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T-2 toxin is the most acutely toxic trichothecene mycotoxin: it inhibits 
protein, DNA and RNA synthesis. The main goal of this study was to evaluate the 
rate of DNA damage caused by T-2 toxin in porcine mononuclear cells in increas-
ing concentrations (0.1, 0.5 and 1.0 µmol) and after two different incubation peri-
ods (24 and 42 h). The lowest concentration caused DNA damage and about 50% 
of the treated cells could be categorised as having 1 to 4 scores in comet assay. In 
parallel with the increase of T-2 toxin concentration, the frequency of intact lym-
phocytes decreased from 50.2% (0.1 μM) to 36.3% (1.0 μM) in the first 24 h. In 
case of score 3, the highest concentration of T-2 toxin resulted in a 5-fold change, 
as compared to the lowest dose. Cells with score 4 were found only after exposure 
to 1.0 μM T-2 toxin. The exposure time did not have a significant effect on the re-
sults, while concentration did (P < 0.0001). However, a significant interaction be-
tween concentration and time as fixed factors (P < 0.0001) was found. When 
these were combined as a single factor, the results showed a significant toxin 
treatment effect on the results. It was concluded that a time- and dose-dependent 
DNA damaging effect of T-2 toxin could be demonstrated using peripheral blood 
mononuclear cells from healthy pigs by comet assay.  

Key words: T-2 toxin, DNA damage, comet assay, pig, blood mononuclear 
cells 

Mycotoxins are toxic fungal metabolites, which – when ingested, inhaled 
or absorbed through the skin – may induce varying undesirable health effects. 
Because of their unusual chemical structure and different toxicological character-
istics, the effects and clinical signs caused by mycotoxins are very diverse 
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(Njobeh et al., 2010). Many toxicological studies performed in vitro and in vivo 
to investigate the role of mycotoxins show evidence that several of them are in-
volved in the aetiology of certain pathological conditions. Mycotoxins can in-
duce cytotoxic, nephrotoxic, hepatotoxic, neurotoxic, carcinogenic, mutagenic, 
immunosuppressive and oestrogenic effects in animals and humans (Jaradat, 
2005; Krska et al., 2007). 

T-2 toxin is a naturally occurring, toxic secondary fungal metabolite belong-
ing to the group of A-type trichothecenes produced by Fusarium species (Krska et 
al., 2001; Langseth and Rundberget, 1998). It is widespread particularly in the 
temperate zone and has been described to correlate with various diseases in domes-
tic animals, like reduced feed intake, vomiting, diarrhoea, haemorrhagic toxicosis, 
neural disturbances and skin irritation (Kuiper-Goodman et al., 1987; Schuhmacher-
Wolz et al., 2010). The immunotoxicity of T-2 toxin was demonstrated in the study 
of Rafai et al. (1995), which was the central study for the derivation of the provi-
sional maximum tolerable daily intake (PMTDI) and the temporary tolerable daily 
intake (t-TDI). 

T-2 toxin was associated with a non-contagious haematological disease 
called alimentary toxic aleukia (ATA) that results in the destruction of the blood-
forming tissues and often leads to death (Beardall and Miller, 1994). The pattern 
of oxygenations, acetylations or esterifications on the core trichothecene chemi-
cal structure (Meek et al., 2003) influences the degree of toxicity and makes the 
toxin one of the most toxic metabolites of the A-type trichothecenes that inhibit 
DNA and protein synthesis in eukaryotic cells (Ehrlich and Daigle, 1985; Holme 
et al., 2003). The 12,13-epoxide ring is essential for the toxicity of these my-
cotoxins, and removal of this ring results in a significant loss of toxicity (Varga 
and Tóth, 2005). Cytotoxic effect on lymphoid cells and induction of DNA single 
strand breaks in lymphoid and non-lymphoid cells have been associated with T-2 
toxin (Lafarge-Frayssinet et al., 1981; Venkatesh et al., 2005). T-2 toxin was 
found to induce apoptotic cellular lesions in mice (Ihara et al., 1997) and cause 
gene mutation in cultured rodent cells, but it did not show DNA-damaging or 
gene-mutation-inducing effects in bacteria (Cooray and Jonsson, 1990). 

