed for the binary mixtures of DON (DF and DZ), which was more ex-
pressed after 72 h. After 72 h an antagonistic effect was evident for mixtures of
FZ as well. The potency of the mixtures after 24 and 48 h of incubation was
DF < DZ < DFZ < FZ, whereas after 72 h the order was reversed as DFZ < FZ <
DF <DZ.

Genotoxicity (comet assay) experiments

When using mixtures with lower concentrations of mycotoxins, an an-
tagonism was observed for most of the mixtures in all exposure periods (Fig. 3a).
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After 24 h an antagonism was observed for all mixtures but it was statistically
significant only in the case of the ternary mixture. After 48 h, DZ and DFZ ex-
erted an antagonistic effect but a statistically significant antagonism was found
only for DFZ; DF displayed a synergistic effect, while FZ showed no interaction.
After 72 h, all four mixtures showed an antagonism but it was statistically sig-

nificant only for DF.
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Fig. 1. Decrease of cell viability of porcine lymphocytes, determined by the CCK8 test, after 24, 48
and 72 h of incubation with FB, (ug/ml), DON (ng/ml) or ZEN (pg/ml)

Table 1

ICso (mean + SD) values calculated on porcine lymphocytes after 24 h, 48 h and 72 h of exposure
to FB; (5 pg/ml), DON (0.07 pg/ml) or ZEN (5 pg/ml)

ICso (ng/ml)
24h 48h 72h
FB, NA NA 101.15+7.80
DON 0.43+£0.02 0.41+£0.02 0.31+0.01
ZEN 19.55+1.20 20.60 + 1.07 16.60 £ 2.05

NA: not applicable
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Fig. 2. Cytotoxic effects of binary and ternary mixtures of FB;, DON and ZEN (pg/ml) on porcine
lymphocytes after 24 h, 48 h and 72 h of incubation, as determined by the CCKS test (sketched

bars represent the calculated expected values; viability is expressed as percent of the control);

In order to obtain more pronounced effects, increased concentrations of
mycotoxins (Table 2) were used for the further investigation of interactions. The
concentrations used were 25, 0.21 and 10 pg/ml for FB;, DON and ZEN, respec-
tively. After 24 h, a significant antagonism was revealed by the mixtures of DF
and DFZ, while DZ demonstrated a non-significant synergism and FZ showed no
interaction (Fig. 3b). After 48 h the trend was the same for the mixtures of DZ
and DFZ, while DF showed no interaction and FZ exerted an antagonistic effect
which was not statistically significant. After 72 h an antagonism was expressed
from the mixtures of DF and DFZ (non-significant and significant, respectively).

P <0.05

On the other hand, the mixtures of DZ and FZ showed significant synergism.
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Fig. 3. Genotoxic effects of binary and ternary mixtures of DON, FB,; and ZEN in lower (3a) and
higher (3b) concentrations (pug/ml) on porcine lymphocytes after 24 h, 48 h and 72 h of incubation
(sketched bars represent the calculated expected values; viability is expressed as percent of the
control); P <0.05
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Table 2

ICso (mean = SD) values calculated on porcine lymphocytes after 24 h, 48 h and 72 h of exposure
to FB, (5 pg/ml), DON (0.07 pg/ml) or ZEN (5 pg/ml)

Tail intensity
Cell treatment

24 h 48 h 72 h
Concentrations 5,0.07, 5 pg/ml (FB;, DON, ZEN)
Control 6.21 +£0.73 5.11+0.53 5.39+0.65
FB, 7.98 £0.93 4.52 £0.66 7.91 +1.00
DON 7.05 +0.85 5.21 +0.60 6.81 +1.17
ZEN 8.76 £ 1.08 11.89 +£1.37 5.50+£0.72
FB, + DON 6.41 +0.83 11.20+1.42 4.53+£0.58
DON + ZEN 6.89 +1.01 10.31 £1.36 5.12+0.80
FB, + ZEN 834+1.03 11.36 £1.37 6.70 £ 0.86
FB; + DON + ZEN 6.97+0.91 11.27+1.33 11.45+1.50
Concentrations 25,0.21, 10 pg/ml (FB,, DON, ZEN)
Control 11.17+£0.68 7.36+0.99 8.20+0.82
FB, 12.81 £0.65 10.12+0.74 9.65+0.68
DON 10.60 +0.85 6.94 +0.57 6.79+0.77
ZEN 6.05 +0.55 7.13+£0.55 8.42+0.79
FB, + DON 7.47 £0.62 9.34+£0.76 6.54 £0.57
DON + ZEN 6.59 +0.88 9.33+0.84 11.50 £ 0.88
FB, + ZEN 7.74 £0.90 8.32+0.89 13.40 £0.89
FB; + DON + ZEN 7.39 +0.94 8.44 +0.68 12.26 £0.76
Discussion

