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Abstract 

An investigation of mycotoxin induced damage and remediation strategies in 

porcine intestinal cells 

Asmita Thapa 

Mycotoxins are naturally occurring secondary metabolites, produced by fungal species, 

and can be toxic to both humans and animals when consumed. Deoxynivalenol (DON) is 

one of the most commonly occurring mycotoxins and is found to be a common 

contaminant of cereal grains that are consumed by humans and animals. Consumption of 

DON contaminated feed can result in vomiting, refusal of feed and reduced weight gain. 

Zearalenone (ZEN) is an oestrogenic mycotoxin that has been shown to have a negative 

effect on the reproductive function of animals. The structure of ZEN resembles that of 

naturally occurring oestrogens, which allows it to bind to oestrogenic receptors, resulting 

in hormonal disturbances. It has been shown that pigs are most susceptible to both DON 

and ZEN toxicity through their feeds. The European Food Safety Authority (EFSA) has 

suggested that the maximum level DON in pig feed should not exceed 0.9 ppm and ZEN 

in feed for sows and fattening pigs should not exceed 0.25 ppm. DON and ZEN are 

commonly found to co-occur as both are produced by the Fusarium species. Their 

common co-occurrence makes it a critical issue in the agriculture industry. Organic 

selenium yeasts are frequently used as an animal feed supplement as it has a positive 

impact on animal health. Mycotoxin binders that reduce the amount of mycotoxin 

absorbed by animals are also used as supplements to animal feeds. In this thesis, the effect 

of DON and ZEN, individually and combined, on the cell viability, DNA damage and 

apoptosis of porcine intestinal epithelial (IPEC-J2) cells was studied. Additionally, the 

potential ameliorative effects of organic selenium yeast and polyunsaturated fatty acids 

from a mycotoxin binder (Mycosorb A+) against mycotoxin-induced damage was 

investigated. This research illustrates the damaging effects of the co-occurring 

mycotoxins and a potential mitigation strategy against such damage.  
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1.1 Introduction to mycotoxins 

1.1.1 What are mycotoxins? 

It has been estimated by the Food and Agriculture Organisation (FAO) of the United 

Nations that at least 25% of the world’s crops are contaminated by mycotoxins each year 

1. This is of global concern, as ingestion of mycotoxin or mycotoxin contaminated food 

can result in the accumulation of the toxin in organs or tissues which is a cause of concern 

due to their immunosuppressive and carcinogenic effects 2. Mycotoxins are structurally 

diverse, low molecular mass, toxic fungal metabolites 3,4. They are naturally occurring 

secondary metabolites produced by moulds and are further defined as toxins produced by 

fungi that are harmful in low concentrations 3–5. They are often found in many staple 

foods including maize, cereals and nuts.  Mycotoxins make their way easily into the food 

chain as they contaminate and have toxic effects on animal feed, raw materials for these 

feeds and human food 3,5,6 .  

 

Figure 1.1: Factors that affect the occurrence of mycotoxins in food and feedstuff 

adapted from Pestka and Casale 1990 and Bryden 2012 7,8 

Chemical, physical and biological factors can affect the growth and production of 

mycotoxins. Physical factors include moisture content, rainfall and temperature, meaning 

that weather plays a big a role in the growth of mould and the resultant production of 
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mycotoxins. Chemical factors can include carbon dioxide, oxygen content and pesticide 

concentrations. Plant variety, stress and insects are some of the biological factors that 

may play a role in mycotoxin production 7. Production of mycotoxin can occur during 

harvest, in the field and even during storage if the right conditions are met 9. Figure 1.1 

illustrates some of the factors that affect the occurrence of mycotoxins in food and 

feedstuff 7.  

1.1.2 Mycotoxin impacts 

Mycotoxin contamination of food, feed and raw products is a growing cause of concern 

due to their negative effects on animals and human health 4,10,11. It has been estimated by 

the FAO that around 25% of the world’s food crops are contaminated with mycotoxins 1. 

Some of these mycotoxins are known carcinogens such as aflatoxin B1 (AFB1) which is 

carcinogenic in humans 12.  

As well as detrimental health impacts, economic losses are also a huge issue as a result 

of mycotoxin contamination. Economic losses include different types of costs such as 

loss of contaminated feed, equipment required for the cleaning and sorting to reduce 

mycotoxins, health costs and reduction of animal productivity 7. It was announced by the 

Partnership for Aflatoxin Control in Africa (PACA) that in Africa there is a loss of $670 

million annually due to aflatoxin contamination 13.  

In the United States (US), it was estimated by the Food and Drug Administration (FDA) 

in 2003 that the average economic costs of crop losses due to aflatoxins, fumonisins and 

deoxynivalenol to be $932 million annually 14.  In the Council for Agricultural Science 

and Technology (CAST) 2003 report, it was estimated that the annual losses in the USA 

ranged from $0.5 million to over $1.5 billion due to aflatoxin (AF) contamination in corns 

and peanuts, fumonisin in corn and deoxynivalenol (DON) in wheat 15. In wheat, the 

majority of the loss is due to fusarium head blight (FHB) resulting from the presence of 

DON. In 1933, there was a loss of $200 to $400 million due to the infection. In 1996 

again based on US data, $300 million was lost to farmers again due to this infection 16.  

Costs are also incurred due to investments in research programs to prevent and mitigate 

mycotoxin contamination in crops. In the year 2000, approximately $17.7 million was 

spent on research focused towards the prevention of mycotoxin production in crops by 

the United States Department of Agriculture (USDA) Agricultural research service 
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(ARS). According to the USDA’s Cooperative State Research Education and Extension 

Service (CSREES) report, $4.7 million was spent on mycotoxin research in 2003 15,16.  

The values above demonstrate the impact of mycotoxin in the world. It shows that it is 

important to address this issue and that more research is required in mitigating this 

problem. The importance of the issue has been highlighted in a press release by the 

International Agency for Research on Cancer (IARC) and World Health Organisation 

(WHO) in 2016. The chair of the IARC working group stated that due to mycotoxins 

“more than 160 million children younger than 5 years are stunted” 17.   

1.1.3 Characterisation of mycotoxins by fungal species source  

There are many different ways to group mycotoxins, for example, they can be grouped 

by the organs that they affect or the illness that they cause. Most commonly, they are 

grouped by the fungus from which they are produced 18. The main types of fungi that 

produce mycotoxins, namely Aspergillus, Fusarium and Penicillium, are shown in Table 

1.1 19. 

Table 1.1: Mycotoxins, fungal species that produce them and their health effects 20–24  

Mycotoxin Fungal Species Human health effects 

Deoxynivalenol Fusarium 
Growth stunt, reproductive disorder, 

vomiting,  feed refusal 

Zearalenone Fusarium Hormonal imbalance, oestrogenic effects 

Aflatoxins Aspergillus 

Haemorrhage, liver damage 

carcinogenesis, gastrointestinal 

dysfunction, anaemia, jaundice, reduced 

reproductivity 

Ochratoxins 
Aspergillus, 

Penicillium 
Carcinogenesis, nephrotoxicity 
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Mycotoxins can infect crops both during, before and after harvesting. Fusarium is a field 

fungus, producing mycotoxins on field crops before harvesting 25. Fusarium head blight 

is one of the main fungal diseases that affects wheat, barley, maize and other small grains. 

As well as producing trichothecenes, a major group of mycotoxins, fusarium is also 

responsible for the production of Zearalenone (ZEN), T-2 and HT-2 toxins 26–28. 

Fusarium contamination of cereal grains and animal feed is a cause of concern as 

ingestion of contaminated feed can result in mycotoxicoses 25. F. gremanarium is the 

predominant FHB species and produces the mycotoxins zearalenone and deoxynivalenol 

26,29.  

In contrast, Aspergillus is a problematic fungus during storage, as it infects crops after 

they have been harvested 25. Members of the Aspergillus family, A. flavus and A. 

parasiticus produce one of the most toxic mycotoxins, aflatoxin 30. Aflatoxin has been 

identified as harmful since the 1960s, after the death of 100,000 turkeys, in an incident 

that has become known as the turkey X disease. The turkeys died after the consumption 

of groundnuts that were contaminated with A. flavus, which resulted in an acute necrosis 

of the liver 18,31,32.  

The mycotoxins ochratoxin A (OTA) and patulin are produced by members of the 

Aspergillus and Penicillium genus, and can contaminate grains both prior to harvest or 

more commonly during storage 33,34. OTA, which is mainly found in wheat, barley and 

rye, is produced by P. verrucosum and A. ochraceus, 35. P. expansum and P. griseofulvum 

are the producers of the neurotoxic and immunotoxic mycotoxin Patulin 36. 
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1.2 Chemistry and effects of some major mycotoxins  

There are hundreds of known mycotoxins 11,37. From these, AFs, ochratoxins, ZEN and 

trichothecenes such as DON are commonly found to contaminate cereal grains, thus 

resulting in their presence in animal feed 37,38. These mycotoxins can vary in their 

chemistry, occurrence and effects they can have on humans and animals 11.  

1.2.1 Aflatoxins  

AFs are toxic metabolites produced from the fungal species A. flavus and A. parasiticus 

and are potent liver toxins 3,32. These toxins infect cereals crops, nuts, spices and oilseeds 

39,40. Infections can occur during harvest or storage. Warm conditions are favoured for 

the production of aflatoxins, with the optimum temperature for growth being 33 °C 41.  

There are four major aflatoxins, denoted by AFB1, AFB2, AFG1 and AFG2 and these 

are known by their fluorescing properties. AFB1 and AFB2 fluoresce blue under 

ultraviolet light, whereas AFG1 and AFG2 fluoresce yellow-green 19. Their structures are 

shown in Figure 1.2. AFB1 and AFG1 have been identified as being carcinogenic and 

more toxic than the other two, with AFB1 being more toxic than AFG1 42.  

 

Figure 1.2: Structures of the four major aflatoxins; AFB1, AFB2, AFG1 and AFG2 42.   
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AFs are highly liposoluble compounds 43 and due to this are difficult to remove by 

washing 44. They are generally toxic to the liver and AFB1 is the most harmful. They are 

also teratogenic, carcinogenic and immunosuppressive compounds 38.  

1.2.2 Ochratoxins  

Ochratoxins are a group of mycotoxins produced by Aspergillus and Penicillium and are 

found in maize, dry beans, wheat, barley, oats and grapes 2,34.The main forms of this 

group are OTA, ochratoxin B (OTB) and ochratoxin C (OTC), from which OTA is both 

the most common and the most toxic 2,45. It is a highly stable compound that can withstand 

temperatures as high as 250 °C and therefore is not entirely removed during everyday 

food preparation methods 2,46. OTA is known for its nephrotoxic effects to both human 

and animals and is also classified as a carcinogen in animals and a Group 2b possible 

carcinogen in humans by the IARC 35,47,48. OTB is an unchlorinated form of OTA and 

OTC is an ethyl ester of OTA 45. OTB is less toxic than OTA but they often co-occur 49. 

Their structures are shown in Figure 1.3. 

 

Figure 1.3: The structure of the different types of Ochratoxins; OTA, OTB and OTC 50. 

1.2.3 Trichothecenes  

Trichothecenes are one of the biggest groups of mycotoxins and are produced by various 

fungal species, including Fusarium, Trichothecium, Myrothecium and Stachybotrys 21,51. 

They are a group of structurally related mycotoxins and all have a tetracyclic 
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sesquiterpenoid 12,13-epoxytrichothec-9-ene ring. There are four types of 

trichothecenes, shown in Figure 1.4, divided by their chemical structures and the 

functional groups present, type A, B, C and D. Trichothecenes all have a C9,10 double 

bond and an epoxide group at C12,13 in common 52.  

Type A trichothecene includes T-2 toxin and HT-2 toxin amongst others 51,53. 

Structurally, type A trichothecenes differ from type B as they do not contain a carbonyl 

in the C-8 position. Type A trichothecenes are highly toxic, especially T-2 toxin, which 

is amongst the most toxic. 53. It can have harmful effects on poultry, ruminants and swine 

resulting in weight loss, haemorrhage, necrosis, decreased blood cell count, 

deoxyribonucleic acid (DNA) damage and induction of apoptosis 54.  

 

Figure 1.4: The structure of the four types of trichothecenes Type A, B, C and D. Type A 

does not have a carbonyl group that is present in the C-8 position of type B trichothecene. 

Type C has an additional epoxide at C7/C8 and Type D has a ring at the C4/C15 position 

51. 
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A keto-carbonyl group is present at the C8 position of type B trichothecenes. Fusarium 

type B compounds have a hydroxyl group in the C-7 position, represented mainly by 

DON and nivalenol (NIV) 51,55. These mycotoxins have many toxicological effects such 

as depression, nausea, feed refusal, vomiting and skin irritability 56.  

Type C trichothecenes are non-Fusarium trichothecenes and have a second epoxide at 

the C7/C8 position. An example of a Type C trichothecene, which is less common than 

the other types, is crotocin 51,53. A macrocyclic ring linking the C4 to the C15 position 

makes the Type D trichothecene more distinguishable from the others 51. Satratoxins, 

verrucarins, myrotoxins and roridins are some examples of Type D trichothecenes 51,53. 

ZEN and DON are two commonly occurring mycotoxins 11,38. They will be discussed in 

more detail in the next section 1.3 and 1.4 as they are the focus of this thesis. ZEN and 

DON were chosen for this project as they have often been found to contaminate animal 

feed and can result in detrimental effects on animal health. Additionally, as they are both 

produced by the same Fusarium species, they are often found to co-occur and co-

contaminate grains 19,38. Thus, these mycotoxins were chosen for this study in order to 

investigate their individual and combined effects on porcine intestinal epithelial cells.  
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1.3 Zearalenone 

1.3.1 Structure and mode of action  

ZEN, shown in Figure 1.5, is one of the most important Fusarium mycotoxins, produced 

by several species including F. graminearum, F. culmorum, F. cerealis and F. equiseti 

57,58. It is a non-steroidal oestrogenic mycotoxin found mainly in corn, wheat, oats, barley 

and sesame seeds 57,59. The production of ZEN is greatest at cool temperatures and high 

humidity 14. It is a stable compound that does not degrade during storage and food 

preparation or at high temperatures 60.  

ZEN has a resorcyclic acid lactone structure and is similar to that of naturally occurring 

oestrogens such as 17-β-oestradiol. As a consequence, ZEN mimics the activity of 

oestrogens and binds to mammalian oestrogen receptors (ER) and is therefore classified 

as a xenoestrogen 61. Due to its ability to bind to ERs, consumption of feed contaminated 

with ZEN results in the disruption of hormonal balance and perturbance of the 

reproductive system in farm animals 23,62. ZEN is also known to be hepatotoxic, genotoxic 

and can cause immunosuppression 63. It has been classified as group 3 (‘not classifiable 

as to its carcinogenicity to humans) by the IARC 64.  

 

Figure 1.5: The chemical structure of zearalenone 19 

Following oral exposure, ZEN is absorbed rapidly and is metabolised in the liver. There 

are two major pathways for the biotransformation of ZEN by animals 65. 

Biotransformation via hydroxylation results in the formation of the two major metabolites 

of ZEN, namely α-zearalenol (α-ZOL) and β- zearalenol (β-ZOL), which are believed to 

be catalysed by 3α- and 3β-hydroxysteroid dehydrogenases. The second pathway is the 
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conjugation of ZEN and its reduced metabolites with glucuronic acid and sulphate 

resulting in the formation of the metabolites ZEA-14-O-glucoside, ZEA-16-O-glucoside 

and ZEA-14-sulphate 23,59,62,63,65.  

α-ZOL and β-ZOL, are also produced by Fusarium at much lower concentrations than 

ZEN and differ in their binding affinities to ERs 66. α-ZOL is known to have a higher 

affinity for ERs than ZEN and its other metabolites 67. Due to this ZEN is more reactive 

and toxic in species where the biotransformation to α-ZOL is preferred 68. The 

metabolism of ZEN is highly dependent on the animal species. Pigs are more susceptible 

to ZEN toxicity than any other domestic animals due to the fact that the toxin is mainly 

metabolised to α-ZOL. In contrast, ZEN is mostly converted to β-ZOL in cattle thus 

making them less susceptible to its toxicity 66,69.  

1.3.2 Occurrence of ZEN 

ZEN is commonly found contaminating cereals in warm and temperate climates. In the 

Republic of Serbia, ZEN was detected in 12%, 37%, 100% and 53% of maize samples in 

2012, 2013, 2014 and 2015, respectively. The weather conditions for each year were also 

analysed in the same study and it was found that the detection of ZEN in all of the 2014 

samples correlated with extreme wet weather conditions that year 70. Another study also 

showed the presence of ZEN in Romanian wheat was found to be more elevated with 

higher amounts of rainfall 71. In a ten-year study (2008 – 2017), samples of feed and feed 

raw materials were collected from 100 countries and analysed for the presence of 

mycotoxins. The study showed a presence of ZEN in 45% of the total 61,413 samples 

tested. The study also showed that there was a variation in ZEN concentrations each year 

and it was suggested that the variation might have corresponded with the amount of 

rainfall 72.  