Recent research has shown that both DON and T-2 toxin cause DNA 
fragmentation in chicken spleen leukocytes (Frankič et al., 2006) in vivo and in 
Caco-2 and Vero cell lines in vitro (Bony et al., 2006; Bouaziz et al., 2006). 
However, the exact mechanisms involved in the genotoxicity of trichothecenes 
are not yet completely clear, and no data are available in the literature about the 
genotoxic effect of T-2 toxin due to the activation of oxidative pathways or the 
formation of DNA adducts or direct double/single strand DNA breaks in animals 
such as pigs. 

In recent years, the alkaline comet assay (single cell gel electrophoresis, 
SCGE), which was first described by Östling and Johanson (1984), has become a 
widely used tool in genetic toxicology. According to the guidelines for in vitro 
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genotoxicity testing (Tice et al., 2000) any eukaryote cell can theoretically be 
used in the comet assay; however, for most purposes well-characterised cell lines 
or primary cells (e.g. human lymphocytes) are preferred. 

The main goal of this study was to investigate the dose- and time-dependent 
genotoxic effect of T-2 toxin in comet assay, using peripheral blood mononuclear 
cells (lymphocytes) as target cells, isolated from healthy pigs. A further objective 
was to see whether the lymphocytes of healthy pigs would be sensitive enough to 
show the DNA-damaging effect of T-2 toxin when they are exposed to the toxin in 
vitro. 

 
Materials and methods 

Chemicals 

All chemicals used in this study were obtained from Sigma-Aldrich Ltd. 
(Budapest, Hungary). Specialised chemicals used were: Histopaque-1077, RPMI-
1640 medium, and 4’,6-diamine-2-phenylindol dihydrochloride (DAPI) for stain-
ing. The T-2 mycotoxin standard used in this study was purchased from Sigma 
(St. Louis, Missouri, USA). 

Isolation and purification of mononuclear cells 

Venous blood from a healthy pig (a 4-month-old growing castrated Hun-
garian Large White pig of 24 kg body weight) was mixed with an equal volume 
of RPMI-1640 tissue culture medium. The mixture was overlaid on Histopaque-
1077 and centrifuged at 3000 rpm for 30 min, then the interface layer consisting 
of mononuclear cells was carefully removed with a sterile pipette. The mononu-
clear cells (lymphocytes) were washed 3 times with 15 ml RPMI-1640 and each 
time centrifuged at 3000 rpm for 10 min. Finally, the pelleted cells were resus-
pended in 10 ml of RPMI-1640 medium. 

The experimental protocol was authorised by the Food Chain Safety and 
Animal Health Directorate of the Somogy County Agricultural Office, under 
permission number 23.1/02322/007/2008. 

Exposure to T-2 mycotoxin 

Before the addition of T-2 toxin, cell counts were done as follows: cell 
suspensions (100 μl) were mixed with 100 µl of 0.4% Trypan Blue solution in an 
Eppendorf tube and incubated for 5–10 min at room temperature. A small 
amount of the Trypan Blue–cell suspension mixture was transferred to both 
chambers of a Neubauer counting chamber (haemocytometer) with a cover glass 
in place using a sterile Pasteur pipette. The cell viability (%) was calculated as 
total number of viable cells × 100/total number of viable plus non-viable cells. 
The cell count was adjusted to 5 × 106/ml (95% cell viability). The suspension 
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(100 µl) was transferred to plastic tissue culture plates and 100 µl T-2 toxin stock 
solution (prepared with ethanol and diluted with redistilled water) was added to 
the suspension to give final concentrations of 0, 1 µM, 0,5 µM and 1 µM of T-2 
toxin in a final volume of 200 µl. As control, isolated lymphocytes were placed 
in wells containing redistilled water and ethanol to the same volume as the test. 
The cell suspensions exposed to mycotoxin were incubated at 37 °C in a 5% CO2 
humidified incubator for 24 or 42 h. 