Although the number of studies with mycotoxin combinations tends to in-
crease, there are still only few studies with the mixtures (and especially the ter-
nary combinations) of FB;, DON and ZEN.

In the present study DON was the most potent among the three mycotox-
ins investigated, with an increasing potency order of FB; < ZEN < DON, which
is consistent with the results of Wan et al. (2013a) on swine jejunal epithelial
cells. Kouadio et al. (2007) previously reported that the potency of FB;, DON
and ZEN on Caco-2 cells was ZEN > DON > FB; in decreasing order, confirm-
ing that FB, has low toxicity towards several cell lines.

From our experiments the calculated ICsy value was 101.15 ug/ml for FB,
after 72-h exposure; on the other hand, Kouadio et al. (2007) could not calculate
an ICs value for FB; (the highest concentration used was 150 uM which is ap-
proximately 108 pug/ml) even after 72 h. In the study of McKean et al. (2006) on-
ly concentrations higher than 100 pM (72 pg/ml) exerted a cytotoxic effect (24-h
exposure) to HepG2 and BEAS-2B cells, and the ICs, values were 399.2 uM
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(288 pg/ml) and 355.1 pM (256 pg/ml), respectively. These ICs, values are 2.5-
fold higher than those found in our study, which could be attributed to the higher
sensitivity of porcine lymphocytes to FB;. The lowest ICs, value for DON was
0.31 pg/ml after 72 h in our experiments, which is in total agreement with the
findings of Goyarts et al. (2006a,b) who investigated the effect of DON on the
proliferation of porcine blood lymphocytes using MTT assay. In the study of
Meky et al. (2001) the ICsy value of DON on human lymphocytes was
0.216 ug/ml, which is significantly lower than the ICsy calculated in our study.
This difference could be attributed to the longer exposure period (5 days). In our
study the ICsy value of ZEN was 19.55 pg/ml after 24 h and decreased to
16.6 pg/ml after 72 h of exposure. According to the literature it appears that
lymphocytes are less sensitive to ZEN than other cell lines, such as Vero kidney
or Caco-2 cells. In the study of Abid-Essefi et al. (2004) the cytotoxic potential
of ZEN was determined by the MTS assay (a modified version of MTT) using
Vero kidney and Caco-2 cells and the determined ICsy values were 7 uM and
15 uM (2.2 pg/ml and 4.8 pg/ml), respectively. Surprisingly, Chinese hamster
ovarian cells (CHO-K1) were less sensitive to ZEN with ICs, values of > 100 uM
(31.8 pg/ml), 60.3 uM (19.2 pg/ml), 68 uM (21.6 pg/ml) for 24-h, 48-h and 72-h
exposure, respectively (Tatay et al., 2014).