The occurrence of ZEN in various food products has been noted in several studies. In a 

Turkish study, ZEN was found in 4% of 50 wheat samples, 20% of 15 maize samples, 

55% of 20 paddy rice samples and 4% of 50 wheat flour samples 73. The occurrence of 

ZEN in corn meal that was produced and commercialised in Brazil, found that of the 84 

samples that were examined, 78.6% (66) tested positive for ZEN 74. In India, samples of 

corn, rice, wheat and oats from local markets were tested for ZEN.  It was found that 84% 

of the 117 samples were contaminated with ZEN, with 33% of the samples exceeding the 

EU permissible limit (Table 1.2) 75. In another study, 43% of maize kernel samples from 
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Poland (2011 and 2012) tested positive for ZEN 76. The limits for the presence of ZEN 

within the European Union (EU) are described by the Commission Regulation (EC) and 

these values are highlighted in Table 1.2. The European Food Safety Authority (EFSA) 

collects and examines the occurrence data on mycotoxins in both food and feed. They 

provide scientific advice on setting the maximum levels in food and feed by evaluating 

the risk posed to humans and animals. Exposure of mycotoxins to specific populations 

and groups of humans (children, infants or adults) and animals (different species) are also 

analysed by appointed expert panels. The EU commission then sets maximum levels for 

mycotoxins in food and feed following the advice and information provided 77. 
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Table 1.2: Maximum levels of ZEN in various foodstuffs. Table adapted from 

Commission Regulation (EC) No. 1881/2006 of 19 December 2006 setting maximum 

levels for certain contaminants in foodstuffs 78  

Foodstuffs 
Maximum 

level (µg/kg) 

Unprocessed cereals other than maize 100 

Unprocessed maize except for unprocessed maize intended to be 

processed by wet milling 
350 

Cereals intended for direct human consumption, cereal flour, bran 

and germ as end product marketed for direct human consumption 
75 

Bread (including small bakery wares), pastries, biscuits, cereal 

snacks and breakfast cereals, excluding maize-snacks and maize-

based breakfast cereals 

50 

Maize intended for direct human consumption, maize-based snacks 

and maize-based breakfast cereals  
100 

Processed cereal based foods  and baby foods for infants and young 

children 
20 

 

1.3.3 Toxic effects of ZEN 

The toxicity of ZEN has been studied on various cell lines, especially its cytotoxicity, 

genotoxicity and induction of apoptosis. A study investigated the effect of ZEN on IPEC-

J2 cells by incubating cells with ZEN for 24 hours. The results showed that there was a 

decrease in cell viability at ZEN concentrations of 10 -100 µM. ZEN was also shown to 

inhibit cell proliferation at 40 µM resulting in decreased cell count 79. A concentration 

dependent decrease of cell viability was also observed when Caco-2 cells were incubated 

with ZEN (1-150 µM) for 72 h. The neutral red test and the MTT assay was used to 
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measure cell viability in this study and it was found that ZEN has an effect on both the 

membrane integrity and the mitochondrial metabolism of Caco-2 cells 80. These results 

correlate with another study where the cytotoxicity of ZEN was analysed on HepG2 cells. 

The cells were incubated with increasing concentrations of ZEN (1-200 µM) for 24 h and 

the MTT assay was used to measure cell viability in this study. The results of the assay 

showed a dose-dependent decrease in cell viability where the cell viability was 48% at 

100 µM and 11% at 200 µM ZEN 81. HepG2 cells were used in a different study where 

the cytotoxicity of ZEN and its two metabolites α-ZOL, and β-ZOL was analysed by the 

neutral red assay. The results of this study also showed a dose-dependent decrease of cell 

viability and β-ZOL was found to be the most toxic, based on the half maximal inhibitory 

concentration (IC50) values, followed by ZEN and α-ZOL 82.  

Elsewhere, it was shown that ZEN was cytotoxic at high concentrations but at low 

concentrations, it increased cell proliferation. Human colon carcinoma cell line HCT116 

was treated with increasing concentrations of ZEN for 120 h and cell proliferation was 

measured. After 120 h of exposure, ZEN enhanced cell proliferation at low 

concentrations between 1 nM to 1 µM. To measure cell viability, the cells were treated 

with ZEN (0 - 320 µM) for 48 h. The blue methylene assay showed that there was a dose-

dependent inhibition of cell viability with concentrations higher than 20 µM 83. A similar 

trend was observed in another study looking at the effect of ZEN in IPEC-J2 cells. After 

48 hour incubation with ZEN, there was a significant increase in cell viability at 10 µM, 

which was followed by a significant decrease in viability when the concentration of the 

toxin was increased to 40 µM 84. These studies have shown that the low doses of ZEN 

can result in increased cell proliferation but high doses of the mycotoxin can result in 

decreased cell viability and cell death.  

The genotoxicity of ZEN has been studied on various cell lines. In a study investigating 

DNA damage induced by ZEN, HEK293 cells were exposed increasing concentrations 

of ZEN (0 -20 µM) for 2 h. The comet assay was used to detect DNA strand breaks in the 

cells. The results of the assay showed that there was an increase in DNA damage, 

indicated by the percentage of DNA in the tail of the comet, with increasing 

concentrations of ZEN. Percentage tail DNA for cells incubated with 0, 10 and 20 µM 

ZEN was 2.27 ± 1.17, 5.44 ± 4.64 and 14.64 ± 4.25 respectively 85. In another study the 

comet assay and the gel electrophoresis assay was used to examine the induction of DNA 
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damage by ZEN on the SH-SY5Y human neuroblastoma cell line. The tail length of the 

comet was used to measure the level of DNA damage in the cell. An increase in tail length 

was found with increasing concentration of ZEN. The cells exposed to 0, 25 and 100 µM 

ZEN had a tail length of 10.0 ± 1.5, 31 ± 2.6 and 83 ± 5.3 µm respectively. The gel 

electrophoresis assay used in the study also showed a ladder pattern as an indication of 

DNA fragmentation 86. Similarly, in another study it was found that ZEN induced 

oxidative DNA damage in HepG2 cells by using the comet assay with repair enzymes 87.  

Apoptosis is defined as programmed cell death and ZEN has been shown to induce cell 

apoptosis. Induction of apoptosis by ZEN was detected by flow cytometric analysis in a 

bovine mammary epithelial cell line. Cells were exposed to ZEN for 24 hours and the 

results showed that there was an increase in the number of apoptotic cells in the ZEN 

treated cells when compared to the control cells 88. Elsewhere ZEN was found to induce 

apoptosis in porcine granulosa cells. The cells were exposed to 0 (control), 10 and 30 µM 

ZEN for 48 h and an increase in early and late apoptotic cells was seen with increasing 

concentration. The percentage of early apoptotic cells for the control, 10 and 30 µM cells 

were 3.28%, 4.72% and 5.59% respectively and the percentage of late apoptotic cells for 

the same groups were 10%, 14.3% and 29.3% respectively 89. Similar results were found 

when rat Sertoli cells were treated with 0, 5, 10 and 20 µM ZEN. An increase in the 

apoptosis rate of the cells was detected, by flow cytometry, with an increase in ZEN 

concentration. The upregulation of the pro-apoptotic proteins, Bid and Bax, and the 

down-regulation of the anti-apoptotic protein, Bcl-2, was also detected 90. In another 

study, the effect of ZEN in the intestine of juvenile grass carp was investigated. Six 

different concentrations of ZEN between 0-2500 µg/kg was used to contaminate the fish 

feed. It was found that the diet with ZEN concentration greater than or equal to 1548 

µg/kg resulted in the induction of apoptosis by up-regulation of apoptosis promoters 

caspase-2, caspase-8 and caspase-9 as well as apoptosis executers caspase-3, caspase-7 

and pro-apoptotic Apaf-1, Bax, and FasL. It should be considered, however that the 

concentration of ZEN used in this study is significantly higher than the limits set by EFSA 

for maximum levels of ZEN in feeding stuff (Table 1.3). It also lead to the decrease of 

gene expressions of anti-apoptotic Bcl-2and Mcl-2. The results showed that ZEN induced 

apoptosis in the fish intestine 91.  
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Table 1.3: Guidance values provided by the Environmental Food Safety Authority 

(EFSA) for limit of ZEN in feeding stuff, adapted from Commission Regulation (EC) 17 

August 2006 on the presence of deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-

2 and fumonisins in products intended for animal feeding 92 

Feed products 

Guidance value in ppm 

relative to a feeding-stuff 

with a moisture content of 

12% 

Cereals and cereal products with the exception of 

maize by-products 
2 

Maize by-products 3 

Complementary and complete feedingstuffs for 

piglets and gilts (young sows) 
0.1 

Complementary and complete feedingstuffs for 

sows and fattening pigs  
0.25 

Complementary and complete feeding stuff for 

calves, dairy cattle, sheep (including lamb) and 

goats (including kids) 

0.5 

Due to the toxicity of ZEN, EFSA recommends a maximum of 2 ppm ZEN in cereal and 

cereal products and 3 ppm for maize by-products for use in feed materials, as shown in 

Table 1.3. The limit for ZEN in feedstuff for piglets and gilts is 0.1 ppm and for sows and 

fattening pigs is 0.25 ppm 92. 
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1.4 Deoxynivalenol  

1.4.1 Structure and mode of action  

DON is a mycotoxin produced in grains infected with F. graminearum and F. culmorum. 

It is to be found mostly in wheat, barley, rye and corn. DON is the most commonly found 

type B trichothecene. Its structure is shown in Figure 1.6 93. DON has two secondary and 

one primary hydroxyl groups present along with an epoxide and a conjugated ketone, 

either of which may be associated with DON’s toxicity 94. 

 

Figure 1.6: The chemical structure of deoxynivalenol 94.  

The epoxide on the C12/13 position of DON is considered essential for its toxicity, as it 

is necessary for the inhibition of protein synthesis, which is the main reported mode of 

action of DON 95–97. It has been shown that the opening of the epoxide results in a loss of 

toxic activity of DON 98. The role that the group plays in DON toxicity has been 

demonstrated by studies that have shown that the de-epoxy metabolites of DON are less 

toxic than DON itself 99–101. In one study the cytotoxicity of DON and another 

trichothecene, NIV and their de-epoxy metabolite was compared using a BrdU bioassay. 

The results illustrated that the de-epoxy metabolites of DON and NIV were 54 and 55 

times less toxic, respectively, than the toxins with the epoxide ring 99. Similar results were 

obtained in another study where the cytotoxicity of DON and deepoxy-deoxynivalenol 

(DOM-1) were compared and in which the lack of DOM-1 toxicity was confirmed using 

six different cytotoxicity assays 101. Thus, it can be concluded that the 12, 13-epoxide 

ring plays an important role in DON toxicity. 
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The presence of the hydroxyl groups may also be associated with the toxicity of 

trichothecenes. In a study by Shima et al., the hydroxyl group in the C3 position was 

transformed to oxygen by oxidative biotransformation, resulting in the formation of 3-

keto-DON, illustrated in Figure 1.7. It was found that this compound displayed a reduced 

immunosuppressive toxicity in comparison to DON 102. NIV, a type B trichothecene, is 

structurally very similar to DON, the only difference being the hydroxyl group at the C4 

position of NIV. However, NIV is found to be more toxic than DON, which shows that 

the position of a hydroxyl group in trichothecenes is relevant 103. In a study investigating 

the toxicity of NIV and DON on jejunum mucosa, acute exposure to NIV was found to 

be more toxic than DON. Exposure to NIV resulted in mucosal changes at lower 

concentrations than DON 104. In a study comparing the toxicity of various DON family 

mycotoxins, NIV was found to be the most toxic mycotoxin, followed by fusarenon-X 

and DON. The acetyl derivatives of DON were found to be the least toxic, with 15-

acetyldeoxynivalenol (15-ADON) more toxic than 3-acetyldeoxynivalenol (3-ADON) 

105.  

 

Figure 1.7: Structure of de-epoxy DON and 3-keto DON, which are both less toxic than 

DON due to their missing epoxide and hydroxyl groups respectively 106,107.   

The primary mode of action of DON and other trichothecenes is the inhibition of protein 

synthesis.  An intact C12-13 epoxide and a double bond at C9-10 position is essential for 

this inhibitory activity. DON binds to the 60 S subunit of the eukaryotic ribosome and 

interferes with the action of peptidyl transferase 108,109. In a study investigating the effect 

of DON on protein content and synthesis on human intestinal epithelial Caco-2 cells 

derived from colorectal carcinoma tissue, it was found that there was a concentration-

dependent effect of DON on the total protein content of the cells. A similar trend was 

also observed in terms of protein synthesis in mature Caco-2 cells 110. In a study by 
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Ghareeb et al. the mRNA levels of IFN-γ, IL-1β and TGFBR1 were down regulated by 

DON in jejunal tissues of broiler chickens 111. Another study was carried out to 

investigate the effect of DON on protein synthesis in pig tissues. Pigs were fed a DON 

contaminated diet where the DON concentration used were 2 µg/kg (control group), 77 

µg/kg (chronic oral), 83 µg/kg (acute oral) and 53 µg/kg (acute intravenous). The results 

showed a significant reduction in overall protein synthesis in the kidneys, spleen and 

ileum of DON exposed pigs 112. 

1.4.2 Occurrence of DON 

Although DON is not the most toxic trichothecene, it is one of the most commonly found. 

Studies have shown that it can be globally present in wheat, barley, maize and rice, 

amongst others 19,113. A review by Tola and Kebede suggested that there are five 

mycotoxins that occur more often in food than others and DON was one of the five listed 

along with the fumonisins, aflatoxins, OTA and ZEN 114. In a three-year study conducted 

in America, Europe and Asia between 2009 and 2011, 7049 samples were analysed for 

mycotoxins. The samples included soybean, wheat, dried distillers grains with soluble 

and finished feed. The study showed that DON was present in over half of the samples 

analysed (59%) 115. The common occurrence of DON in food and animal feed is clearly 

a problem in both the food industry and the livestock industry 116. The limits for the 

presence of DON within the EU are highlighted in Table 1.4.  
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 Table 1.4: Maximum levels of DON in various foodstuffs. Table adapted from 

Commission Regulation (EC) No. 1881/2006 of 19 December 2006 setting maximum 

levels for certain contaminants in foodstuffs 78. 

Foodstuff 
Maximum level 

(µg/kg) 

Unprocessed cereals except durum wheat, oats and maize 1250 

Unprocessed durum wheat and oats 1750 

Unprocessed maize except for unprocessed maize intended to be 

processed by wet milling 
1750 

Cereals intended for direct human consumption, cereal flour, 

bran and germ as end product marketed for direct human 

consumption 

750 

Dry pasta 750 

Bread, pastries, biscuits, cereal snacks and breakfast cereal 500 

Processed cereal based foods and baby foods for infants and 

young children 
200 

The common occurrence of DON is a cause of concern, as it is a very stable compound, 

both in storage and during the food preparation stage 117. It has been found that low 

temperature along with high humidity and heavy rainfall can increase the concentration 

of DON 118,119. A study by Hoogenboom et al. involving wheat samples collected in 2003 

and 2004 from the Netherlands revealed levels of DON found in the 2003 samples was 

below 1000 µg/kg, below the maximum level for the EU. However, for the samples 

collected in August 2004, after a period of heavy rainfall, the level of DON found was as 

high as 11,000 µg/kg, by far in exceedance of maximum EC levels 120.  
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In Luxemburg (2007 and 2008), 75% of 33 fields of winter wheat sampled were found to 

have DON contamination. Nine percent of these exceeded the recommended EU 

maximum level of DON for unprocessed wheat (Table 1.4) 121. In a study in The 

Netherlands, 57 out of 86 samples that were collected from winter wheat fields in 2009 

tested positive for DON. The maximum concentration of DON found in these samples 

was 2524 µg/kg 122. In Argentina, 120 samples of freshly harvested wheat from nine 

locations in the Northern Buenos Aires Province (2004) confirmed that 85% of the 

samples were contaminated with DON. The maximum level of DON found in the samples 

was 2788 µg/kg 123. In China in the Jiangsu province 74.4% of 180 wheat samples 

harvested in 2010 – 2012 tested positive for DON 124. In another study, 16 out of 23 

samples from the latter half of 2006 from South Africa were contaminated with DON 125. 

These studies highlight the global occurrence of DON and therefore the importance of 

efforts to mitigate the effect of the toxin 113.  

DON often co-occurs with other fusarium toxins such as ZEA and NIV. A study 

investigated wheat samples from seven states of Brazil and DON was found to co-occur 

with NIV and ZEA in 43% of the 745 samples 126. In Portugal, 307 samples of plant crops 

were taken and ZEA and DON co-occurrence was found in 46 of those samples with a 

mean ZEA concentration of 0.17 mg/kg and mean DON concentration of 0.07 mg/kg 127. 

It is also sometimes found with lower concentrations of its two acetylated forms, 3-

ADON and 15-ADON 52,105,109. In Lithuania, 103 samples of spring wheat grain were 

tested for the presence and co-occurrence of DON, 3-ADON and 15-ADON. The samples 

were grouped as per the production system – organic, sustainable and intensive. It was 

shown that 81% of samples from the intensive production system was contaminated with 

a combination of all three mycotoxins. DON was found on its own in 10% of the samples, 

and 5% was contaminated with a combination of DON and 15-ADON and 1% with a 

combination of DON and 3-ADON 128. Out of 370 wheat samples tested for Fusarium 

mycotoxins in China, it was found that 368 samples were contaminated with more than 

one Fusarium mycotoxins. The results showed that DON was found in co-occurrence 

with six other mycotoxins: 3-ADON, 15-ADON, NIV, ZEN, fusarenon-X (FX) and 

DON-3G 129.  
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1.4.3 Toxic effects of DON  

DON is toxic to both humans and animals when ingested. It mainly affects the immune 

system and the gastrointestinal tract and can result in nausea, diarrhoea and vomiting 

10,110. Among animals, pigs are the most sensitive to DON toxicity and the main effect of 

its consumption is feed refusal or decreased intake of feed 130. A study carried out by 

Waché et al. showed that consumption of DON contaminated feed (at 2800 g/kg) 

resulted in decreases in both feed intake and weight gain in pigs 130.  

Elsewhere Kolf-Clauw et al. exposed pig jejunal cells to DON and recorded time and 

dose dependent toxicity responses from observations of cell morphology following 

treatments in which up to 5 µM DON was used over 4 hours 131.  Pig jejunal cells were 

also used by Awad et al. to assess DON cytotoxicity. Here, total cell counts and a lactate 

dehydrogenase (LDH) release assay were used to show time-dose toxicity dependent 

effects by DON over a concentration range of 0 – 10 µM, over 24 to 48 hours. They 

showed a 62% increase in LDH release, which correlates with reduced membrane 

integrity and decreased cell viability, when the cells were exposed to 10 µM DON for 48 

h 132.  