Comet assay 

One percent normal melting point (NMP) agarose was prepared by dis-
solving 0.5 g in 50 ml phosphate buffered saline (PBS) in a beaker and heating in 
a microwave oven until boiling, with occasional mixing until it completely dis-
solved. New slides were coated with warm 1% NMP agarose gel prepared by 
dipping the slide vertically into gel in a beaker, and then they were allowed to 
dry overnight. About 140 µl of 1% warm low melting point (LMP) agarose gel 
(37 °C) in PBS was prepared as above and was added to the incubated cells (5 × 
105 cells/100 µl). The suspension was mixed gently and quickly, then 70 µl was 
transferred to two spots on the previously coated slides. The suspensions were 
covered with cover slips (20 × 20 mm) and allowed to set for at least 10 min at 
4 °C. The coverslips were removed and cell membranes were lysed with lysis 
buffer solution (1% Triton X-100, 2.5 M NaCl, 10 mM Tris, 0.1 M EDTA, pH 10) 
for 1 h at 4 °C. The resulting nucleic acids were unwound in alkaline electropho-
resis buffer (pH 13) in an electrophoresis tank (Cleaver Scientific Ltd., Warwick-
shire, UK) for 40 min at 4 °C and followed by electrophoresis at 25 V (300 mA) 
for 30 min at 4 °C. The slides were placed in neutralising buffer (pH 7.5) with 3 
washes of 5 min each, and finally washed in redistilled water for 5 min. The gels 
were allowed to dry overnight, stained with 30 µl of DAPI working solution, and 
covered with coverslips. The confocal fluorescence images were generated using 
an Olympus Fluoview FV-1000 laser scanning confocal imaging system (Japan). 

Comet assay (DNA damage) scoring 

Manual scoring was done by following the methods of Singh et al. (1988) 
and Collins et al. (1997), in which comets are classified into scores of ‘0’, ‘1’, 
‘2’, ‘3’ and ‘4’ according to DNA damage and head/tail migration (Fig. 1). A 
minimum of 100 cells per samples were scored according to the move or shape 
of the comet that was formed (Hartmann et al., 2003). Each single comet was 
scored visually and assigned into an arbitrary unit from 0 to 4 depending on the 
relative intensity of DNA fluorescence in the tail. 
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Fig. 1. Images of comets from pig lymphocytes stained with DAPI. They represent classes 0 to 4 as 
used for visual scoring 

Statistical analysis 

All statistical calculations were executed using the SPSS 19 software (SPSS 
Inc., Chicago, IL, USA). Examining the dataset with the Kolmogorov-Smirnov 
test, it was found that the data were not normally distributed. Therefore, be-
tween-group comparisons were performed with a non-parametric test (Lovell and 
Omori, 2008), the Kolmogorov-Smirnov Z comparison. These are indicated with 
uppercase indices in the bar graphs. 

To explore the effects of toxin concentration and incubation time on the 
above differences, General Linear Model (GLM) evaluation was performed, the 
comet assay results taken as dependent, while toxin concentration and exposure 
time as fixed factors into the model. As we obtained a significant interaction be-
tween the two fixed factors (P < 0.0001), exposure time and toxin concentration 
were expressed as a single factor (termed toxin treatment) in the further analysis, 
and data were evaluated in the next step by one-way analysis of variance. 

 
 

Results 

The combined effect of incubation time and concentration on the preva-
lence of cells with different comet values was examined. In the case of 24-h 
treatment, the cells with a comet assay score of 4 occurred only in samples with 
the highest (1.0 μM) toxin concentration (Table 1). The number of cells with 
score 3 tended to increase from 0.1 μM to 1.0 μM concentration. Cells with score 2 
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occurred in nearly similar proportions in case of the three doses. The prevalence 
of cells with score 1 was higher in samples treated with 0.5 μM T-2 compared to 
0.1 μM and 1.0 μM concentrations of the toxin. The frequency of cells with score 
0 showed a similar rate in samples exposed to 0.5 μM and 1.0 μM of T-2, while 
in samples treated with the smallest toxin concentration (0.1 μM) a higher value 
was observed. 