In the present study, combinations of FB;, DON and ZEN resulted in an-
tagonistic effects regarding cytotoxicity. The ternary mixture (DFZ) exerted sig-
nificant antagonism after all incubation periods, which was most pronounced af-
ter 72 h. A similar trend was observed for the rest of the mixtures which exerted
interactive effects (FZ) or increased the degree of interaction (DF and DZ) in a
time-dependent manner. Ficheux et al. (2012) used myelotoxicity as an endpoint
and observed an antagonistic effect of the mixture of DON and FB, on haemato-
poietic progenitor cells. Another study investigating the effects of binary and ter-
nary mixtures of DON, FB; and ZEN on porcine intestinal (jejunal) epithelial
cells demonstrated antagonistic effects of the mixture when the lowest dose was
used (Wan et al., 2013a). DON and ZEN were tested in combination on human
colon carcinoma cells and their effects were sub-additive for all the endpoints
used (cell viability and cycle, mitochondrial inner membrane potential and per-
meability transition pore opening) (Bensassi et al., 2014). On the contrary, Dab-
rowski et al. (2016) reported a synergistic effect of DON and ZEN in porcine
subpopulations of lymphocytes. Lymphocytes were isolated from pigs after die-
tary exposure to no observed effect level (NOAEL) doses of DON and ZEN. The
immunomodulatory effect that the single mycotoxins exerted was stronger when
they were combined. Kouadio et al. (2007) observed additive effects for the mix-
tures of DF and DFZ but an antagonistic effect for FZ. Kouadio et al. (2013) re-
ported an antagonistic effect for FB, and ZEN for lysosomal and mitochondrial
damage but an additive effect for necrosis.
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FZ was the most cytotoxic among the binary mixtures, and DFZ was sig-
nificantly antagonistic at all incubation time points. The order of cell viability for
mixtures (in an increasing order) was consistent after 24 and 48 h of exposure
(DF < DZ < DFZ < FZ) but it was reversed after 72 h (DFZ < FZ < DF < DZ).
This phenomenon could be due to the delayed cytotoxic effect of FB, in a similar
manner as with the single exposure (ICs, calculated for 72 h only). Differences
found in the interactions between different time points indicate the difficulty to
foresee the effects of chronic multimycotoxin exposure. Kouadio et al. (2007)
reported that the reduction of cell viability as assessed by the neutral red (NR)
test was FZ < DF < DZ < DFZ in increasing order. These results are partly con-
sistent with the findings of the present study regarding DFZ and DF combina-
tions, whereas DZ and FZ showed opposite results. In the study of Wan et al.
(2013a) the binary and ternary mixtures of FB;, DON and ZEN were cytotoxic
although non-cytotoxic concentrations of the individual mycotoxins were used.
The least toxic mixture was FZ after 48 h of incubation, like in our study. From
the data of the present study it can be concluded that in the case of porcine lym-
phocytes ZEN does not determine the interactions of the binary mixtures as
strongly as does FB; and/or DON.

To the best of our knowledge there are no studies addressing the combined
genotoxic effects of FB;, DON and ZEN. Two different series of experiments
were performed using a set of lower and higher concentrations, respectively.
When the lower set of concentrations (i.e. 5, 0.07 and 5 pg/ml for FB,;, DON and
ZEN, respectively) were used, antagonism was the main interaction observed.
The ternary mixture showed a significant antagonism after 24 h and 48 h but the
antagonism became moderate after 72 h. Occasionally the interactions vary
among different exposure times, like in the case of the DF mixture which exerted
antagonistic effects after 24 h and 72 h and synergistic effects after 48 h of expo-
sure. DZ showed a non-significant antagonism for all exposure times.

Since the DNA damage observed was only slightly higher than the normal
range for control cells, following the proposition of Gopalan et al. (2011) higher
concentrations were used (25, 0.21 and 10 pg/ml for FB;, DON and ZEN, re-
spectively) in order to confirm/reject the interactions observed. The antagonistic
effect of DFZ was confirmed. It has been observed that the antagonism exerted
by the combinations of mycotoxins in lower concentrations can convert to syner-
gism in higher concentrations (Alassane-Kpembi et al., 2015). Likewise, the ef-
fects of DZ and FZ were synergistic in a time-dependent manner. Like in the ex-
periment performed with lower concentrations, the DF mixture showed inconsis-
tency among different exposure periods. It can be concluded that ZEN acts syn-
ergistically with DON and FB,, especially after a prolonged exposure (72 h).
However, this synergism was not exerted when all three mycotoxins were com-
bined. This hypothesis should be further investigated since there are no con-
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firmed data on the mechanism of genotoxicity for any of the three toxins on por-
cine lymphocytes.