Genotoxic effects of DON have also been described. In a study by Zhang et al., the comet 

assay was used to investigate DNA damage due to DON in human liver (HepG2) 

carcinoma cells. The results of the study showed that DNA damage was induced in a dose 

dependent manner following exposure to DON for 1 hour 133. These findings are 

consistent with another study, where the comet assay was carried out to measure the 

genotoxicity of DON on Caco-2 cells. DON concentration range of 0.01 – 0.5 µM was 

used and cells were exposed to DON concentration range of 0.01 – 0.5 µM for 24 to 72 

hours. The results showed that exposure to DON caused DNA damage in a time and dose 

dependent manner. The average tail moment, which represents the extent of DNA 

damage, for healthy differentiated Caco-2 cells was 1.23±0.73; this value increased to 

4.11±1.53 when the cells were incubated with 0.1 µM DON for 24 hours. When the cells 

were exposed to 0 and 0.1 µM DON for 72 hours, the average tail moment was 1.09±0.31 

and 4.6±0.81 respectively 134. Both studies showed a dose dependent response in DNA 

damage on exposure to DON.  
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Elsewhere, DON-associated genotoxicity was investigated in vivo in seven mouse organs 

(duodenum, colon, blood, liver, spleen, kidney, bone marrow), following a 3-day oral 

administration of DON. The results of the comet assay failed to show evidence of DNA 

damage at up to 53.9 µM DON. The same study also used human lymphoblast TK6 cells 

exposed to DON at concentrations of up to 25 µM for 3 and 24 h. Again, the results 

showed that there was no increase in DNA damage at both exposure times 135. This data 

is clearly in contrast to that observed with HepG2 illustrating the extent to which DON 

toxicity may be dependent on the cell type or animal used. 

The intestine is a major site of DON absorption as it is exposed to contaminated feed. 

The intestinal epithelium acts as a frontier barrier to the external environment including 

harmful toxins 136,137.  However, DON has been shown to alter the intestinal barrier 

function by affecting the trans-epithelial electrical resistance (TEER), a good indicator of 

its integrity and permeability 137,138. A significant time and dose dependent reduction of 

the TEER value of Caco-2 cells was observed following treatment with 5 µM DON (a 

decrease of 19% after a 14 day exposure). Higher DON concentrations had more drastic 

negative effects on TEER values 139. A similar trend was observed for two porcine 

intestinal epithelial cells, IPEC-1 and IPEC-J2. For IPEC-1 cells, there was a 25% and 

60% decrease in the TEER value when the cells were exposed to 10 and 50µM DON 

respectively over 24 h. After exposure for 14 days, the TEER decrease was 58% and 97% 

for 10 and 50µM respectively 139. For IPEC-J2 cells, there was a significant decrease in 

TEER value with 20 µM DON at 4, 8, 12 and 24 hours 140.  All three cell lines showed a 

decrease in TEER value with increasing DON concentrations and exposure times. These 

studies indicate that DON is effective in disrupting the integrity of the intestinal 

epithelium. Overall, it can be concluded that DON exhibits dose and time dependent 

toxicity across a range of cells and tissues with additional evidence of cell type dependent 

genotoxicity. 
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Table 1.5: Guidance values provided by the EFSA for limit of DON in feeding stuff, 

adapted from Commission Regulation (EC) 17 August 2006 on the presence of 

deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-2 and fumonisins in products 

intended for animal feeding 92 

Feed products 

Guidance value in ppm 

relative to a feeding-stuff with 

a moisture content of 12% 

Cereals and cereal products with the exception of 

maize by-products 
8 

Maize by-products 12 

Complementary and complete feeding stuff (not 

including the ones listed below) 
5 

Complementary and complete feeding stuff for 

pigs 
0.9 

Complementary and complete feeding stuff for 

calves, younger than 4 months, lambs and kids 
2 

Due to the toxicity of DON, EFSA recommends a maximum of 8 ppm DON in cereal and 

cereal products and 12 ppm for maize by-products, as shown in Table 1.5. The limit for 

animal feedstuff is 5 ppm except for calves, lambs and kids where the limit is set at 2 

ppm. However, as pigs are the most sensitive to DON toxicity, the limit for DON in pig 

feedstuff is set at 0.9 ppm 92. 
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1.5 Toxicity following co-exposure to DON and ZEN  

Given the extent to which DON and ZEN have been shown to co-occur, it is important to 

study and understand the effect that these combined mycotoxins can have. The effect of 

the combined mycotoxins are generally classified as synergistic, antagonistic or additive. 

The combinatorial toxicity of these mycotoxins have been studied both in vivo and in 

vitro. Various cell types have been used for in vitro studies including liver cells, kidney 

cells, intestinal cells, fish cells and white blood cells, including lymphocytes and 

monocytes, amongst others. Rats, mice and piglets have been used for in vivo studies.  

1.5.1 In Vitro studies on co-exposure to DON and ZEN  

Due to the importance of mycotoxin interaction with the liver, there are a number of 

studies evaluating the impact of the combination of DON and ZEN on liver cells, but 

even within this cell type, results were not consistent. Some studies have shown a 

synergistic impact while others showed an antagonistic impact on the cells.  

Of the studies, where the combination of DON + ZEN have shown to have a synergistic 

effect, one such study investigated the individual and combined effect of the fusariotoxins 

using HepaRG human hepatic cells. Cell viability results showed that the combination of 

DON (0.2 – 10 µM) and ZEN (1.5 – 75 µM) resulted in synergism after 48 hour exposure 

as assessed by the MTS assay. Cell apoptosis and necrosis was also analysed using the 

Annexin V-FITC/PI staining followed by flow cytometry analysis. The results showed 

that at lower exposure times of 3 h and 12 h, the combination of DON (7.35 µM) and 

ZEN (55.1 µM) resulted in the induction of significant cell mortality, which was not 

observed with the individual mycotoxins, thus indicating a synergistic effect. However, 

following 18 h incubation, ZEN was shown to induce significant apoptosis and necrosis 

but there was no significant cell mortality observed at that exposure time with DON alone 

(7.35 µM). Once the cells were exposed to the combined mycotoxins, the combinatorial 

effect was similar to that of ZEN alone 141.  

In another study also using the HepaRG cells, the individual and combined effect of non-

cytotoxic concentrations of DON (0.2 µM) and ZEN (20 µM) on the proteome of the cells 

at 1 h and 24 h was investigated. The results showed that even with a low exposure time 

of 1 h to DON, ZEN and DON + ZEN, a significant change in the proteomes of the cells 

was observed, and that the changes were not consistent between mycotoxin exposures. 
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At 1 h, there were more proteins affected by the combined mycotoxins than by DON and 

ZEN individually, thus indicating a synergistic effect of the mixture. However, an 

antagonistic effect was observed when the cells were exposed to the mycotoxins for a 

longer exposure time of 24 h. It was also found that the cellular response to ZEN induced 

stress, following 24 h exposure, was reduced when it was combined with DON. It was 

suggested that the observed antagonistic effect following a longer exposure time might 

have been due to the possible mitigation by the hepatocytes 142. Elsewhere, the chronic 

effect of DON, ZEN and DON + ZEN was explored on HepaRG cells. Here the cells 

were exposed to the maximum level of DON (2.5 µM) and ZEN (0.24 µM) permitted by 

the European regulation in cereals intended for direct human consumption. The cells were 

exposed to the toxins for 14, 28 and 42 days. DON was found to be cytotoxic after 14 

days exposure but ZEN did not have a significant effect on the cell viability even after 

exposure for 42 days. When the mycotoxins were combined, the effect was found to be 

the same as for exposure to DON alone, indicating no antagonistic or synergistic effect. 

As ZEN did not induce cytotoxicity, the effect observed was described to be additive 143.  

All three studies used the HepaRG cells to study the combinatorial effect of DON and 

ZEN, however, different results were obtained in each study. These studies clearly 

demonstrate that the individual effect of the mycotoxins cannot predict the effect of the 

mycotoxins in combination. Although the same cell line was used in each of the studies, 

the concentrations of the toxins and the exposure times were different in each case. 

However, even when the cells were treated with the same exposure time of 24 h, 

synergistic effect was observed in the first study and an antagonistic effect in the second. 

This may be because of the different types of toxicity explored in the two studies; cell 

viability and apoptosis in the first and effect on the proteome of the cell in the second. It 

is also interesting to note that in the first study DON (7.35 µM) did not induce cell death 

and only ZEN (55.1 µM) did following 18 h incubation. However in the third study DON 

(2.5 µM) alone was cytotoxic following a chronic exposure for 14 days, whereas ZEN 

(0.24 µM) was not. This further highlights that the effect of the mycotoxin on cells is 

largely dependent on the concentration and the exposure time.  

Liver cells were used in another study where the effect of mycotoxins were analysed on 

human hepatocellular carcinoma (BEL-7402) cells. A cell based electrochemical sensor 

was developed to assess the individual and combined toxicity of DON (ranging between 
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0.37 – 16.9 µM) and ZEN (0.31 – 31.4 µM) after 24 h exposure. The results of the study 

showed that an additive effect was observed when the cells were exposed to DON and 

ZEN together 144.  Another study developing a cell based electrochemical sensor, 

measured the effect of combined mycotoxins on human liver carcinoma HepG2 cells. 

The concentration range of DON and ZEN used in this study is higher with the 

concentration of DON ranging between 0.034 – 67.5 µM and the concentration of ZEN 

between 15.7 – 157 µM but the exposure time was the same as the previous study at 24 

h. The results showed that the different concentration combinations of the mycotoxins 

had a synergistic effect. The results of the sensor was validated by the CCK-8 cell 

viability assay 145. HepG2 cells were also used in another study that again showed 

synergism in its cell viability when the two fusarium mycotoxins were combined. In this 

study mixtures of 0.02 - 2 µM DON and 0.28 – 34.5 µM ZEN were used to treat the cells 

for 48 h. The same study also measured the cytotoxicity of the mixture on RAW 246.7 

(murine leukaemia virus-induced tumour) cells. These cells were treated with mixtures 

of 0.0027 – 0.34 µM DON and 028 – 37.69 µM ZEN for 48 h. As with the HepG2 cells, 

the mixture resulted in a synergistic effect in the cytotoxicity 146.  

All three studies above used human liver carcinoma cells and the effects were found to 

be similar, with synergistic effects observed in each case for combination exposure. In 

the first two studies, the cells were exposed to the mycotoxins for 24 h. Two studies used 

HepG2 cells for their research, but with different concentrations and exposure time. The 

first of those studies used a higher range of concentration with 24 h exposure time and 

the other studies used lower concentrations with a higher exposure time of 48 h. A 

synergistic effect in the cell viability was observed in both.  

The toxic effects DON and ZEN have on the liver have also been studied in vivo. A study 

used mice to investigate the hepatotoxic effect of ZEN + DON. In this study, the 

antioxidant capacity and the concentration of malondialdehyde (MDA) was measured to 

investigate the oxidative stress induced by the mycotoxins. The results of the study 

showed that when mice were injected with ZEN (5000 µg/kg bodyweight) + DON (5000 

µg/kg bodyweight), for 2 weeks, the combined exposure had an antagonistic effect on the 

antioxidant capacity and the MDA content, which shows that the mycotoxins induced 

more oxidative stress individually than they did when combined. However, in contrast, it 

was found that ZEN + DON exhibited a synergistic effect on mRNA expression of the 
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pro-apoptotic protein Bax and apoptotic enzyme Caspase-3 in the liver. Thus it was 

concluded that the underlying mechanism of the mycotoxins needs to be further studied 

147.  

The liver is one of the most important organs in the metabolic pathway of the mycotoxins. 

The detoxification of DON occurs in the liver with the formation of DON-glucuronide in 

both humans and animals 148. The biotransformation of ZEN to its major metabolites α-

ZOL and β-ZOL also occurs in the liver 23. Due to this, the effect of the combined 

mycotoxins have been investigated using various liver cell both in vitro and in vivo. These 

studies have shown that the toxicity of the combined mycotoxins on liver cells cannot be 

predicted by their individual effects. The concentration of the mycotoxins, exposure time 

and the cell line used can all have an effect on toxicity of the mixture. In addition, results 

can vary depending on the parameter being measured, such as cell viability, apoptosis 

and metabolism.  

After the consumption of contaminated food or feed, the intestinal epithelium can be 

exposed to mycotoxins, as it is the first barrier against foreign matter 149–151. Being the 

first point of contact for food and feed contaminants, the toxicity of mycotoxins on 

various intestinal epithelial cells have been studied. A study by Ji et al. investigated the 

individual and combined cytotoxic effect of the two mycotoxins on human intestinal 

epithelial cells Caco-2 cells. The CCK-2 assay was used to measure the viability of the 

cells. The cells were incubated with DON (3.3 -16.7 µM) and ZEN (10 – 50 µM) in a 1:3 

ratio for 24 h. It was found that each combination of the mycotoxins showed a strong 

antagonistic effect as the toxicity of the mycotoxins combined was lower than that of 

DON and ZEN individually 152. The antagonistic effect of DON + ZEN was also observed 

in HCT116 human colon carcinoma cells. Cells were treated with 100 µM DON and 40 

µM ZEN for 24 hours and cytotoxicity and mitochondrial apoptosis was measured. For 

cell cycle analysis, the cells were treated at the above concentrations for 48 h. Each of 

the analysis showed that the combined mycotoxins were less toxic to the cells than the 

individual treatments, thus resulting in an antagonistic response 153.  

Porcine intestinal epithelial IPEC-J2 cells were used in another study to investigate the 

combinatorial effect of DON and ZEN. In this study, the cells were exposed to cytotoxic 

concentrations (2 µM DON and 40 µM ZEN) and non-cytotoxic concentrations (0.5 µM 

DON and 10 µM ZEN) for 48 h. The results showed a synergistic effect at the non-



29 
 

cytotoxic concentration as this mixture of the mycotoxins was found to be cytotoxic 84. 

However, there is some ambiguity in the results of the cytotoxic concentrations. The 

combined interaction was described to be non-additive and it was concluded that in 

mixtures containing DON, “there were no increases in overall cytotoxicity of such 

mixtures” but in mixtures containing ZEN “all of the mixtures were more cytotoxic” than 

ZEN individually. This study has been cited by others as DON and ZEN having a 

synergistic effect 147,154,155, synergistic at cytotoxic concentrations 141,156, synergistic at 

cytotoxic concentrations and antagonistic at non-cytotoxic concentrations 157, 

antagonistic 158 and antagonistic at the lower dose 159. The different interpretation of the 

results further proves the ambiguity of the results and makes it difficult to conclude.  

As with the liver cells, both synergistic and antagonistic effects were observed in the 

studies using different intestinal cells discussed above. The combined mycotoxins 

resulted in an antagonistic effect in the cytotoxicity of Caco-2 and HCT116 cells. In both 

studies the exposure time was 24 h but the concentration used varied. Most studies show 

that DON is more toxic than ZEN but interestingly, HCT116 cells were more sensitive to 

ZEN than to DON and therefore a higher concentration of DON was used due to the 

higher IC50 value. With IPEC-J2 cells, a different trend again was observed, as synergistic 

effects were observed with lower concentrations. This shows that varying the 

concentrations of the mycotoxin mixtures can have an effect on the toxicity of the 

combined mycotoxins.  

In addition to liver and intestinal damage, some mycotoxins have also been shown to 

induce nephrotoxicity. PK15 (porcine kidney) cells were used to investigate the effect of 

24 h exposure to the combined mycotoxins (DON 0.25 µM and ZEN 20 µM). The results 

of the study showed that a higher level of ROS production was found when the cells were 

treated with the combination than those treated with individual toxins. The combined 

mycotoxins also induced more apoptosis than the mycotoxins individually as evidenced 

by the increased expression of Bax and caspase-3 160. The nephrotoxicity of DON + ZEN 

was also studied in vivo in the kidney of mice. In this study, female mice were injected 

with DON (1500, 2500 µg/kg body weight) and ZEN (20,000, 30,000 µg/kg body 

weight), individually and combined for 12 days. It was found that DON and/or ZEN was 

able to induce oxidative stress and renal apoptosis but the nephrotoxicity of the combined 

mycotoxins was antagonistic 161.  
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Studies of DON + ZEN toxicity have also been carried out on white blood cells including 

lymphocytes, monocytes and macrophages. In a study by Ren et al, the induction of 

apoptosis and oxidative injury by DON, ZEN and DON + ZEN was studied on porcine 

splenic lymphocytes. The cells were exposed to the DON and ZEN (0.2 µM and 0.25 µM, 

1 µM and 1.26 µM, 5.1 µM and 6.28 µM) for 48 hours. It was found that DON and ZEN 

induced apoptosis and oxidative injury in a dose dependent manner and the combination 

of the two toxins resulted in a synergistic effect 162. Another study used lymphocytes from 

venae cava cranialis of pigs to study the combined effects of DON and ZEN. The results 

showed that the combined mycotoxins had an antagonistic effect on the cell viability after 

48 and 72 h of incubation. The genotoxicity of the compounds was also studied using the 

comet assay. When low doses of the combined mycotoxins were used (0.24 µM and 15.7 

μM DON and ZEN respectively), an antagonistic effect was observed following 24, 48 

and 72 h exposure, but the antagonism was not statistically significant. However, when 

higher doses were used (0.71 µM and 31.4 μM DON and ZEN respectively), after 72 

hour exposure, a significant synergism was observed 159. In another study, mouse primary 

spleen T lymphocytes were used to investigate the toxic effect of ZEN and DON alone 

and combined. The cells were activated by concanavalin and it was found that ZEN and 

DON, both individually and combined inhibited the activation of the cells. By cell 

counting it was shown that ZEN and DON decreased the cell viability in a dose dependent 

manner. It was also found that 24 h exposure to the combination of ZEN (10 µM, 20 µM, 

40 µM) and DON (0.5 µM, 1 µM, 2 µM) was more cytotoxic to the cells resulting in a 

synergistic effect. The immune-related function of the activated cells were also inhibited 

by the mycotoxin synergistically 156. The first two studies here both used porcine 

lymphocytes to investigate the effects of DON + ZEN. Although a synergistic effect was 

observed in the first study following a 48 h incubation, in the second study an antagonistic 

effect was observed at the same exposure time. The differences observed may be due to 

the variation in the concentration used in the study, along with the difference in the 

lymphocytes used.  In the third study, where mice spleen lymphocytes were used, a 

synergistic effect was observed in the cell viability, comparable to the first study, which 

also used lymphocytes from the spleen but from pigs.  