Table 1 

Comet assay values with respect to incubation time and concentration of T-2 toxin 

Incubation time 24 h Incubation time 42 h Concentration  
of T-2 toxin 0.1 µM 0.5 µM 1.0 µM 0.1 µM 0.5 µM 1.0 µM 

01   3013 237 218 367 131 150 
Frequency %2 50.2 39.5 36.3 61.2 21.8 25 
1  239 280 237 203 303 365 
Frequency % 39.8 46.7 39.5 33.8 50.5 60.8 
2 42 36 50 30 163 77 
Frequency % 7.00 6.00 8.30 5.00 27.2 12.8 
3 18 47 90 0 3 8 
Frequency % 3.00 7.80 15.0 0 0.50 1.30 
4 0 0 5 0 0 0 
Frequency % 0 0 0.8 0 0 0 

1values of comet scores (0–4); 2frequency of comet scores (%); 3number of cells with the respective 
comet value 

 
After 42-h incubation no cells were found with a comet assay score of 4 

(Table 1). Higher concentrations of T-2 resulted in increased number of cells 
showing a score of 3, like in samples of the 24-hour treatment, but in a much 
lower frequency. The comet assay values of 2 showed the highest prevalence in 
samples treated with 0.5 μM toxin, while the lowest value was observed in sam-
ples exposed to 0.1 μM. In the frequency of score 1, the trend of a dose-
dependent increase was found. Cells with 0 values showed the highest preva-
lence in the samples exposed to the lowest toxin concentration (0.1 μM). 

When investigating the separate effect of incubation time, it was found 
that in samples with 42-h treatment, comet assay values 1 and 2 showed signifi-
cantly higher frequencies as compared to 24-h treatment (Fig. 2). However, cells 
with comet assay values of 0 and 3 had lower frequencies in case of 42-h incuba-
tion, and comet score 4 was not found in these samples. 

Testing the separate dose-dependent effect of T-2 toxin, the highest preva-
lence of 0 values was observed in samples exposed to 0.1 µM T-2 (Fig. 3), while 
values 1, 2 and 3 showed higher frequencies in samples treated with 0.5 and 
1.0 µM T-2 toxin than in those exposed to 0.1 µM T-2 toxin treatment. Cells 
showing the greatest DNA damage (value 4) were observed only in samples 
treated with the highest T-2 toxin concentration (1.0 µM). 
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Fig. 2. Effect of incubation time on comet assay values. abP ≤ 0.05 by Kolmogorov–Smirnov Z test;  
n. a.: not available 
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Fig. 3. Effect of concentration on comet assay values. abcP ≤ 0.05 by Kolmogorov–Smirnov Z test; 
n. a.: not available 

 
The results of GLM analysis proved that exposure time had no significant 

effect (P = 0.251) on the comet assay results, while concentration had (P < 
0.0001). However, a significant interaction was found between the two fixed fac-
tors (dose and time) (P < 0.0001). When we combined exposure time and toxin 
concentration as a single factor, one-way analysis of variance proved a signifi-
cant toxin treatment effect on the comet assay results. 

 
 

Discussion 

To our knowledge, this is the first study in which the peripheral blood 
mononuclear cells of healthy pigs were used in the comet assay to detect the 
concentration- and time-dependent DNA-damaging effect of T-2 toxin. 
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Various in vitro and in vivo studies have been conducted to assess the 
genotoxic potential of T-2 toxin. Lafarge-Frayssinet et al. (1981) detected severe 
damage of the DNA molecule in the spleen and thymic lymphocytes of BALB/c 
mice exposed to low concentrations (5 ng/ml) of T-2 toxin over a short exposure 
time (2 h) by using Parodi’s alkaline elution technique coupled with a micro-
fluorimetric determination of DNA. DNA fragmentation could be observed in 
chicken liver cells within 4 h after T-2 toxin application, which could be pre-
vented by prior administration of the antioxidant vitamin E, indicating that the 
formation of free radicals might be involved in the DNA damage (Jaradat et al., 
2006; Weber et al., 2007). 