Yang et al. (2014) investigated the expression of a heme oxygenase gene
(HO-1) in human lymphocytes after exposure to DON. A reduction in the ex-
pression of HO-1 was observed and it was suggested that this could probably be
related to the mechanism of action. Human lymphocytes which were exposed to
FB, showed DNA strand breaks only at the highest concentration (i.e. 20 pg/ml)
(Domijan et al., 2015). These results suggest that FB, exerts weak genotoxicity,
which is in accordance with our results since FB; reached a maximum tail inten-
sity of 12.8%. Although it was stated that the exact mechanisms responsible for
the genotoxicity of FB, are not clear, the authors suggested that oxidative stress
could account for the genotoxic effects, at least partially (Domijan et al., 2015).
Oxidative stress mediated genotoxicity is has been suggested by Theumer et al.
(2010), but the authors could not explain the exact mechanisms for the observed
antagonistic effect of FB, against aflatoxin B1l. According to several authors,
ZEN induces DNA damage through oxidative stress (Abid-Essefi et al., 2003;
Bouaziz et al., 2013). However, Gao et al. (2013) suggested that oxidative stress
does not play a key role in ZEN-induced DNA strand breaks on human embry-
onic kidney cell line, and they showed that the lysosome is the main determining
factor for the ZEN-induced DNA strand breaks.

In conclusion, the mixtures of DON, FB; and ZEN exert mostly antagonis-
tic effects on porcine lymphocytes with the interactions being more evident after
72 h of exposure. Further studies with additional endpoints (e.g. DNA fragmen-
tation, protein synthesis) should be performed in order to elucidate the mecha-
nisms underlying the interactions observed. Furthermore, an antioxidant agent
such as vitamin E could be used in combination with these mycotoxins in order
to assess whether oxidative damage plays a significant role in genotoxicity.

Acknowledgements

This research was supported by the Hungarian Academy of Sciences (within the
frame of the MTA-KE ‘Mycotoxins in the Food Chain’ Research Group), the Hungarian
Scientific Research Fund (OTKA 100810) and the GINOP-2.2.1-15-2016-00021 project.
The authors are grateful to RNDr, CSc Maria Dusinska and Associate Professor Dr Maja
Segvié Klari¢ for their valuable help in both theoretical and practical issues regarding the
performed experiments.

References

Abid-Essefi, S., Baudrimont, 1., Hassen, W., Ouanes, Z., Mobio, T. A., Anane, R., Creppy, E. E.
and Bacha, H. (2003): DNA fragmentation, apoptosis and cell cycle arrest induced by zear-
alenone in cultured DOK, Vero and Caco-2 cells: prevention by vitamin E. Toxicology
192, 237-248.

Acta Veterinaria Hungarica 65, 2017



352 KACHLEK etal.

Abid-Essefi, S., Ouanes, Z., Hassen, W., Baudrimont, I., Creppy, E. and Bacha, H. (2004): Cyto-
toxicity, inhibition of DNA and protein syntheses and oxidative damage in cultured cells
exposed to zearalenone. Toxicol. in Vitro 18, 467-474.

Alassane-Kpembi, 1., Puel, O. and Oswald, 1. P. (2015): Toxicological interactions between the
mycotoxins deoxynivalenol, nivalenol and their acetylated derivatives in intestinal epithe-
lial cells. Arch. Toxicol. 89, 1337-1346.

Bensassi, F., Gallerne, C., Sharaf el Dein, O., Hajlaoui, M. R., Lemaire, C. and Bacha, H. (2014):
In vitro investigation of toxicological interactions between fusariotoxins deoxynivalenol
and zearalenone. Toxicon 84, 1-6.

BIOMIN (2016): BIOMIN Mycotoxin Survey. BIOMIN Holding GmbH, Getzersdorf, Austria.
Internet document, URL: [https://info.biomin.net/acton/attachment/14109/t-0463/1/-/-/1-
0009/1-0009/MAG_MTXsurveyReport 2016_EN_0117_PKO.pdf].

Bouaziz, C., Bouslimi, A., Kadri, R., Zaied, C., Bacha, H. and Abid-Essefi, S. (2013): The in vitro
effects of zearalenone and T-2 toxins on Vero cells. Exp. Toxicol. Pathol. 65, 497-501.