A study used human leukaemia monocytic THP-1 cells to measure effect of DON and 

ZEN on its cell viability, using the MTS test. Cells were treated with DON (0.1, 0.8, 2, 

4, 10 µM) and ZEN (2, 16, 40, 80, 100 µM) in a 1:20 ratio.  The results showed an 
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antagonistic effect on cell viability with each of the combinations following 48 hr 

exposure 163. A study by Ji et al tested the effects of DON + ZEN on ANA-1 (mice 

macrophage) cells. The cells treated with 3.4 µM DON, for 24 h, had a viability of 74% 

and the cells treated with 25.1 µM ZEN had a cell viability of 92%. However, the cell 

viability was decreased to 50% when DON and ZEN were combined at those 

concentrations, exhibiting a significant synergistic effect. Similar effects were observed 

in terms of cell apoptosis. DON and ZEN alone exhibited early apoptotic effect but the 

combination of the toxins resulted in late stage apoptosis. However, the metabolism of 

the cells that were treated with DON + ZEN showed a decrease in estrogenic effects, thus 

suggesting the inhibition of the estrogenic effects of ZEN by DON 164. These two studies 

further demonstrate that the combination of DON and ZEN can have different effects on 

different cells.  

Another study used a fish cell line BF-2 (in vitro) and zebrafish larvae (in vivo) to study 

the individual and combined effect of AFB1, DON and ZEN. Resazurin assay was used 

to measure the cytotoxicity of the cells and for the combined effects, DON concentration 

0.13 – 16.2 µM and ZEN concentration 1.33 – 120.3 µM was used. The results showed 

that DON and ZEN, with 48 h exposure, were more cytotoxic to the fish cell line 

individually than they were when combined, thus exhibiting an antagonistic effect. This 

antagonistic effect was also observed with oxidative stress induced cell death in BF-2 

cells. Zebrafish larvae were also exposed to the mycotoxins for 72 h and it was found that 

DON was unable to induce embryo mortality and in contrast, ZEN induced embryo 

mortality in a dose dependent manner. An antagonistic effect was observed with the 

combined mycotoxins (67.5 µM DON and 6.28 µM ZEN) as they were also unable to 

induce embryo mortality 154.  

In order to reflect in vivo conditions, the individual and combined cytotoxicity of DON 

and ZEN was tested on three different cell lines, human intestinal epithelial cells Caco-

2, human lukemia monocytic cells THP-1 and HepaRG, co-cultured in bi- and tri- culture 

systems. The IC10 and IC30 concentrations of the mycotoxins for the cells in the luminal 

compartment (cells growing in the hanging inserts) were used in this experiment. In the 

bi-culture system, when the IC10 concentrations were used there was no cytotoxicity 

observed. When the IC30 concentrations were used, a synergistic effect was observed as 

the cytotoxicity of the combined mycotoxins was higher than that of the mycotoxins 

alone. However, in the tri-culture system the mycotoxins, both individually and 
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combined, did not induce significant cytotoxicity on the cells. These results show that the 

cytotoxicity of the combined and individual mycotoxin was reduced by the increase in 

cell number and the cell-to-cell interactions in the tri-culture 165. These results from the 

various in vitro studies demonstrate that the toxic effect of the mycotoxins DON and ZEN 

can vary depending on the types of cells, concentration of the toxins and the exposure 

times used.  

1.5.2 In vivo studies on the co-exposure to DON and ZEN  

In vitro studies can provide important information on the interaction of mycotoxins with 

specific cell types. However, it is essential to understand the effect of mycotoxin 

interaction with the whole animal and this can only be obtained by in vivo studies. In 

order to understand the effect of DON + ZEN mixture, animals including rats, mice and 

pigs have been fed/injected with contaminated feed and studied. In a 14-day study, rats 

were used to investigate the chronic effects of DON and ZEN. The animals were fed with 

15µg/animal/day ZEN, 30 µg/animal/day DON and 150 µg/animal/day fumonisin B1, 

individually and in combinations. The study showed an antagonistic effect between DON 

and ZEN on the absolute liver weight of the rats. As well as that DON + ZEN also resulted 

in an antagonistic effect on the level of GSH in the liver samples and the concentration 

of MDA in the kidney 166. In another study by the same group, the effect of lower 

concentrations and shorter treatment time was evaluated. In this study, the rats were 

injected with the mycotoxins daily for 5 days with 12.75µg/animal/day ZEN, 16.5 

µg/animal/day DON and 9 µg/animal/day fumonisin B1, individually and in 

combinations. However, in this study it was found that the total glutathione (GSH) and 

the glutathione peroxidase (GSHPx) activity were increased in the liver of the rats treated 

with DON + ZEN but not in the rats treated with DON and ZEN individually.  This shows 

that the combination of DON and ZEN resulted in a synergistic effect 167. These two 

studies show that varying the treatment dose and time can influence whether the 

combinatorial effects are synergistic or antagonistic.   

Mice were used in another study where they were treated with 2,000 µg/kg DON, 20,000 

µg/kg ZEN, and DON + ZEN combined with the same doses for 21 days. Here, the 

metabolic profiling on the liver and serum of the mice was carried out. It was found that 

there was an obvious antagonistic effect observed, as the toxic effect of DON and ZEN 

individually was higher than when combined 168. Another study by the same group again 
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used mice to investigate the effects of combined mycotoxins using urinary metabolic 

profiling. Five-week-old mice were exposed to 2,000 µg/kg DON and 20,000 µg/kg ZEN, 

and their mixture for three weeks through intragastric administration.  The urine samples 

showed that the combined mycotoxins had an antagonistic effect as the individual 

mycotoxins effected the metabolic pathway of the mice more than when the toxins were 

combined 169. The two studies discussed here used the same concentration and exposure 

time of the mixture of DON and ZEN. Under these conditions, antagonistic effects were 

observed in both the metabolic profiling on the liver and serum and in urinary metabolic 

profiling.  

When the combined effect of DON and ZEN was analysed on the brain of mice a 

synergistic effect was observed. In this study, 360 mice were treated by intraperitoneal 

injection with DON (1500, 2500 µg/kg body weight) and ZEN (20,000, 30,000 µg/kg 

body weight), both individually and combined, every 24 h for 4 days. It was found that 

DON + ZEN resulted in a reduced antioxidant system activity in the brain, a reduction in 

brain protein levels, as well as an increase in apoptotic cells in a dose-dependent and 

synergistic manner 155.  

In a study by Jia et al, 21-day-old female piglets with DON (1000.6 µg/kg), ZEN (269.1 

µg/kg) or DON + ZEN (1007.5 + 265.4 µg/kg) for three weeks followed by normal toxin-

free diet for 2 weeks. The body weight gain and the average daily feed intake was not 

significantly impacted by DON or ZEN individually, but the DON + ZEN fed piglets 

showed a significantly lower body weight gain and average daily feed intake. The results 

also showed that the combined mycotoxin disrupted intestinal functions of the piglets and 

caused systematic inflammation synergistically 158. As with the in vitro studies, the in 

vivo studies also show that the resulting combinatorial effects of DON and ZEN can be 

different depending on the animals used in the study as well as the parameter measured.  

The effect of the combined mycotoxins DON and ZEN have been studied both in vivo 

and in vitro. The above studies show that it is not possible to predict the toxic effect of 

DON and ZEN combined based on their individual toxicity. The toxicity of the combined 

mycotoxin is hugely effected by various factors including cell type, mycotoxin 

concentration and exposure time. This makes it difficult to compare between the different 

results. The studies showed that even when the same cell type was used in different 

studies, the effect of DON + ZEN varied between additive, synergistic or antagonistic. 
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As in vitro studies can only provide information of specific cells, in vivo studies have 

also been carried out and similar results were obtained. In conclusion, due to the different 

species, cells, concentrations, exposure time and administration methods it is difficult to 

predict and compare the combinatorial effects of the co-occurring mycotoxins DON and 

ZEN. Thus, further research is required to understand the interactions of the combined 

mycotoxins.  
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Table 1.6: Combinatorial interactions between DON and ZEN 

Cell Line 

used 

Toxin Levels Exposure Time 

and Route 

Conclusions Observations Comment References 

HepaRG DON  

0.2–10 µM 

ZEN  

1.5–75 µM 

48 h Synergistic at 48 h cell 

viability 

Cell viability Doses correspond 

to IC50 values 

after 48 h 

141 

DON 

7.35 µM 

ZEN 

55.1 µM 

18 h Additive at 18 h cell 

mortality 

Cell mortality 

HepaRG DON 

0.2 µM 

ZEN 

20 µM 

1 and 24 h Synergistic at 1 h 

Antagonistic at 24 h 

Cell proteome Doses correspond 

to IC10 values 

after 48 h 

142 

HepaRG DON 

2.5 µM 

ZEN 

0.24 µM 

14 days 

28 days 

42 days 

Additive Cell viability Doses correspond 

to maximum 

levels permitted 

in cereals for 

humans 

143 

BEL-7402 DON 

0.37–16.9 µM 

ZEN 

0.31–31.4 µM 

24 h Additive Cell viability Mixtures used 

DON + ZEN 

0.37 + 0.31 µM 

0.68 + 0.63 µM 

1.69 + 1.57 µM 

3.7 + 3.1 µM 

6.8 + 15.7 µM 

16.9 + 31.4 µM 

144 

HepG2 DON 

0.34–67.5 µM 

ZEN 

24 h Synergistic 

 

Cell viability Mixtures used 

DON + ZEN 

0.034 + 15.7 µM 

145 
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15.7–157 µM 1.69 + 47.1 µM 

3.7 + 62.8 µM 

37 + 126 µM 

67.5 + 157 µM 

HepG2 

 

DON  

0.02–2 µM 

ZEN  

0.28–34.5 µM 

48 h Synergistic Cell viability DON + ZEN 

0.02 + 0.28 µM 

0.03 + 0.53 µM 

0.07 + 1.1 µM 

0.14 + 3 µM 

0.27 + 4.4 µM 

0.51 + 8.6 µM 

1 + 17.3 µM 

2 + 34.5 µM 

146 

RAW 246.7 

 

DON 

0.0027–

0.34µM 

ZEN 

028–37.69 µM 

48 h Synergistic Cell viability DON + ZEN 

0.0027 + 0.28 µM 

0.0054 + 0.6 µM 

0.01 + 1.19 µM 

0.02 + 2.36 µM 

0.04 + 4.71 µM 

0.08 + 9.42 µM 

0.17 + 18.8 µM 

0.34 + 37.69 µM 

146 

Caco-2 DON  

3.3–16.7 µM 

ZEN  

10–50 µM 

24 h Antagonistic Cell viability DON and ZEN 

combination in 

1:3 ratio 

152 

HCT116 DON 

100 µM  

ZEN 

40 µM 

24 h Antagonistic Cytotoxicity, 

mitochondrial 

apoptosis 

Doses correspond 

to IC30 values 

after 24 h 

153 

48 h Cell cycle 

analysis 
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IPEC-J2 Cytotoxic 

concentration 

DON–2 µM 

ZEN–40 µM 

48 hr Cytotoxic concentration 

Reported as non-additive 

Cell viability Dose correspond 

to cytotoxic and 

non-cytotoxic 

concentrations 

84 

Non-cytotoxic 

concentration 

DON–0.5 µM 

ZEN –10 µM 

Non-cytotoxic 

concentration Synergistic 

PK15 DON 

0.25 µM  

ZEN 

20 µM 

24 h Synergistic ROS levels 

Apoptosis 

Doses used are 

concentrations 

close to IC10 

concentration 

which were 0.157 

and 27.583 µM 

for DON and 

ZEN respectively 

160 

Porcine 

splenic 

lymphocytes 

DON + ZEN 

0.2 + 0.25 µM 

1 + 1.26 µM 

5.1 + 6.28 µM 

48 h Synergistic Apoptosis 

Oxidative injury 

 162 

Porcine 

lymphocytes 

DON + ZEN 

0.24 + 15.7 

μM 

0.71 + 31.4 

μM 

24/48/72 h Antagonistic Cell viability Doses used were 

below IC50 

concentration 

after 24, 48, 72 h 

exposure 

159 

Antagonistic at lower 

concentration 

Synergistic at 72 h at 

higher concentration 

Genotoxicity 

THP-1 DON  

0.1–10 μM 

ZEN  

2–100 μM 

 

48 h Antagonistic Cell viability DON + ZEN 

+ 2 μM 

0.8 + 16 μM 

2 + 40 μM 

4 + 80 μM 

10 + 100 μM 

163 
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ANA-1 DON 

 0–33.7 µM 

ZEN  

0–37.7 µM 

24 h Synergistic Cell viability and 

apoptosis 

DON + ZEN 

concentration 

used for apoptosis 

and metabolism 

study 

0.34 + 25.1 µM 

164 

Antagonistic Cell metabolism 

BF-2 DON 

 0–16.2 µM 

ZEN  

0–120.3 µM 

 

 

48 h 

 

Antagonism Cell viability fish 

Oxidative stress 

fish 

 

DON + ZEN 

0.13 + 1.33 

0.25 + 2.66 

0.51 + 5.32 

1.01 + 10.64 

2.02 + 21.29 

4.05 + 42.58 

8.1 + 85.15 

16.2 + 170.3 

154 

Caco-2, 

HepaRG and 

THP-1 

Co-culture 

DON + ZEN 

Concentration 

used when 

Caco-2 cells 

were in 

luminal 

compartment: 

1.6 + 24 µM 

3 + 31 µM 

Concentration 

used when 

HepaRG cells 

were in 

luminal 

compartment: 

+20 µM 

2.3 + 33 µM 

48 h No cytotoxicity with low 

concentration and in tri-

culture 

Synergistic effect with 

higher concentration in 

bi-culture system 

Cell viability 

 

 165 
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Animal used Toxin levels Exposure time 

and route 

Conclusions Observations Comment References 

Zebrafish 

larvae 

DON  

67.5 µM  

ZEN 

 6.28 µM 

72 h Antagonistic Cell mortality  154 

Mice DON–1500, 

2500 µg/kg 

bodyweight 

ZEN–20,000, 

30,000 µg/kg 

bodyweight 

12 days 

Intraperitoneal 

injection 

Antagonistic Oxidative stress 

Renal apoptosis 

DON + ZEN 

1500 + 20,000 

1500 + 30,000 

2500 + 20,000 

25 + 30,000 

µg/kg bodyweight 

161 

Mice DON–5000 

µg/kg 

bodyweight 

ZEN–5000 

µg/kg 

bodyweight 

2 weeks 

Oral 

administration 

Antagonistic Oxidative stress No change 

observed on liver 

weight 

147 

Synergistic Apoptosis 

Rats DON 

30 

µg/animal/day 

ZEN 

15 

µg/animal/day 

14 days 

Administered as 

a gavage dose 

Antagonistic Liver weight 

Glutathione level 

in liver 

Malondialdehyde 

level in kidney 

Doses are 

according to EU 

limits in finished 

feed for young 

pigs 

166 

Mice DON  

0.5–2 μM 

ZEN  

10–40 μM 

24 h Synergistic Cell viability 

Immune function 

DON and ZEN 

combined 1:20 

156 

Rats DON 

16.5 

µg/animal/day 

ZEN 

5 days 

Intraperitoneal 

administration 

Synergistic Glutathione and 

glutathione 

peroxidase 

Doses correspond 

to 1mg/kg diet for 

DON and 1.5 

mg/kg diet for 

167 
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12.75 

µg/animal/day 

activity in the 

liver 

ZEN which are 

close to EU limits 

in finished feed 

for young pigs 

Mice DON  

2000 mg/kg 

ZEN  

20,000 mg/kg 

21 days 

Intragastric 

administration 

Antagonistic Metabolic 

profiling of liver 

and serum 

 168 

Mice DON  

2000 mg/kg 

ZEN  

20,000 mg/kg 

3 weeks 

Intragastric 

administration 

Antagonistic Metabolic 

pathway 

 169 

Mice DON 

1500, 2500 

µg/kg body 

weight 

ZEN  

20,000, 30,000 

µg/kg body 

weight 

4 days 

Intraperitoneal 

injection 

Synergistic Apoptosis 

Antioxidant levels 

DON + ZEN 

1500 + 20,000 

1500 + 30,000 

2500 + 20,000 

2500 + 30,000 

155 

Female 

piglets 

DON  

1000.6 µg/kg 

ZEN  

269.1 µg/kg 

DON + ZEN 

1007.5 + 265.4 

µg/kg 

3 weeks 

Ad libitum 

feeding 

Synergistic Body weight gain 

Average daily 

feed intake 

Intestinal 

functions 

Barley naturally 

contaminated 

with DON and 

corn naturally 

contaminated 

with ZEN was 

used to 

manufacture the 

feed 

158 
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1.6 Mycotoxin remediation strategies 

Many mycotoxin decontamination strategies have been developed to reduce the amount 

of toxin that is ultimately consumed, including cleaning, sorting, heating and adsorption. 

Biotransformation of mycotoxins has also been explored for the reduction of toxin levels 

in contaminated feed. Chemical strategies include the conversion of mycotoxins into less 

toxic end products by methods such as alkaline hydrolysis, peroxidation and the use of 

bisulphites 170. In the section below, each of these strategies is explored in further detail. 

1.6.1 Cleaning and sorting 

The processing steps of cereals are important from a food production perspective, but 

they can also play a role in the reduction of mycotoxins in the final product. Physical 

processes such as cleaning and sorting can reduce mycotoxin contamination as these steps 

remove contaminated and broken kernels, dirt and dust materials, in which much of the 

toxins can accumulate 171. A study showed that cleaning of wheat grain samples before 

milling resulted in a DON reduction by 50, 55, 41 and 47% from four different samples. 