In Hungary, farm animals are often exposed to mycotoxins, especially to 
Fusarium toxins, like the trichothecenes such as T-2 toxin. This often involves 
the combined effect of more than one mycotoxin in low doses but for longer ex-
posure times. Trichothecene toxins may cause direct DNA strand breaks or 
modifications in the DNA base oxidation or methylation, which can alter gene 
expression and cell signalling, and consequently inhibit proliferation or even 
cause cell death (Chaudhari et al., 2009). 

Since the first use of the comet assay, it has been widely applied in moni-
toring environmental genetic toxicology in humans, e.g. to investigate the impact 
of dietary factors on DNA stability (Hoelzl et al., 2009). A limitation is that the 
comet assay detects only DNA fragmentation and does not clarify the exact 
mechanisms responsible for the formation of DNA damage. Using this tech-
nique, one of our goals was to evaluate the rate of DNA damage caused by T-2 
toxin in increasing concentrations and after two incubation periods (24 or 42 h). 
We used 0.1, 0.5 and 1.0 µM (46.6, 233 and 466 ng/ml) T-2 toxin concentra-
tions, which can be found in normal human peripheral blood (0.2–1800 ng/ml) 
according to Berek et al. (2001). The tested concentrations were chosen by tak-
ing into consideration the data available in the scientific literature, i.e. data of 
different in vitro tests, summarised in the most recent scientific results of the 
European Food Safety Authority (Schuhmacher-Wolz et al., 2010). In that publi-
cation, inhibition of protein synthesis in mammalian cell cultures treated with T-
2 toxin in vitro was reported, with a concentration of 0.01 ng/ml T-2 toxin result-
ing in a 75% inhibition of viability in rat hepatocytes. Disaggregation of the 
polysomes was reported in HeLa cells treated with T-2 toxin at concentrations of 
1–100 μM (Liao et al., 1976), whereas both DNA and RNA synthesis was inhib-
ited by T-2 toxin in various cell lines at concentrations ranging from > 0.1 to 
~10 ng/ml. Increased reactive oxygen species (ROS) and malondialdehyde (MDA) 
levels with subsequently lower glutathione (GSH) levels were observed at the 
dose level of 10 ng/ml T-2 toxin in human cervical cancer cells in vitro. On the 
other hand, feeding of a diet contaminated with T-2 + HT-2 toxins increased the 
rate of lipid peroxidation as measured by MDA content, but only in the liver ho-
mogenate of chickens (Pál et al., 2009). Using two human cell lines (human renal 
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proximal tubule epithelial cells and normal human lung fibroblast) in primary 
culture, cytotoxic effects were observed on exposure to T-2 toxin. From this 
treatment, IC50 values of 0.2 and 0.5 μM revealed the strong cytotoxic effect on 
the cells and apoptotic cell death was already obvious at a concentration of 0.1 μM. 

Our results are in agreement with the latter data, as even the lowest con-
centration of T-2 toxin used (0.1 μM) caused DNA damage, and about 50% of 
the affected cells could be assigned into one of the categories from 1 to 4 in the 
comet assay. In parallel with the increase of mycotoxin concentration, the fre-
quency of intact lymphocytes decreased from 50.2% (0.1 μM) to 36.3% (1.0 μM) 
in the first 24 h, but no similar change in the frequency of cells assigned to 
scores 1 and 2 was observed. In case of score 3, the highest concentration re-
sulted in a 5-fold frequency compared to the lowest dose. Cells characterised as 
score 4 were found only in case of 1.0 μM T-2 toxin exposure. 