Cetin, Y. and Bullerman, L. B. (2005): Cytotoxicity of Fusarium mycotoxins to mammalian cell
cultures as determined by the MTT bioassay. Food Chem. Toxicol. 43, 755-764.

Cortinovis, C., Caloni, F., Schreiber, N. B. and Spicer, L. J. (2014): Effects of fumonisin B1 alone
and combined with deoxynivalenol or zearalenone on porcine granulosa cell proliferation
and steroid production. Theriogenology 81, 1042—1049.

Dabrowski, M., Obremski, K., Gajecka, M., Gajecki, M. T. and Zielonka, £. (2016): Changes in
the subpopulations of porcine peripheral blood lymphocytes induced by exposure to low
doses of zearalenone (ZEN) and deoxynivalenol (DON). Molecules 21, 1-11, pii: E557.

Domijan, A. M., Gajski, G., Jovanovi¢, I. N., Geri¢, M. and Garaj-Vrhovac, V. (2015): In vitro
genotoxicity of mycotoxins ochratoxin A and fumonisin B1 could be prevented by sodium
copper chlorophyllin — Implication to their genotoxic mechanism. Food Chem. 170, 455-462.

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

Gao, F., Jiang, L. P., Chen, M., Geng, C. Y., Yang, G., Ji, F. and Zhong, L. F. (2013): Genotoxic
effects induced by zearalenone in a human embryonic kidney cell line. Mutat. Res. 755, 6-10.

Gopalan, R. C., Emerce, E., Wright, C. W., Karahalil, B., Karakaya, A. E. and Anderson, D.
(2011): Effects of anti-malarial compound cryptolenine and its analogues in human lym-
phocytes sperm in comet assay. Toxicol. Lett. 207, 322-325.

Goyarts, T., Dénicke, S., Tiemann, U. and Rothkétter, H. J. (2006a): Effect of the Fusarium toxin
deoxynivalenol (DON) on IgA, IgM and IgG concentrations and proliferation of porcine
blood lymphocytes. Toxicol. in Vitro 20, 858-867.

Goyarts, T., Grove, N., Rothkétter, H. J., Dénicke, S. and Tiemann, U. (2006b): Methodical as-
pects on in vitro proliferation of porcine blood lymphocytes when exposed to deoxyniva-
lenol (DON). Landbauforschung Vélkenrode 56, 139-148.

Horvatovich, K., Hafner, D., Bodnar, Zs., Berta, G., Hancz, Cs., Dutton, M. and Kovacs, M.
(2013): Dose-related genotoxic effect of T-2 toxin measured by comet assay using periph-
eral blood mononuclear cells of healthy pigs. Acta Vet. Hung. 61, 175-186.

Klaric, S. M., Pepeljnjak, S., Domijan, A-M. and Petrik, J. (2007): Lipid peroxidation and glu-
tathione levels in porcine kidney PK15 cells after individual and combined treatment with
by fumonisin B1, beauvericin and ochratoxin A. Basic Clin. Pharmacol. Toxicol. 100, 157—
164.

Kouadio, J. H., Dano, S. D., Moukha, S., Mobio, T. A. and Edmond, E. C. (2007): Effects of com-
binations 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.

Kouadio, J. H., Moukha, S., Kouakou, B. and Dago, G. (2013): Modulation of fumonisin B1 toxin
action-induced by zearalenone in human intestinal cells Caco-2. IJSTR 2, 315-320.

Acta Veterinaria Hungarica 65, 2017



INTERACTION OF FUSARIUM TOXINS ON PIG LYMPHOCYTES 353

Maenetje, P. W., de Villiers, N. and Dutton, M. F. (2008): The use of isolated human lymphocytes
in mycotoxin cytotoxicity testing. Int. J. Mol. Sci. 9, 1515-1526.

Marin, D. E., Taranu, I., Burclau, R. and Tudor, D. S. (2010): Effects of zearalenone and its deriva-
tives on the innate immune response of swine. Toxicon 56, 956-963.