The samples were cleaned by sieving, scouring and polishing methods and the outer 

layers of the bran was removed 172. Another study investigated the effect of washing and 

drying naturally contaminated wheat samples. A reduction of 30.3% DON and 21.1% 

ZEN was observed in wheat grains pressure washed with water for 1 min followed by 

oven drying. When the washing time was increased to 2 min, a reduction of 33.9% and 

24.7% of DON and ZEN was observed 173.   

One study used an air screen cleaner to clean two samples of wheat cultivars from Brazil, 

followed by a gravity separation method. Once the cleaning steps were complete, the 

wheat samples were milled. The cleaning and milling method resulted in a DON 

reduction of 57% in the finished flour for both cultivars.  174. Elsewhere, DON reduction 

of 48 to 86% was observed in hard red winter wheat following cleaning, with the 

reduction achieved being dependent on DON concentration. The wheat was also milled 

and the flour was shown to have lower concentration of DON when compared to cleaned 

wheat 175. Milling can reduce mycotoxin levels in flour by fractionation 176,177. The effect 

of sorting was studied by the removal of small kernel fraction from oat grains. A reduction 

of 56% was observed in T2+HT2 toxins in the samples from 2015 and 32% in the 2018 

samples. The variation in the reduction levels between samples from 2015 and 2018 may 

have been be due to the considerably higher levels of T2+HT2 in the 2015 samples, thus 
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allowing a more efficient removal by sorting in these samples. Additionally, a reduction 

of DON by 24% was also observed in the 2018 samples. 178. These studies show that 

cleaning and sorting methods are important for the reduction of mycotoxin contamination 

but are not sufficient for their complete removal.  

1.6.2 Thermal processes  

Thermal processes are commonly applied in order to preserve and heat food. These 

processes include methods such as boiling, frying, baking and steaming. Studies have 

been carried out to investigate the effect of heating on mycotoxin degradation. In one 

study, the reduction of AFB1 and OTA levels in rice was observed by cooking it in three 

different ways. In rice cooked normally, a reduction of 82.3% AFB1 and 83.1% OTA 

was observed. Rice cooked in excess water resulted in the removal of 89.1% AFB1 and 

86.7% OTA. Rice cooked in the microwave resulted in the removal of over 72.5% AFB1 

and 82.4% OTA 179. In another study, roasting pistachio nuts spiked with AFB1 at 150°C 

for 120 min resulted in the degradation of 95% of the mycotoxin, although the resulting 

product was inedible. However, it was also shown that naturally occurring AFs were more 

heat resistant 180. When heated at 150 °C for 60 min at pH 7, ZEN degradation of 34% 

was observed. This value was increased to 68% at pH 4 and pH 10. A complete reduction 

of ZEN was seen in less than 30 min at 225 °C regardless of the pH 181.   

DON is a highly stable compound and has a melting point of 151-153 °C 182. The effect 

of heat and pH on DON concentration was investigated in one study. It was found that 

DON was stable when it was heated at 100 °C and 120 °C for 60 min at pH 4 and 7. Some 

degradation was observed at a more alkaline pH of 10, where the concentration of DON 

was reduced from around 2.25 to 1.1 ppm at 100 °C. Under alkaline conditions at 120 

°C, some degradation was observed after 15 min of heating and full degradation was 

observed after 30 min. At the highest temperature used in the experiment, 170 °C, full 

degradation was observed at pH 10 and pH 7 at 15 and 60 min, respectively. The results 

show that DON is stable at high temperatures and at neutral or acidic pH. Alkaline 

treatments were found to be more effective for reducing DON concentrations 183. The 

stability of DON at high temperatures was also observed in a study by Lancova et al. who 

showed that there was no significant reduction of DON concentration with a bread baking 

process of 210 °C for 14 min 172. This is similar to the results from another study where 

the effect of baking on DON contaminated flour was investigated by the making of 
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Egyptian bread. The bread was baked at 350 °C and there was no significant change in 

DON concentration following this treatment 184. DON contaminated wheat from Canada 

was baked for 30 min at a temperature of 205 °C in another study investigating DON 

degradation with heat. It was found that DON was not destroyed upon making the bread 

185. The mycotoxin’s stability at high temperatures and low pH is concerning and suggests 

that the usual cooking and baking processes associated with grains are not sufficient to 

completely remove mycotoxin contamination and highlights the need for more effective 

means of mitigation. 

1.6.3 Physical adsorption  

While cleaning and heating are processes carried out on grains prior to consumption, 

physical adsorption methods take place in the intestine of the animal during feed 

consumption, by use of adsorbent materials as feed additives, and are designed to bind to 

the mycotoxins and prevent their ingestion by the animal 186.  Adsorbent materials are 

materials with a large molecular weight and they can bind to the mycotoxins in 

contaminated feed without interfering with the gastrointestinal tract of the animals. 

Aluminosilicates, bentonites, zeolite, activated carbons and yeast cell walls are just some 

of the materials that have been used as mycotoxin adsorbent 187.  

One in vitro study found that a mixture of activated charcoal and yeast cell wall (75:25) 

was highly efficient in the adsorption of ZEN (97.6 – 99.7%) 188. Another study analysed 

the adsorbent capacities of chitosan (CHI), hydroxypropyl methylcellulose (HPMC), 

sodium carboxymethylcellulose (CMC) and microcrystalline cellulose (MCC) against 

various mycotoxins. The results showed that all four materials demonstrated a high 

adsorption capacity for ZEN with 89.7% as the highest (MCC) and 75.6% as the lowest 

(CHI). Each of the adsorbent materials showed the lowest adsorption percentage for 

DON, with the highest of these being 36.3% with CMC 189. Elsewhere, the binding of 

OTA and ZEN by Saccharomyces cerevisiae yeast strains was analysed in vitro. All of 

the yeast strains were able to adsorb both OTA and ZEN but the binding levels varied 

between the strains. OTA binding levels varied between 71.3% ± 1.33 and 82.3% ± 6.02 

and ZEN binding levels varied between 59.19% ± 4.29 and 97.8% ± 1.48 190. 

In a study by Sabater-Vilar et al., the binding affinity of various smectites, humic 

substances and yeast cell walls on DON was investigated in vitro. It was found that there 

was no significant difference in the adsorption of DON with the materials tested when 
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compared to the control (with no binder). Only activated charcoal, which was the positive 

control, resulted in 90% adsorption of DON 191. These results also comply with a study 

by Avantaggiato et al. where it was demonstrated that out of the 21 non-nutritive 

adsorbent materials that were tested in vitro, only activated charcoal was able to adsorb 

DON 192. DON is a non-ionisable and hydrophilic molecule and has a bulky epoxy group, 

which along with its lack of polar groups could be the reason that it is not adsorbed 

efficiently 187,191.  

These studies show that these feed supplements have the potential to adsorb and reduce 

the effects of mycotoxins on animals. However, the binding affinity of the different 

materials can vary depending on the mycotoxins and studies have been predominantly 

carried out in vitro, with fewer studies demonstrating comparable binding affinities in 

vivo.  

1.6.4 Biotransformation 

Biodegradation is another method of mycotoxin remediation. This method includes using 

biotransforming agents such as bacteria, fungi, yeasts and enzymes to transform toxic 

compounds into their less or non-toxic metabolites. Like the mycotoxin adsorbents, these 

agents are also added as feed additives in order to degrade the mycotoxins in the digestive 

tracts 187. 

In order to detoxify DON it is important to target the group that is essential for its toxicity, 

the epoxide group. It was found that DON can be transformed into its de-epoxy form 

DOM-1 using microorganisms from catfish digesta microbial culture C133. DON in full 

medium with the culture was 100% transformed after 96 h incubation 193. The bacterial 

Coriobacteriaceae strain BBSH 797 also biotransforms DON into the metabolite DOM-

1 through enzymatic deactivation. BBSH 797 was isolated from bovine rumen fluid and 

it produces de-epoxidase enzymes. BBSH 797 is now sold commercially by Biomin as 

the ‘first and only microorganism authorized in Europe’ as a feed additive to reduce DON 

contamination of feed 186,187,194. Deepoxidation of DON was also observed when the 

biodegradation of DON by a chicken intestinal microorganism was studied by Young et 

al. In this investigation, sub-cultures of the single colony microbial isolates LS100 (from 

the large intestine) and SS3 (from the small intestine) were used for the biodegradation 

of DON. As with the C133 and BBSH 797, these microorganisms also degraded of DON 
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by deepoxidation 187,195. The deepoxy metabolite DOM-1 has been shown to be 500 times 

less toxic than DON due to the loss of the toxic epoxide group 100,101,187.  

ZEN was biotransformed into its two main metabolites α- and β- ZOL by a mixed culture 

of Candida tropicalis, Zygosaccharomyces rouxii and seven Saccharomyces strains 196. 

ZEN was also biotransformed into its metabolites and conjugates by members of the 

Rhizopus and Aspergillus genera. ZEN was added to liquid cultures of these fungal 

species and incubated for 3 days. Seven Rhizopus and two Aspergillus species converted 

ZEN into its various metabolites including ZEN-O-14-glucoside, ZEN-O-16-glucoside, 

ZEN-14-sulfate and α-zearalenol sulfate. The formation of α-ZOL was also observed 197. 

However, α-ZOL has been reported to have a higher binding affinity to ERs and thus can 

be more toxic than ZEN 67. Biotransformation agents could potentially be used as a 

remediation strategy for mycotoxin contamination in animal feed. However, these agents 

need to meet some requirements in order to be used as a feed additive. They must be safe 

to ingest and need to be able to degrade mycotoxins quickly and effectively into their 

non-toxic metabolites 187.  

In summary, mycotoxin management is a major issue in the agri-food industries. 

Cleaning, sorting and heating are amongst the remediation strategies that have been 

studied. Although cleaning and sorting can somewhat reduce the amount of mycotoxins 

in grains, it cannot be relied on for the complete removal of mycotoxins. Due to the heat 

stability of the mycotoxins, heating is also not a reliable method of removal. The use of 

feed additives are increasingly being used for the removal toxins from the digestive tract 

of the animals. However, it has been shown that the binding capacity of such materials 

can vary with mycotoxins, therefore further research efforts in this area is required. Feed 

additives can also be used for the degradation of mycotoxins into their non-toxic 

metabolites in the digestive tract of the animals. However, further study is required here, 

as some biotransformation agents have been shown to transform mycotoxins into their 

more toxic metabolites. Although various mycotoxin remediation strategies exist, more 

work is still required in this field before it can be determined that mycotoxins can be 

effectively managed in grains. More specifically with feed additives, as in vitro 

experiments are increasingly popular, it is still important to compare and confirm the 

efficacy of these materials in vivo. 
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1.7 Thesis aims 

ZEN is an oestrogenic mycotoxin that has been shown to have a negative effect on the 

reproductive function of animals. The structure of ZEN resembles that of naturally 

occurring oestrogens, whereby it to bind to oestrogenic receptors, resulting in hormonal 

disturbances. Contamination of animal feed with DON is also of particular concern for 

livestock production. Consumption of DON-contaminated feed can result in vomiting, 

diarrhoea, refusal of feed and reduced weight gain in animals. DON is commonly known 

as ‘vomitoxin’ due to its emetic effects upon ingestion. The main mode of action of this 

mycotoxin is the inhibition of protein synthesis by binding to the eukaryotic 60S 

ribosomal subunit. As ZEN and DON are both produced by the same fungal species, they 

are often found to co-occur in nature. It has been shown that pigs are most susceptible to 

both DON and ZEN toxicity. EFSA has suggested that the maximum level of DON in 

pig feed should not exceed 0.9 ppm and ZEN in feed for sows and fattening pigs should 

not exceed 0.25 ppm. It is important to understand the effects of the mycotoxins when 

combined as well as their individual effects. Here in particular there is a limited 

understanding of the combined impacts of ZEN and DON in pigs. 

The negative health and economic impact of mycotoxins are of worldwide concern, with 

an estimated 25% of the world’s crops being contaminated by these toxins annually, 

which makes it a major issue in the agri-food industry. There are remediation strategies, 

which partially protect against mycotoxins including cleaning and sorting, heating, 

physical adsorption and biotransformation. However, it is difficult to achieve complete 

removal of mycotoxins from contaminated feed. Feed supplements added to animal feed 

are one of the most promising avenues to ameliorate negative mycotoxin impacts, with 

in vitro and in vitro studies emerging that are aimed at both elucidating the molecular 

modes of action and determining the extent to which supplemental regimes are effective.  

The first aim of this project was aims to investigate the effect of ZEN on IPEC-J2 cells 

at the maximum EFSA recommended level for pig feed of 0.25 ppm (Chapter 2). 

Following this, the ameliorative effect of the animal feed supplements Sel-Plex (Se-Y) 

and Mycosorb A+ (My-A+) against ZEN induced damage on IPEC-J2 cells was 

investigated.  Se-Y is a commercially available selenium enriched yeast feed supplement. 

Selenium is known to have antioxidant properties and selenium enriched yeast is often 

used for its protective effects against various toxins. My-A+ is a commercially available 
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mycotoxin binder made up of algae that has been enriched with polyunsaturated fatty 

acids (PUFAs) which have antioxidant properties. It was found that pre-incubating the 

cells for 48 h with these supplements prior to exposure to mycotoxin resulted in a 

reduction of ZEN induced toxicity. The second aim was to study the effects of DON on 

IPEC-J2 cells at or below the EFSA recommended maximum value for pig feed of 0.9 

ppm and the results obtained are shown in Chapter 3. The protective effects of Se-Y and 

My-A+ against DON induced toxicity was also examined here. The third aim of the study 

was to investigate the effects of co-exposure of IPEC-J2 cells to ZEN and DON (Chapter 

4). The protective effects of the feed supplements against damage induced by the 

combined mycotoxins was also investigated. 

As summarised in this chapter, both ZEN and DON have been shown to induce DNA 

damage in various cell types. Additionally, Se-Y and PUFAs have both been shown to 

mitigate against DNA damage due to their anti-oxidant properties. Thus, in order to 

investigate the protective effects of the feed supplements, there is a focus on the DNA 

damaging effects of the mycotoxins in this project.   

Overall, this research contributes to our understanding of the toxic effects of ZEN and 

DON, both individually and when combined, on porcine intestinal epithelial cells and it 

provides evidence that supplementation with feed additives such as Se-Y and My-A+ 

may mitigate the effects of DON and ZEN. 
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Abstract 

Zearalenone (ZEN) is an oestrogenic mycotoxin that has been shown to have a negative 

effect on the reproductive function of animals. The structure of ZEN resembles that of 

naturally occurring oestrogens, whereby it binds to oestrogenic receptors, resulting in 

hormonal disturbances. The European Food Safety Authority (EFSA) has suggested that 

the maximum level ZEN in feed for sows and fattening pigs should not exceed 0.25 ppm. 

The aim of this study was to investigate the effect of ZEN on a porcine intestinal epithelial 

IPEC-J2 cell model. ZEN was shown to induce cytotoxicity in IPEC-J2 cells in a time 

and dose dependent manner at concentrations of 3 ppm and above. The comet assay and 

the TUNEL assay showed that 25 ppm ZEN induced DNA damage and apoptosis, 

respectively. A potential protective effect of the feed supplement Sel-Plex (Se-Y) and the 

polyunsaturated fatty acids component of the mycotoxin binder Mycosorb A+ (My-A+), 

individually and combined, against ZEN induced toxicity was also explored. Cells were 

treated with the feed supplements for 48 h prior to 24 h exposure to ZEN. A reduction in 

ZEN associated toxicity was observed in cells that had been pre-treated with Se-Y, My-

A+ and Se-Y + My-A+ when compared to cells that were not pre-treated. Overall, it was 

shown that ZEN induced cytotoxicity, DNA damage and apoptosis in IPEC-J2 cells and 

these effects were mitigated by pre-incubation with the feed supplement. 
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2.1 Introduction  
 

Ingestion of ZEN contaminated feed can result in negative health effects in animals, 

including disturbances in the hormonal balance and the reproductive system 1. At a 

cellular level, exposure to ZEN has been shown to induce apoptosis, inhibit protein 

synthesis and inhibit cell proliferation 2–4. Additionally, as discussed in greater detail in 

Chapter 1, ZEN has also been shown to induce genotoxicity in some cell lines 5,6. The 

comet assay and terminal deoxynucleotidyl transferase nick-end labelling (TUNEL) 

assay are two commonly used method for the detection of DNA fragmentation 7,8. These 

two assays are used here to determine the apoptotic and genotoxic effects of ZEN on 

IPEC-J2 cells. 

The comet assay, also known as single-cell gel electrophoresis (SCGE), is a method for 

the analysis of DNA damage. It can be used to measure DNA strand breaks in eukaryotic 

cells 7,9. In an alkaline comet assay, cells are embedded in low melting agarose and are 

electrophoresed at a high pH. During the unwinding of DNA, broken or damaged 

fragments migrate away from the nucleus, forming comet shaped structures, which can 

be observed by fluorescence microscopy. DNA damage can therefore be determined by 

analysing the comet tail, towards which the damaged DNA migrates, with the intact DNA 

staying in the nucleoid at the head of the comet 10,11. The alkaline comet assay can detect 

both single and double strand breaks whereas a neutral comet assay detects only double 

strand breaks 12.  

Apoptosis, also known as programmed cell death, is a naturally occurring process, which 

plays an important role in the development of adult tissues and the removal of damaged 

cells in eukaryotes 13,14. The TUNEL assay is used to detect apoptotic DNA fragmentation 

15. This method consists of fixing and permeabilizing cells after they have been harvested 

in order to allow the TUNEL reagents to penetrate the nucleus. The cells are fixed with 

formaldehyde and then permeabilised with ethanol. The terminal deoxynucleotidyl 

transferase (TdT) catalyses the addition of 2’-deoxyuridine 5’-triphosphate dUTPs to the 

exposed 3’-hydroxyl ends generated by the DNA fragmentation that occurs during 

apoptosis 15,16. However, the TUNEL assay is non-specific as TUNEL staining can label 

3’-hydroxyl termini exposed due to necrotic cell death as well as apoptosis 14–16. The 

comet and TUNEL assays are often used together to detect and quantify DNA 

fragmentation.  
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After the consumption of contaminated food or feed the intestinal epithelium can be 

exposed to mycotoxins as it is the first barrier against foreign matter in food or feed 17–19. 