T-2 toxin is supposed to have an acute genotoxic effect as reported by Gi-
roir et al. (1991), who suggested that the highest genotoxic effect occurred within 
the first 24 h after a single orally administered dose of 0.5 mg/kg b.w. to chick-
ens. Consequently, in this study we examined the rate of DNA damage caused to 
the cell by T-2 toxin after 24 and 42 h of exposure. The dose-dependent effect of 
the toxin was shown by the frequency of cells with scores 0, 1 and 2 after 24-h 
exposure and also at the end of the 42-h incubation period. However, after the 
42-h incubation period, the number of cells assigned into category 3 decreased, 
whereas an absence of comet values 4 was observed, probably because the longer 
incubation period resulted in completely disintegrated cells, which could not be 
counted. There is no obvious explanation as to why the lower breakage rated 
comets did not progress to comet values 3 or 4. 

The aim of this study was also to see if the lymphocytes of healthy pigs 
would be sensitive enough to show the genotoxic effect of T-2 toxin when they are 
exposed to T-2 toxin in vitro and to investigate the use of these cells as possible 
model systems, rather than cell cultures or human lymphocytes, for testing 
genotoxicity. Human lymphocytes have been widely used for in vitro exposure 
tests (Ré et al., 1997; Faust et al., 2004), but their application can be complicated 
because of the strict ethical considerations which have to be met and the species 
differences. Therefore, using the mononuclear cells of animals would be a useful 
alternative to human cells. Pigs seem to be a useful model for humans, because in 
many aspects they correlate better to human physiology than other animals and are 
known to be among the animal species most sensitive to mycotoxins (Huff et al., 
1988; Hussein and Brasel, 2001). Furthermore, pig nutrition is based on cereals, 
which can contain considerable amount of mycotoxins, so besides poultry, pigs are 
the most frequently exposed farm animals. In a previous study, we found pig lym-
phocytes to be more sensitive to the cytotoxic effect of mycotoxins than human 
lymphocytes (Mwanza et al., 2009). Thus, using the lymphocytes of the same 
genotype, sex and age may provide homogeneous cells for the study, supporting 
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the reproducibility of the test. Apart from the study mentioned above, there are no 
in vitro studies performed on cells derived from pigs which evaluated the 
genotoxic effect of T-2 toxin, although the comet assay has been used for other 
purposes, e.g. by Kruszewski et al. (2008). The work of Frankič et al. (2008) in an 
in vivo study showed that DON and T-2 toxin induced DNA damage in pig lym-
phocytes as measured by the comet assay, after feeding two groups of animals with 
feeds containing 4 and 3 mg/kg toxin, respectively. Similar results were obtained 
in experiments with chickens (Frankič et al., 2006; Sokolovic et al., 2008). 

This study supports the suggestion that the comet test using pig lympho-
cytes from healthy animals may be used for estimating the time- and dose-
dependent genotoxicity of single and combined mycotoxins. Another approach 
of this method may be to use pig lymphocytes in the comet assay to screen ex-
tracts of agricultural commodities and food, testing if they are contaminated by 
any genotoxic substance; however, the results of the comet assay are not specific, 
and the potentially genotoxic compounds can be identified only by analytical 
methods. By using this approach, in many cases the time- and cost-demanding 
chemical analyses and/or animal experiments can be avoided. This suggestion 
was supported by the preliminary results of Maenetje et al. (2008), who used 
human lymphocytes in cytotoxicity testing and found that the methyl thiazole 
tetrazolium (MTT) test allowed screening of barley extracts containing deoxyni-
valenol (DON), ochratoxin A and fumonisin B1 mycotoxins. 

In conclusion, the time- and dose-dependent DNA-damaging effect of T-2 
toxin could be demonstrated in the comet assay, by using healthy pigs’ periph-
eral blood mononuclear cells and exposing them in vitro to 0.1, 0.5 and 1.0 μM 
toxin for 24 and 42 h. 
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