McKean, C., Tang, L., Tang, M., Billiam, M., Wang, Z., Theodorakis, C. W., Kendall, R. J. and
Wang, J.-S. (2006): Comparative acute and combinative toxicity of aflatoxin B1 and fu-
monisin B1 in animals and human cells. Food Chem. Toxicol. 44, 868-876.

Meky, F. A., Hardie, L. J., Evans, S. W. and Wild, C. P. (2001): Deoxynivalenol-induced immu-
nomodulation of human lymphocyte proliferation and cytokine production. Food Chem.
Toxicol. 39, 827-836.

Minervini, F., Fornelli, F. and Flynn, K. M. (2004): Toxicity and apoptosis induced by mycotoxins
nivalenol, deoxynivalenol and fumonisin B, in a human erythroleukemia cell line. Toxicol.
In Vitro 18, 21-28.

Minervini, F. and Dell’Aquila, M. E. (2008): Zearalenone and reproductive function in farm ani-
mals. Int. J. Mol. Sci. 9, 2570-2584.

Monbaliu, S., Van Poucke, C., Detavernier, C., Dumoulin, F., Van de Velde, M., Schoeters, E.,
Van Dyec, S., Averkieva, O., Van Peteghem, C. and De Saeger, S. (2010): Occurrence of
mycotoxins in feed as analyzed by a multi-mycotoxin LC-MS/MS method. J. Agric. Food
Chem. 58, 66-71.

Mossman, T. (1983): Rapid colorimetric assay for cellular growth and survival: Application to pro-
liferation and cytotoxicity assays. J. Immunol. Methods 65, 55-63.

Mwanza, M., Kametler, L., Bonai, A., Rajli, V., Kovacs, M. and Dutton, M. F. (2009): The cyto-
toxic effect of fumonisin B; and ochratoxin A on human and pig lymphocytes using the
methyl thiazol tetrazolium (MTT) assay. Mycotoxin Res. 25, 233-238.

Pestka, J. J. (2010): Deoxynivalenol: mechanisms of action, human exposure, and toxicological
relevance. Arch. Toxicol. 84, 663—679.

Rodrigues, 1. and Naehrer, K. (2012): A three-year survey on the worldwide occurrence of my-
cotoxins in feedstuffs and feed. Toxins 4, 663—-675.

Tatay, E., Meca, G., Font, G. and Ruiz, M. J. (2014): Interactive effects of zearalenone and its me-
tabolites on cytotoxicity and metabolism in ovarian CHO-K1 cells. Toxicol. in Vitro 28,
95-103.

Theumer, M. G., Canepa, M. C., Lopez, A. G., Mary, V. S., Dambolena, J. S. and Rubinstein, H.
R. (2010): Subchronic mycotoxicoses in Wistar rats: Assessment of the in vivo and in vitro
genotoxicity induced by fumonisins and aflatoxin B1, and oxidative stress biomarker sta-
tus. Toxicology 268, 104-110.

Ueno, Y. (1984): Toxicological features of T-2 toxin and related trichothecenes. Fund. Appl. Toxi-
col. 4, 124-132.

Vlata, Z., Porichis, F., Tzanakakis, G., Tsatsakis, A. and Krambovitis, E. (2006): A study of zearalenone
cytotoxicity on human peripheral blood mononuclear cells. Toxicol. Lett. 165, 274-281.

Voss, K. A., Smith, G. W. and Haschek, W. M. (2007): Fumonisins: Toxicokinetics, mechanism of
action and toxicity. Anim. Feed Sci. Technol. 137, 299-325.

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

Wan, L. Y. M., Turner, P. C. and El-Nezami, H. (20135): Individual and combined cytotoxic ef-
fects of Fusarium toxins on the mRNA expression of pro-inflammatory cytokines in swine
jejunal epithelial cells. Toxicol. Lett. 220, 238-246.

Yang, W., Yu, M., Fu, J., Bao, W., Wand, D., Hao, L., Yao, P., Niissler, A. K., Yan, H. and Liu, L.
(2014): Deoxynivalenol induced oxidative stress and genotoxicity in human peripheral
blood lymphocytes. Food Chem. Toxicol. 64, 383-396.

Acta Veterinaria Hungarica 65, 2017




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