As well as filtering harmful toxins and pathogens, the epithelium is also important for the 

absorption of nutrients 20. Ingestion of mycotoxins can result in harmful effects due to the 

alteration of intestinal barrier functions as well as nutrient absorption 20. Thus, intestinal 

epithelial cells (IECs) can rapidly absorb a high concentration of mycotoxins after 

ingestion of contaminated food or feed 21. 

The IPEC-J2 cell line was derived from intestinal porcine epithelial cells isolated from 

the jejunum of neonatal unsuckled piglets. It is a non-transformed, primary cell line that 

is being increasingly used in many studies as an in vitro model, including those involving 

mycotoxins, as it closely mimics the physiology of the intestinal epithelium 22,23. One 

study demonstrated the induction of cell toxicity and apoptosis by OTA on IPEC-J2 cells 

24. Exposure to AFB1 and ZEN together had a synergistic effect on the cytotoxicity of 

IPEC-J2 cells 25. Elsewhere, the effects of DON and various Fusarium metabolites, 

including enniatins, beauvericin, apicidin and aurofusarin, on the intestinal barrier 

function of IPEC-J2 cells was measured over 72 h 26. IPEC-J2 cells were used in another 

study to investigate the apoptotic and necrotic effects of the fusarium mycotoxins DON, 

T-2 toxin, ZEN and fumonisin B1 
27.  

2.1.3 Chapter aims 

The chapter presented here has two main aims. The first was to investigate the effects of 

ZEN on IPEC-J2 cells at levels currently considered safe and at elevated levels. The effect 

of ZEN on cell viability was observed following 24 and 48 h exposure. The genotoxic 

and apoptotic effect of ZEN was investigated following 24 h exposure. As the small 

intestine of an adult pig is approximately 18 metres long, the time required for the 

ingestion of feed and the passage of digeta along the gastrointestinal tract has been 

estimated at approximately 24 h 91. For this reason, exposure time of less than 24 h was 

not investigated. The second aim of this chapter was to investigate the extent to which 

selenium yeast (Se-Y) and Mycosorb A+ (My-A+) can protect against ZEN toxicity, both 

individually and in combination. The role of Se-Y and My-A+ as feed additives will be 

discussed in greater detail in Chapter 3.  
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2.2 Materials and methods  

2.2.1 Cell culture  

IPEC-J2 cells were grown in Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture F-

12 Ham (Sigma-Aldrich) supplemented with 10% heat inactivated porcine serum (Sigma-

Aldrich) and 1% penicillin streptomycin (Sigma-Aldrich) at 37°C in a humidified 5% 

CO2 atmosphere (Galaxy S CO2 Incubator, Model No: 170-200, RS Biotech Laboratory 

Equipment Ltd., Irvine, United Kingdom). The adherent cells were passaged by 

dislodging the cells using trypsin/EDTA (Sigma-Aldrich). They passaged every 3-4 days 

when they had reached near confluence. All cell culture work was carried out in a Class 

II biological safety cabinet (BioAire Aura 2000 BS; Bioair Instruments, Pavia, Italy). 

2.2.2 Zearalenone preparation  

ZEN (Sigma Aldrich) was bought in powder form and dissolved in ethanol (EtOH) to 

prepare a 7000 ppm stock solution. The stock solution was stored at -20°C and was 

diluted as necessary in serum free medium. The final concentration of EtOH was kept 

below 1% during cell culture work.  

2.2.3 Preparation of selenised yeast powder and Mycosorb A+ 

Selenised yeast powder (0.5g; Sel-Plex, Alltech Inc.) and Mycosorb A+ (0.5g; Alltech 

Inc.) were placed in separate 50 mL sterilin tubes. Five millilitres of 0.1 M sodium 

phosphate buffer (pH 6.0) was added to each of the tubes, followed by 2 mL of 0.2 M 

HCl. The pH of the solution was then adjusted to 2.0 using 1 M HCl/NaOH as necessary. 

One millilitre of 50 units per mL pepsin and 0.5 mL 5 mg/mL chloramphenicol was then 

added. The solutions were incubated at 39°C for 2 h with gentle shaking. Following this, 

2 mL of 0.2 M sodium phosphate buffer (pH 6.8) was added, followed by 1 mL of 0.6 M 

NaOH. The pH of the solution was adjusted to 6.8. Pancreatin solution (1 mL of 10 

mg/mL) was added and the digestion was incubated for 4 h at 39°C with gentle shaking. 

The tubes were then centrifuged at 8000 x g for 15 min and the supernatants were 

collected and transferred to ultrafiltration tubes with 10,000 Daltons molecular cut off 

(Vivaspin 20, Sartorious). These were centrifuged at 8000 x g for 3 h at 4°C. The filtrate 

was then aliquoted and stored at -20°C until use.  
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2.2.4 Cell viability assay   

Alamar Blue (AB) (Invitrogen, Bioscience Ltd.) and CFDA-AM (5-carboxyfluorescein 

diacetate acetoxymethyl ester; Invitrogen, Bioscience Ltd.) were used for the analysis of 

cell toxicity. Cells were seeded in a black flat-bottomed 96 well plate at 2 x 104 cells/mL 

in DMEM with 2% porcine serum. For analysis involving Se-Y and/or My-A+, the cells 

were incubated with digested Se-Y (0.4 ppm Se), My-A+ (2g/kg) or both for 48 h. Cells 

were insulted with various concentrations of ZEN and incubated for 24 or 48 h, as 

indicated in the text. For the CFDA-AM/AB combined solution, a 4 µM stock solution 

of CFDA-AM was made up in DMSO. The working reagent was made up with 1/1000 

dilution of the CFDA-AM stock solution and a 1/10 dilution of AB, made up with serum 

free medium up to the total volume required. After incubation, the medium was removed 

from the well plate and a 100 µL of the combined reagent was added. This was then 

incubated for 30 min. Fluorescence was measured at 530 nm excitation/590 nm emission 

for AB and 485 nm excitation/535 nm emission for CFDA-AM using a multiwell 

scanning spectrophotometer (Safire II; Tecan Group Ltd., Männedorf, Switzerland).  

2.2.5 TUNEL Assay   

The TUNEL assay was carried out according to the manufacturer’s instructions (Phoenix 

Flow Systems, San Diego, CA). After pre-incubation of the cells with Se-Y (0.4 ppm Se) 

and My A+ (2 g/kg), followed by incubation with ZEN for 24 h, the cells were 

trypsinised, fixed with 4% paraformaldehyde in PBS, and then stored in 70% EtOH at -

20 °C for at least 18 h. The cells were then incubated in the DNA labelling mix, which 

consisted of TDT enzyme and Brd-UTP antibody for 1 h at 37 °C. Following the 

incubation, the cells were rinsed with the rinsing buffer and then incubated in the Anti-

BrdU-FITC staining mixture for 30 min in the dark. After the incubation, 150 µL rinsing 

buffer was added to each sample. The samples were transferred to a round-bottomed 96 

well plate and data was acquired on a Guava benchtop Flow Cytometer (Guava easyCyte 

8Ht; Merck Millipore, Cork, Ireland) and analysed using FlowJo software (FlowJo LLC, 

Ashland, USA).  

2.2.6 Alkaline Comet Assay 

IPEC-J2 cells were incubated with ZEN for 24 h at a cell concentration of 1 x 105 

cells/mL. For analysis involving Se-Y and/or My-A+, the cells were incubated with 

digested Se-Y (0.4 ppm Se), My-A+ (2g/kg) or both for 48 h prior to ZEN exposure. The 



80 
 

cells were combined with low melting agarose and placed on a comet slide (Trevigen, 

Gaithersburg, USA). The slides were incubated in the dark at 4 °C for 10 min and then 

immersed in 4°C lysis solution overnight. Once the excess solution was drained, the slides 

were immersed in Alkaline Unwinding Solution for 20 min at room temperature. Alkaline 

electrophoresis solution (850 mL) at 4°C was then added to the Comet Assay ES unit 

(Bio-Techne, Minnesote, USA). The slides were placed in the electrophoresis slide tray 

and covered with the overlay. Gel electrophoresis was carried out at 21 V for 30 min. The 

slides were then immersed in water for 5 min twice and once in 70% EtOH and then dried 

for 15-20 min at 37°C. 100 µL of diluted SYBR Gold staining solution (Invitrogen, 

Bioscience Ltd.) was placed on the slides and incubated for 30 min in the dark. The slides 

were then rinsed in water, dried and viewed at 10X magnification by fluorescent 

microscopy (NIKON Ti-E Epifluorescence Microscope) at excitation/emission 

wavelength of 496/522 nm. Percentage tail intensity was scored using the Comet Score 

Software (TriTek Corp, Summerduck, VA). The median of 50 comets per slide was 

calculated and the mean of the median of 3 slides per sample was measured.   

 

 

 

 

 

 

 

 

 

 

 



81 
 

2.3 Results  

2.3.1 A concentration of 2% ethanol is not toxic to IPEC-J2 cells  

As a ‘vehicle control’ the AB/CFDA-AM assay was first used to determine if there was 

any cytotoxicity due to 1% EtOH on IPEC-J2 cells. AB measures the metabolic activity 

of the cells and CFDA-AM measures cell membrane integrity. Figure 2.1 shows that there 

was no cytotoxic effect on IPEC-J2 cells due to 1% ethanol after 48 h. This is in 

agreement with the results obtained by Goossens et al. where it was determined that 1% 

ethanol was non-cytotoxic for IPEC-J2 cells after 72 h 27. The final concentration of 

ethanol in cell culture treatments with ZEN was kept below 1%.  
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Figure 2.1: The effect of 0 - 1% ethanol on IPEC-J2 cells over 48 h; (a) Alamar Blue 

assay and (b) CFDA-AM assay. Results are expressed as the mean of triplicates ± SD 

and are presented as relative to the control (0% ethanol).  

2.3.2 ZEN is not toxic to IPEC-J2 cells at maximum EFSA recommended 

levels 

The EFSA upper limit for ZEN in pig feed is set at 0.25 ppm 28. The combined AB and 

CFDA-AM cell viability assay was used to measure the cytotoxicity of ZEN on IPEC-J2 

cells. As seen in Figure 2.2 a and 2.2 b, the results showed that ZEN was not cytotoxic to 

the cells at the EFSA limits after 24 h exposure. At 48 h, however, there was a significant 

decrease in cell viability at 0.5 ppm. ZEN was found to be significantly cytotoxic at 3 

ppm at 24 h. 
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Figure 2.2: The effect on IPEC-J2 viability following a 24 and 48 h exposure to ZEN. 

The graphs above represent IPEC-J2 cells treated with a) lower concentrations of ZEN 

as analysed by Alamar blue, b) lower concentrations of ZEN as analysed by CFDA-AM, 

c) higher concentrations of ZEN as analysed by Alamar blue, d) higher concentrations 

of ZEN as analysed by CFDA-AM. Results are expressed as the mean of triplicates ± SD 

and are presented as relative to the control (0 ppm ZEN). 

The viability of the IPEC-J2 cells were measured at a higher ZEN concentration range of 

0 – 40 ppm. The results in Figure 2.2 c and 2.2 d showed significant decreases in cell 

viability with increasing exposure time and concentrations illustrating a time and dose 

dependent response.  
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2.3.3 ZEN induces genotoxicity at concentrations above EFSA guidelines 

The alkaline comet assay was used to analyse DNA damage in IPEC-J2 cells induced by 

ZEN. Cells were incubated with increasing concentrations of ZEN for 24 h and analysed 

by fluorescent microscopy. As with cell viability, there was no DNA damage detected by 

the comet assay at the EFSA limits. However, when higher concentrations of ZEN were 

used, it was shown to induce genotoxicity in IPEC-J2. A significant increase in tail DNA 

was observed at 25 ppm, indicating DNA damage by strand breaks. No significant DNA 

damage was observed at concentrations lower than 25 ppm. Representative images of 

untreated cells (left) and cells treated with 25 ppm ZEN (right) are shown in Figure 2.3 

a. The bar chart in figure 2.3 b shows the increase in DNA tail percentage with increasing 

concentration at 25 ppm and higher.  
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Figure 2.3: ZEN induces DNA damage in IPEC-J2 cells. A) Representative images of 

cells treated with 0 ppm ZEN (left) and 25 ppm ZEN (right) at 24 h. B) Comet assay 

showing the percentage tail DNA as determined by Comet Score software for IPEC-J2 

cells incubated with ZEN for 24 h. Data in the bar chart presented is the mean of the 

median ± SD of triplicate samples. Significant differences between negative control cells 

and cells insulted with ZEN are highlighted with asterisks. This was calculated by one 

way ANOVA followed by Dunnett’s test (*P<0.05, **P<0.01,***P<0.001). 
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2.3.4 ZEN induces apoptosis at concentrations above EFSA guidelines 

The TUNEL assay was used to determine ZEN induced apoptosis in IPEC-J2 cells. Cells 

were treated with increasing concentrations of ZEN for 24 h. As with the comet assay, 

the TUNEL assay showed a significant decrease in TUNEL negative values, indicating 

apoptosis, at 25 ppm. Representative histograms for the apoptosis of cells treated with 0, 

10, 25 and 30 ppm ZEN, respectively, are shown in figure 2.4 a. Figure 2.4 b shows the 

decrease in the TUNEL negative population with increasing concentrations over 25 ppm. 

As seen in figure 2.4 b, there was no significant apoptosis observed below 25 ppm.  
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Figure 2.4: TUNEL assay on IPEC-J2 cells exposed to increasing concentrations of ZEN 

for 24 h. A) Representative histogram plots of cells treated with 0, 10, 25 and 30 ppm 

ZEN. B) TUNEL negative values for cells incubated with increasing concentrations of 

ZEN. Data in the bar chart is presented as the mean ± SD of triplicate samples. 

Significant difference between control cells ((0 ppm ZEN) and cells insulted with ZEN 

are highlighted by one way ANOVA (*P<0.05, **P<0.01,***P<0.001). 
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2.3.5 Assessment of Se-Y and My-A+ for toxicity on IPEC-J2 cells  

The effects of the supplements Se-Y and My A+ on IPEC-J2 cells were first investigated 

using the AB/CFDA-AM dual viability assay in control experiments prior to inclusion of 

ZEN. The cells were incubated with Se-Y and My-A+ for 48 h. The concentration of Se 

(in the case of Se-Y) used for the experiment was 0.4 ppm. This concentration was chosen 

as it was shown by another study that 0.4 ppm Se from Se-Y was not toxic to IPEC-J2 

cells 51. My-A+ is typically added to animal feed at 2 g/kg and the level used in this work 

was chosen in an effort to reflect that level following a simulated digestion of the product 

as outlined in section 2.2.3. No significant cytotoxicity was observed when either Se-Y 

or My-A+ were used either individually or in combination (Figure 2.5 a and b). The 

individual and combined effects of Se-Y and My-A+ on IPEC-J2 cells were also 

investigated using the TUNEL and comet assay. The results (Figure 2.5 c and d) showed 

that incubation of the cells with the feed supplements for 48 h did not result in a genotoxic 

or apoptotic effect.  
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Figure 2.5: Se-Y and My-A+ do not significantly affect IPEC-J2 viability, genotoxicity 

and apoptosis as determined by AB/CFDA-AM dual assay (graph a and b), TUNEL assay 

(graph c) and comet assay (graph d). Cells were incubated in Se-Y, My-A+ and a 

combination of Se-Y and My-A+ for 48 h. Results are expressed as the mean of triplicates 

± SD and are presented as relative to the negative control. Control: no supplementation. 
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2.3.6 Sel-Plex and Mycosorb A+ exhibit protective effects against ZEN 

induced cytotoxicity 

In order to investigate the potential of the supplements to mitigate against ZEN-induced 

cell damage IPEC-J2 cells were pre-incubated with Se-Y and My-A+ for 48 h, followed 

by a 24 h incubation with 3 ppm or 10 ppm ZEN. Figure 2.6 shows that significant 

protective effects against cytotoxicity were observed in cells pre-treated with the feed 

additives for 48 h when compared to cells that were not pre-treated. Higher cell viability 

was observed in cells treated with Se-Y, My-A+ and Se-Y and My-A+ than cells only 

treated with 3 ppm or 10 ppm ZEN. However, there was no significant difference 

observed between the three pre-treatments.  
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Figure 2.6: Se-Y and My-A+ mitigate against ZEN induced cytotoxicity in IPEC-J2 cells. 

The graphs above represent a) cells treated with 3 ppm ZEN and analysed by CFDA-AM 

b) cells treated with 10 ppm ZEN and analysed by CFDA-AM c) cells treated with 3 ppm 

ZEN analysed by alamar blue and d) cells treated with 10 ppm ZEN analysed by alamar 

blue. In all cases cells were pre-incubated for 48h with supplement (as indicated 

underneath) followed by insult with ZEN for 24 h. Results are expressed as the mean of 

triplicates ± SD and are presented as relative to the negative control (0 ppm ZEN, no 

supplements). Significant difference between the ZEN treated cells with no pre-

treatments and pre-treated samples were calculated by one-way ANOVA (*P<0.05, 

**P<0.01, ***P<0.001).  
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2.3.7 Sel-Plex and Mycosorb A+ exhibit protective effects against ZEN 

induced DNA damage  

In order to investigate the potential of the supplements to mitigate against ZEN-induced 

DNA damage IPEC-J2 cells were pre-incubated with Se-Y and My-A+ for 48 h, followed 

by a 24 h incubation with 25 ppm ZEN. The comet assay was then used to investigate 

any protective effects of the feed supplements against DNA damage. A significant 

decrease in DNA damage was observed only in cells that were pre-treated with the feed 

supplements (figure 2.7). It can be seen that ZEN induced a DNA tail value of 15.19% 

whereas this value was reduced to 5.72%, 6.17% and 5.5% in cells pre-treated with Se-

Y, My-A+ and Se-Y + My-A+ respectively. There was no significant difference between 

the protective effects exhibited by the different pre-treatments.  
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Figure 2.7: Se-Y and My-A+ mitigate against ZEN induced DNA damage in IPEC-J2 

cells IPEC-J2 cells were pre-treated with Se-Y, My-A+ or a combination of both for 48 

h followed by a 24 h exposure to 25 ppm ZEN and analysed for DNA damage by comet 

assay. Data in the bar chart is presented as the mean of the median ± SD of triplicate 

samples. Significant differences between the ZEN treated cells with no pre-treatments 

and pre-treated cells are highlighted by one way ANOVA followed by Dunnett’s 

test(*P<0.05, **P<0.01,***P<0.001). Control = No ZEN, no supplementation, ZEN = 

ZEN, no supplements, Se-Y/My-A+/Se-Y+My-A+ = ZEN + supplementation. 
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2.3.8 Sel-Plex and Mycosorb A+ mitigate ZEN induced apoptosis in IPEC-

J2 cells 

Cells were pre-incubated with Se-Y and My-A+ for 48 h, followed by a 24 h incubation 

with 25 ppm ZEN. The TUNEL assay was then used to measure the protective effect of 

the feed supplements when used individually and combined against apoptosis induced by 

ZEN. It can be seen from Figure 2.8 that ZEN induced apoptosis in IPEC-J2 cells and 

that there was a significant increase in the TUNEL negative population in cells that were 

pre-treated with the feed supplements when compared to the cells with no pre-treatment.  
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Figure 2.8: Se-Y and My-A+ mitigate against ZEN induced apoptosis in IPEC-J2 cells. 

IPEC-J2 cells were pre-treated with Se-Y, My-A+ or a combination of both for 48 h 

followed by a 24-h exposure to 25 ppm ZEN and analysed by TUNEL assay. Data in the 

bar chart is presented as the mean ± SD of triplicate samples. Significant differences 

between ZEN treated cells with no pre-treatments and pre-treated cells are highlighted 

by one way ANOVA followed by Dunnett’s test (*P<0.05, **P<0.01,***P<0.001). 

Control = No ZEN, no supplementation, ZEN = ZEN, no supplements, Se-Y/My-A+/Se-

Y+My-A+ = ZEN + supplementation. 
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2.4 Discussion  

ZEN is a naturally occurring Fusarium mycotoxin, often found in maize, barley, wheat 

and oats 30,31. The intestine is the first physiological barrier for mycotoxin contaminated 

feed and thus is the first organ targeted by the contaminants 32. Therefore, this study used 

a porcine intestinal epithelial cell model (IPEC-J2) to study the effects of ZEN.  

The guideline set by EFSA for the level of ZEN in feeding stuffs for piglets and gilts is 

0.1 ppm and for feeding stuffs for sows and fattening pigs is 0.25 ppm 28. The dual 

AB/CFDA-AM cell viability assay was used to measure the cytotoxic effects of ZEN. 

The cellular metabolic activity was measured by AB and the membrane integrity of the 

cells was measured by CFDA-AM. The results showed that a 24 h exposure to 0.25 ppm 

ZEN was not significantly cytotoxic to IPEC-J2 cells. After 24 h exposure, cytotoxicity 

was only observed at concentrations of 3 ppm and higher. With the higher doses tested, 

ZEN was found to be cytotoxic to the cells in a dose dependent manner. An increase in 

cytotoxicity was also observed when the exposure time was increased to 48 h. The results 

of this study are in agreement with that of another study using IPEC-J2 cells, where a 

decrease in cell viability was reported in cells treated with 3.18 – 31.84 ppm ZEN for 24 

h, a concentration that is significantly above the EFSA guideline 2. Similar to our results, 

a time and dose dependent response to ZEN was also observed in another study in which 

rat liver cells were used 33. A dose dependent response was also reported in human 

hepatoma HepG2 and murine leukaemia virus-induced tumour RAW 264.7 cells 33,34. 

Therefore, the cytotoxic effect of ZEN observed on IPEC-J2 appears to be comparable to 

that seen in other cell types. 

In this study, the alkaline comet assay was used to measure the extent to which DNA 

strand breaks were induced by ZEN. At the EFSA limits for ZEN in pig feed, ZEN was 

not found to induce genotoxicity to IPEC-J2. However, DNA damage was induced at 24 

h when the concentration was increased to 25 ppm. The measure of DNA damage was to 

be seen from the increase in the amount of DNA in the tails of the comets. There was 

4.73% DNA in tail measured in the control cells (0 ppm ZEN). This value then increased 

to 15.19% when cells were incubated for 24 h with 25 ppm ZEN. When the concentration 

was increased to 30 ppm, a further increase in the percentage of DNA in tail was observed 

at 28.44 %. This correlates with findings from studies with different cell lines, e.g. DNA 

damage induced by ZEN was also observed in Chang liver cells treated with 15.9 ppm 
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and above for 24 h 35. Similarly, DNA damage was observed by the comet assay, when 

human embryonic kidney (HEK293) cells were treated with 3.18 ppm and 6.37 ppm ZEN 

for 2 h 3.  With embryonic zebrafish, ZEN was shown to induce DNA strand breaks at 

the much lower concentrations of 0.75 ppm and 0.95 ppm 36. The comet assay was also 

used to measure the induction of DNA damage by ZEN in HepG2 cells. Here the effect 

of increasing concentration of ZEN (1.6 – 31.84 µM) was measured after 3 h and 24 h 

exposure and it was found that ZEN induced DNA damage in a dose dependent manner. 

Additionally, higher levels of damage were observed after 24 h exposure when compared 

to the shorter exposure time of 3 h 6. Another study also using HepG2 cells also found 

that ZEN induced DNA damage in a dose dependent manner after 24 h exposure. That 

study also reported that metabolites of ZEN, namely α-ZOL and β-ZOL, were more toxic 

to the cells than ZEN, with α-ZOL inducing then most DNA damage 37. However, it was 

found that ZEN did not induce DNA damage in Chinese hamster ovary cells following a 

24 h incubation at 8 ppm 38. These studies show that the induction of ZEN can vary with 

the cell type. 

As with the cell viability and comet assay, the TUNEL assay results showed that ZEN at 

the EFSA limit did not induce apoptosis. It was found that 24 h exposure to ZEN at 

concentrations of 25 ppm and above resulted in apoptosis in IPEC-J2 cells as detected by 

the TUNEL assay. Significant decreases in the percentages of TUNEL negative 

populations were observed with concentrations higher than 25 ppm, thus indicating a 

dose dependent response. These results agree with another study demonstrating the 

apoptotic effect of ZEN on porcine granulosa cells, where results from the TUNEL and 

annexin/PI assay showed a dose dependent increase in apoptosis following a 24 h 

exposure to ZEN 39. Similarly, Leydig cells treated with increasing concentrations of 

ZEN resulted in increasing percentage of apoptotic cells 40, correlating with another study 

showing that a 24 h exposure to 9.55 ppm ZEN induced apoptosis in bovine mammary 

epithelial cells 4. The TUNEL and annexin/PI assays were also used to measure the level 

of apoptosis induced by ZEN on mouse endometrial stromal cells. Again, a dose 

dependent response was observed after a 24 h incubation with ZEN. ZEN treatment 

resulted in the activation of caspase-9, caspase-3 and regulation of Bcl-2 family proteins, 

thus triggering apoptosis in the cells 41. The induction of apoptosis by ZEN via the 

activation of caspase-3 has also been reported in HepG2 cells, where a significant dose-

dependent increase in caspase-3 activity was observed 42. Overall, it has been shown that 
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ZEN is not toxic to IPEC-J2 cells at the concentrations set by EFSA for the level of ZEN 

in feeding stuffs for piglets and gilts. At higher concentrations, ZEN was found to reduce 

cell viability and induce DNA damage and apoptosis in a time and dose dependent 

manner.  

Se-Y and My-A+ are both feed supplements produced by Alltech Ltd. and protective 

effects of these two supplements, when used both individually and in combination, 

against ZEN toxicity was evident in this study. Se is an essential dietary trace element 

that is naturally present in food and is known to have anti-oxidant properties 43. Se has 

been used previously as a protective agent against mycotoxin induced toxicity. 

Selenomethionine was shown to be protective against OTA induced nephrotoxicity in 

porcine kidney PK15 cells 44. In another study, rats were fed a naturally mycotoxin 

contaminated diet, with or without the presence of Se enriched yeast. The results showed 

that the hepatotoxicity induced by ochratoxin was reduced in the group that was fed 

organic Se 45. The protective effects of Se against ZEN induced apoptosis have also been 

demonstrated in chicken spleen lymphocytes 46. Se has also been shown to have 

ameliorative effects against ZEN induced reproductive damage in male mice 47.  

Mycosorb A+ is a yeast cell wall based feed additive derived from Saccharomyces 

cerevisiae and algae 48. YCW have been used as a mycotoxin adsorbent to reduce the 

toxic effects of mycotoxins in animals. The protective effect of another YCW product 

(Mycosorb) against mycotoxin-induced toxicity has been demonstrated, where a 

protective effect against T-2 toxin induced toxicity was observed. Enhanced mitigation 

was observed when Mycosorb was combined with organic Se (Sel-Plex) 49. In the study 

presented here however, enhanced mitigation of damage due to ZEN was not observed 

when My-A+ was used as a co-supplement with Sel-Plex. This may be due to the 

difference in the concentration and content of the supplements used. The Mycosorb used 

in the study is not enriched with PUFAs as My-A+ is. Additionally, the study used 1g/kg 

Mycosorb and 0.3 ppm Se-Y, which is lower than the concentrations used in this project. 

Supplementation with Mycosorb was also shown to result in protection against feed 

naturally contaminated with a mixture of mycotoxins (AFs (B1, B2, G1, G2), DON, ZEN 

and OTA) in broiler chicks 50. Similarly, protective effects were also observed in another 

study using broiler chicks fed with a diet contaminated with AFB1 51.  
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The algae in My-A+ is rich in PUFAs, which are known to have antioxidant properties. 

The use of PUFAs in the mitigation of mycotoxins has not been studied widely. However, 

there are some published reports of a protective effect against toxicity induced by various 

other sources. Female rats were used in one such study, where the rats were divided in 

groups and were treated with n-3 FAs and lead acetate. n-3 was shown to have a 

protective effect against the DNA damage, induced by lead acetate. Additionally, a 

protective effect against the hepatoxicity and renal toxicity was also observed 52. 

Elsewhere, DHA and ARA were shown to have a protective effect against DNA 

fragmentation and increased caspase-3 levels due to serum starvation in neuronal cells 53. 

In another study, pre-treatment with the n-3 FA DHA mitigated hydroxynoneal induced 

apoptosis in human umbilical vein endothelial cells 54. These studies provide evidence of 

the protective effects of PUFA against toxicity induced by various sources, thus 

indicating that the presence of PUFA in My-A+ could contribute to the observed 

mitigation against ZEN induced toxicity.  

In this study, the cells were pre-treated with the feed supplements for 48 h prior to 

exposure with ZEN. This pre-incubation time was chosen as it allowed the cells enough 

time to metabolise Se. Additionally, a study by Lynch et al. showed that 48 h pre-

incubation with Se-Y resulted in a protective effect against cadmium-induced toxicity in 

IPEC-J2 cells 29. The cell viability assay showed that after 24 h exposure to ZEN, a 

decrease in cell viability was observed at 3 ppm. Therefore, this concentration was used 

to investigate the protective effect of the feed supplements against the cytotoxicity of 

ZEN against IPEC-J2. A protective effect of feed supplementation was demonstrated 

here, with cells that were pre-treated with the feed supplements for 48 h prior to 24 h 

ZEN exposure having higher cell viability when compared to the cells were not pre-

treated. This was shown for supplementation with all three dosing regimens, i.e. Se-Y, 

My-A+, Se-Y and My-A+. This clearly demonstrates that the incubation of the cells with 

the supplements resulted in a protective effect against ZEN induced cytotoxicity. Similar 

effects were observed with the comet assay and the TUNEL assay. For these assays, 25 

ppm ZEN was used to investigate the protective effects, as this was the lowest 

concentration of ZEN where induced DNA strand breaks and apoptosis were observed. 

The results of the assays showed that cells that underwent a 48 h pre-treatment with the 

feed supplements had reduced ZEN induced toxicity. The concentration of Se used in the 

study was chosen as it has been specified by EFSA that 0.4 ppm Se in animal feed is safe 
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and this amount has previously shown to be non-toxic to IPEC-J2 cells 29,55. For My-A+, 

the recommended dose for addition in animal feed is 2g/kg and the dilution was carried 

out to reflect this. Therefore, these were the concentrations chosen for the combination 

of the feed additives also. However, there was no significant difference observed between 

the ameliorative effects of Se-Y, My-A+ and Se-Y + My-A+. It is possible that a 

maximum level of mitigation has been achieved by the feed supplements individually. 

However, this theory could be investigated by examining the individual and combined 

effects of Se-Y and My-A+ at lower concentrations.  
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2.5 Conclusion 

From the results presented, it was found that ZEN did not reduce cell viability at a 

concentration of 0.25 ppm, which is the maximum EU allowable ZEN in feed for sows 

and fattening pigs. When higher concentrations of ZEN was used, it was found that ZEN 

had a dose dependent negative effect on cell viability, genotoxicity and apoptosis of 

IPEC-J2 cells. The protective effect of the feed supplements against ZEN induced 

damage was also analysed. Cells treated with Se-Y and My-A+, individually and in 

combination, for 48 h prior to ZEN resulted in the reduction of the toxicity induced by 

ZEN. Thus, it was shown that Se and PUFAs could mitigate against ZEN toxicity in 

IPEC-J2 cells. However, the protective effects observed with the feed supplements 

individually were shown to be similar to that observed with the supplements combined.  
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Abstract 

Deoxynivalenol (DON) is a Fusarium mycotoxin and a common contaminant of cereal 

grains, which are often used as raw materials in animal feed. Pigs are particularly 

susceptible to DON toxicity and ingestion of the toxin can result in detrimental health 

effects in animals, including vomiting, diarrhoea, reduced growth and loss of appetite. 

The European Food Safety Authority (EFSA) has recommended that the level of DON in 

pig feed should not exceed 0.9 ppm. The first aim of this study was to investigate the 

effect of DON on a porcine intestinal epithelial IPEC-J2 cell model. Exposure to DON 

led to the reduction of cell viability when this toxin was present at concentrations lower 

than that recommended by EFSA. Additionally, a time and dose dependent cytotoxic 

effect was observed. DON was also shown to induce apoptosis following 24 h exposure 

at 0.9 ppm. The comet assay showed that DON did not induce DNA damage at levels up 

to 5 ppm following 24 h exposure. The second aim of this chapter was to investigate the 

potential protective effects of the feed supplements Se-Y and My-A+. The results showed 

that pre-incubating the cells with the feed supplements resulted in reduced cytotoxicity 

and apoptosis induced by DON. Overall, it was found that DON induced cytotoxicity and 

apoptosis in IPEC-J2 cells but DNA damage was not detected by the comet assay.  
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3.1 Introduction 

Mycotoxins are found to contaminate various staple food used as raw materials for animal 

feed. They can have adverse effects on the health of farm animals including pigs, poultry 

and ruminants 1,2. Due to the negative health effects of mycotoxins, it has become 

increasingly important to study mitigation methods for the reduction of toxins in animal 

feed. Many mycotoxin decontamination strategies have been studied to reduce the 

amount of toxin that is ultimately consumed and this includes methods such as cleaning, 

sorting, heating and adsorption 3–7. In Chapter 2, the protective effects of the feed 

additives against ZEN toxicity was investigated. However, in order to understand the 

mechanism of their protective effects, the mode of interaction of these feed additive 

should be explored. Feed additives and supplementations are often combined with animal 

feed in order to reduce the toxic effects of mycotoxins in animals 7. Selenium (Se) 

supplementation has been used to mitigate against toxicity of the contaminated feed 8,9. 

Additionally, yeast cell wall (YCW) based feed additives are increasingly being used as 

a means of adsorbing and detoxifying mycotoxins in the digestive tract of the animal 7,10.  

3.1.1 Selenium 

Se is an essential dietary trace element that is naturally present in food, and was 

discovered in 1817 by Swedish chemist Jons Jacob Brezelius 11. It is a member of Group 

VIA (16) in the periodic table of elements, also known as the chalcogens or the oxygen 

group and is a metalloid. It is found naturally in ore minerals and in soil and can exist in 

different molecular forms 12. Se can exist in four oxidation states in nature: selenide (Se(-

2)), elemental Se (Se(0)), selenite (Se(+4)) and selenate (Se(+6)) 13,14.  

The main Se compound found in the body is selenocysteine (Se-C) which is the 21st 

amino acid and proteins made up of or containing SeCys are known as selenoproteins. 

Glutathione peroxidase (GSH-Px) was the first selenoprotein to be discovered 15,16. GSH-

Px is an enzymatic antioxidant that inhibits cellular damage from oxidative stress by the 

reduction of hydrogen peroxides to water 17,18. However, the activity of this selenoprotein 

is related to the Se concentration available in the body. Therefore, a lower intake of Se 

can result in the reduction of antioxidant activity of GSH-Px which has the potential to 

result in increased oxidative stress 19,20.  
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Se is essential for humans and animals as deficiency of the element can result in negative 

health effects such as liver necrosis, immune deficiencies, fertility issues, cystic ovaries 

etc. 14,21. Keshan’s disease, which is a cardiomyopathy of young women and children and 

Kashin-Beck disease, which is an endemic osteoarthropathy, are both also associated with 

Se deficiency 19,21. The dietary reference value given by the WHO and Food and 

Agriculture Organisation (FAO) in 2004 was 34 and 26 µg/day for men and women, 

respectively, within the age group of 19-65 years. For men and women older than 65, this 

value was 33 and 25 µg/day, respectively 22. 

Se deficiency can also result in negative health effects in animals such as lower milk and 

wool production as well as lower weight gain and reduced fertility in animals 23,24. 

Ruminants are more susceptible to Se deficiency as they absorb Se less efficiently than 

other animal groups, with 77% retention of orally ingested Se observed in swine, 

compared with only 29% retention in sheep 23,25,26. Although Se deficiency can result in 

negative health impacts, excess Se has also been found to be toxic. Acute Se toxicity can 

result in vomiting, discolouration of nails, hair loss and foul breath odour 27,28.  

Dietary Se is the most practical method of Se intake, with plants being the main source 

for both animals and humans 29. However, the concentration of Se in plants is highly 

dependent on the Se concentration in the soil, which can vary geographically 19,29,30. Se 

occurs as elemental Se, selenates, selenites and organic Se in soil 31,32. The chemical 

properties of Se are similar to those of sulphur, therefore the uptake of Se in plants occurs 

via sulphate transporters in the plasma membranes of the root cells 33,34. Se competes with 

sulphate in the soil for uptake by plants, and thus the presence of sulfate ions can inhibit 

the uptake of selenate 34,35. Selenate is often favoured over selenite and organic Se for 

plant uptake by sulphate transporters 34. Alkaline soils in oxic conditions often favour 

selenate and neutral to acidic soils under less oxic conditions favour selenite 33. After the 

uptake of selenate or selenite by plants, selenates are reduced to selenite, which is then 

reduced to selenide and then converted into organic forms, especially selenomethionine 

(Se-M) and (Se-C) 33,34,36.  

Bioavailability is defined as the fraction of ingested and absorbed nutrient that is utilised 

for normal physiological functions or storage 19,37,38. Thus, the bioavailability of Se is 

dependent on how well it is absorbed and Se uptake in the body is dependent on the 
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source of Se. The majority of orally ingested Se is absorbed, first, in the duodenum, 

followed by the jeunum and ileum 14.  

The inorganic form selenite is passively absorbed by simple diffusion and selenate is 

actively absorbed with the sodium ions through the co-transport pathway 39,40. Once 

selenite is absorbed, it is immediately non-enzymatically reduced to dihydrogen selenide 

(H2Se) by glutathione (GSH) 14,28,39. The selenide is then transported to the liver for 

selenoprotein synthesis 38. In the case of selenate, it requires several passes of blood via 

the liver before it is reduced to selenite then selenide and a considerable amount of the 

absorbed selenate is excreted in the urine before it is reduced as it is not as readily taken 

up by red blood cells as selenite 39,41.  

The absorption of organic Se occurs in the small intestine by active transport via amino 

acid transport mechanisms 39,40. The Se from Se-M can be metabolised to Se-C, which is 

then converted into hydrogen selenide by β-lyase. It can also be used for the synthesis of 

proteins as it can freely substitute for methionine 39,41–43. Excess Se is excreted in breath 

or urine after methylation of H2Se 43.  

Due to the varying concentration of Se in soil and the deleterious health effects caused 

by Se deficiency, Se supplementation is often added to animal feed. Se supplements are 

commercially available in organic form including Se-M and Se-enriched yeast (Se-Y) 

and inorganic forms including sodium selenite (Na2SeO3) and sodium selenate (Na2SeO4) 

43. Inorganic forms of Se supplementation is often used for animal feed, as they are less 

expensive 43. 

Several studies have shown important differences in bioavailability between organic and 

inorganic forms of Se supplementations, consistently indicating that organic forms have 

higher bioavailability 44–46. In one such study, the bioavailability of three Se based food 

supplements, namely Se-Y, selenate based supplement and selenite based supplement 

was analysed. This was carried out by investigating the fraction of soluble Se that was 

transported through a monolayer of Caco-2 cells and the fraction that was actually 

retained in the cells during the process of absorption. The results showed that there was 

a significant difference between the bioavailability of the three supplements. It was found 

that selenite showed the lowest fraction of bioavailable Se. The selenate based 

supplement showed the highest bioavailable fraction, followed by Se-Y 44. This result 

was comparable with another study where the bioavailability of orally ingested Se-Y was 
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compared with that of Se-Ni in rats. The study also concluded that Se-Y had a higher 

bioavailability than selenite 
45. The effect of selenite, selenate and Se-Y on dairy cows 

was investigated, where the cows were split into three groups and each group was 

supplemented with 3 mg of one of the supplements. There was also a control group of 

cows, which were not given any supplements. After 12 weeks, the blood Se concentration 

was determined to be approximately 35% higher in the selenite and selenate groups and 

approximately 60% higher in the Se yeast group than in the control. There was no 

significant difference between the selenite and selenate groups. A similar trend was 

observed in the average Se concentration in milk. The average Se concentration in milk 

was 16.4, 16.4, 31.2 and 14 µg/L for selenite, selenate, yeast and control group 

respectively. A plateau was reached within one week of supplementation. The results of 

this study shows that Se from Se-Y was better absorbed than Se from inorganic sources 

47.  

Reactive oxygen species (ROS) such as superoxide and peroxide radicals can result in 

DNA damage by oxidation of nitrogenous DNA bases. Aerobic organisms have 

enzymatic and non-enzymatic antioxidants that are effective in inhibiting the harmful 

effects of ROS 18. Selenoenzymes such as GSH-Px and thioredoxin reductase (TrxR) 

have been shown to have antioxidant properties 19,48. GSH-Px is an enzymatic 

antioxidant, and its main role is to maintain low levels of hydrogen peroxide in the cell, 

which in turn reduces free radical damage 17,18,48. The main function of the TrxR is to 

maintain thioredoxin in a reduced state for removal of harmful hydrogen peroxide 19,21.  

Due to its antioxidant properties, the protective effect of Se has been an area of interest. 

A study carried out by Tran et al. investigated the protective effect of Se against DNA 

damage caused by mercury in haemocytes from Mytilus edulis (blue mussel) 49. Using 

the comet assay, it was found that when the haemocytes were exposed to 20 µg/L mercury 

chloride (HgCl2), there were high levels of single strand DNA breaks. The results showed 

that pre-exposure to 4 µg/L sodium selenite reduced DNA damaged induced by the 

mercury. The same study also showed that GPx activity doubled after three days in the 

presence of Se 49. In another study, Se-Y was found to have a protective effect against 

lead induced DNA damage in liver cells. HepG2 cells were treated with 1 μg/mL Se-Y 

and 40 μg/mL lead nitrate (Pb(NO3)2) for 24 h. The comet assay was then used to show 

that the percentage DNA damage decreased from 70% to 50% when compared to cells 

treated with 40 μg/mL Pb(NO3)2 alone. Furthermore, a 50% reduction in DNA damage 
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was found when the cells were treated with 1 μg/mL Se-Y and 80 μg/mL Pb(NO3)2 in 

comparison to the 80 μg/mL Pb(NO3)2 control 50. Similar results were found in another 

study that investigated the effect of Se against cadmium (Cd) induced damage. Pre-

incubation of Se-Y for 48 h prior to 24 h incubation with Cd resulted in remedial effects 

against Cd-induced DNA damage 51.  

3.1.2 Mycotoxin binder 

One of the methods of post-harvest mycotoxin elimination is adsorption by using a feed 

supplement. Mycotoxin binders are adsorbents that are added to animal feed and that can 

eliminate mycotoxins from the digestive tract of the animal 52. There are various 

adsorption agents available but their effectiveness in the removal of mycotoxins can vary 

53. Zeolites are hydrated aluminosilicate minerals that have been investigated for their 

mycotoxin binding abilities 54. Natural zeolites with high clintoptilolite resulted in 

effective adsorption of AFB1 55. Organically modified zeolites were found to adsorb 

AFB1, OTA and Zearalenone 56. Activated charcoal is a non-toxic adsorbent powder that 

is formed by the pyrolysis of various organic compounds 57. It has been shown to be 

effective in the removal of mycotoxins including AFB1, OTA and ZEN 58–60. Bentonite 

clay is another material used in the adsorption of mycotoxins. One study has showed that 

bentonite clay had a higher binding affinity for AFB1 than for DON 58. Elsewhere, it was 

shown that bentonite clay had a protective effect against ZEN induced toxicity in Caco-

2 and THP-1 cells 61.  

In the recent years, yeast cell walls have been used as a mycotoxin binder product. This 

type of organic binder has been known to bind to and remove mycotoxins in the digestive 

tract of animals 62–64. Yeast cell wall (YCW) was found to be effective in the adsorption 

of AFB1 (92.7% adsorption) and DON (22.9% adsorption) 58. Another study showed that 

a YCW product from baker’s yeast could adsorb 68% of ZEN, 29% of AFB1 and 62% 

of OTA during challenge with these toxins 65.  

Mycosorb A+ (My-A+) is a mycotoxin binder, produced by Alltech Ltd., which works 

by reducing mycotoxin absorption within the animal gut. It is an YCW based additive 

derived from the yeast Saccharomyces cerevisiae. As well as yeast, My-A+ also contains 

heterotrophically grown algae. The carbohydrate components of both the yeast and algal 

cell walls binds to mycotoxins and removes them from the digestive tract of the animal 
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63. The algal component in the binder is rich in polyunsaturated fatty acids (PUFAs) 

which provide it with antioxidant properties 66,67. 

PUFAs are long hydrocarbon chains with two or more cis double bonds present in their 

structure 68. There are two groups of PUFAs, namely omega-3 (n-3) and omega-6 (n-6). 

The structural difference between n-3 and n-6 fatty acids (FAs) is the position of the first 

double bond. n-3 FAs have their first double bond between the third and fourth carbon 

from the methyl terminal and the first double bond in n-6 FAs is between the sixth and 

seventh carbon atoms 69–71.  

Humans and other mammals are unable to synthesise PUFAs and therefore must obtain 

them through dietary means 72,73. The two essential PUFAs are α-linolenic acid (ALA), 

which is the parent n-3 FA and linoleic acid (LA), which is the parent n-6 FA 74,75. Long 

chain FAs are synthesised within the body from ALA and LA. Docosahexaenoic acid 

(DHA) and eicosapentaenoic acid (EPA) are both long chain n-3 FAs that are synthesised 

from ALA. These long chain FAs can also be obtained via dietary means. Similarly, 

dihomo-y-linolenic acid (DGLA) and arachidonic acid (ARA) are n-6 FAs synthesised 

in the body from LA 75–77. However, DGLA and ARA are scarcely available via dietary 

means 78. n-3 PUFAs are mainly found in fish, meat and eggs, rapeseed, walnuts, chia 

seeds and flaxseeds. n-6 PUFAs are found in various oils including sunflower, safflower 

and corn oil as well as nuts and seeds including walnuts and sunflower seeds 79,80. 

 n-3 PUFAs have been shown to have anti-inflammatory properties and there is published 

evidence that they can reduce the risk of cardiovascular diseases and depression 81–85. 

DHA is important in the regulation of brain function and neuroinflammation and is also 

required in maintaining normal retinal functions 76,86,87. PUFAs have also been shown to 

mitigate against DNA damage. One study showed the mitigation of H2O2-induced 

oxidative stress-induced DNA damage by n-3 PUFAs EPA and DHA in human aortic 

endothelial cells 88. In another study, rats were split into two groups and fed different 

diets.  One group was fed fish oil, which was rich in n-3 PUFAs and the other group was 

fed safflower oil, which was rich in n-6 PUFAs. The rats were then injected with ferric 

nitrilotriacetate to induce oxidative stress. DNA damage was induced in the livers of both 

groups but significantly less damage was observed in the group that was fed the fish oil 

diet indicating that the fish oil supplement rich in n-3 PUFAs had a protective effect 

against DNA damage induced by oxidative stress 89. Elsewhere, DHA was shown to have 
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a protective effect against apoptosis in retinal neurons induced by oxidative damage 90. 

These studies show the protective effect of PUFAs against DNA damage and apoptosis 

induced by various sources. 

3.1.3 Chapter aims 

The aim of this chapter was to study the effect DON has on IPEC-J2 cells. Here, DON 

was shown to induce cytotoxicity and apoptosis following exposure for 24 h. However, 

DNA damage was not detected using the comet assay. The protective effect of the feed 

supplements Sel-Plex (Se-Y) and Mycosorb A+ (My-A+), both individually and 

combined, against DON induced damage was also investigated. Both feed supplements, 

used separately and in combination, were seen to have a protective effect against DON 

induced damage.  
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3.2 Materials and Methods  

3.2.1 Cell culture  

Cell culture methods were carried out as outlined in Chapter 2 (Section 2.2.1) 

3.2.2 Deoxynivalenol preparation  

Deoxynivalenol (Sigma Aldrich) was bought in powder form and dissolved in ethanol to 

prepare a 2500 ppm stock solution. The stock solution was stored at -20°C and was 

diluted as necessary in serum free medium. The final concentration of ethanol was kept 

below 1% during cell culture. IPEC-J2 cells were incubated with 0-1% ethanol for 24 and 

48 h.  

3.2.3 Preparation of selenised yeast powder and mycosorb A+ 

Se-Y and My-A+ (obtained directly from Alltech Ltd.) were prepared as outlined in 

section 2.2.3. 

3.2.4 Cell viability assay   

Alamar Blue and CFDA-AM were used for the analysis of cell toxicity. Cells were seeded 

in a black flat-bottomed 96 well plate at 2 x 104 cells/mL in DMEM (see 2.2.1) with 2% 

porcine serum. Cells were incubated with DON for 24 h. The cell viability assay was then 

carried out as outlined in Chapter 2 (Section 2.2.4). For analyses involving Se-Y and/or 

My-A+, the cells were incubated with digested Se-Y (0.4 ppm Se), My-A+ (2g/kg) or 

both for 48 h, prior to incubation with mycotoxins. 

3.2.5 TUNEL Assay   

Cells were pre-incubated with the feed supplements for 48 h, when required, followed by 

a 24 h incubation with DON. The TUNEL assay was then carried out according to the 

manufacturer’s instructions (Phoenix Flow Systems, San Diego, CA) as outlined in the 

Chapter 2 (Sections 2.2.5).  

3.2.6 Alkaline Comet Assay 

Cells were pre-incubated with the feed supplements for 48 h, when required, followed by 

a 24 h incubation with DON. The comet assay was then carried out as outlined in the 

Chapter 2 (Sections 2.2.6).  
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3.3 Results  

3.3.1 DON is toxic to IPEC-J2 cells at levels below the EFSA limit  

The cytotoxic effect of DON at concentrations between 0 - 0.9 ppm was investigated on 

IPEC-J2 cells. The cells were incubated with DON for 24 and 48 h. The highest 

concentration of DON was chosen as 0.9 ppm for the cytotoxicity assay as it is the current 

maximum concentration of DON for feeding stuffs for pigs as set by the EU 2. The cell 

viability was measured by a combined cell viability assay made up of AB and CFDA-

AM. The results in Figure 3.1 show that DON was toxic to IPEC-J2 cells in a time and 

dose dependent manner.  

Figure 3.1: The effect on IPEC-J2 viability following 24 and 48 h exposure to DON. 

Results were obtained using the combined AB/CFDA-AM dual assay (a: alamar blue, b: 

CFDA-AM). Significant differences between control cells (0 ppm DON) and cells insulted 

with DON were determined by one way ANOVA (*P<0.05, **P<0.01,***P<0.001). 

The results show that DON was found to be significantly cytotoxic to the cells at 0.15 

ppm following 24 h exposure. A decrease in cell viability was observed with increasing 

DON concentration. Additionally DON was found to be more toxic to the cells following 

the longer exposure time of 48 h.  

3.3.2 DON induces apoptosis in IPEC-J2 cells 

The TUNEL assay was used to determine apoptosis-induced DNA fragmentation in 

IPEC-J2 cells after incubation with DON for 24 h. DON induced apoptosis was analysed 

after DON exposure for 24 h, at concentrations of 0 – 5 ppm. The sizes of TUNEL 

positive cell populations indicated the extent of apoptosis and TUNEL negative values 
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represented healthy cells. The bar chart in Figure 3.2 represents the TUNEL negative 

percentage of IPEC-J2 cells. The TUNEL negative value of healthy control cells was 

97.1%. Increasing DON concentrations resulted in decreased TUNEL negative 

populations.  

Figure 3.2: DON induces apoptosis in IPEC-J2 cells. Cells were exposed to increasing 

concentrations of DON for 24 h and analysed by the TUNEL assay. A) Representative 

histogram plots of cells treated with 0 ppm, 0.9 ppm and 5 ppm DON. B) TUNEL negative 

values for cells incubated increasing concentrations of DON. Data in the bar chart is 

presented as the mean ± SD of triplicate samples. Significant differences between control 

cells (0 ppm DON) and cells insulted with DON were calculated one way ANOVA 

(*P<0.05, **P<0.01,***P<0.001). 
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Exposure to 0.5 ppm DON did not induce apoptosis even though significant cytotoxic 

effects were observed at this concentration by AB and CFDA-AM. DON was shown to 

induce apoptosis to IPEC-J2 cells at a concentration of 0.9 ppm. The TUNEL negative 

population decreased with increasing DON concentration. 

3.3.3 DON-induced DNA damage was not detected by comet assay 

The alkaline comet assay was used to analyse DNA damage in IPEC-J2 cells caused by 

various concentrations of DON. This assay is used to detect both single and double 

stranded DNA damage. Cells were incubated with various concentration of DON, in the 

range of 0 – 5 ppm, for 24 h and the slides were viewed at 10X magnification by 

fluorescent microscopy. No comets were observed for the cells that had been incubated 

with DON (Figure 3.3). In contrast, comets can be seen on the slide with cells insulted 

with hydrogen peroxide (H2O2) for 30 min, which was the positive control. No DNA 

damage by DON was detected by the comet assay at concentrations up to 5 ppm.  

 

Figure 3.3: DON does not induce DNA damage in IPEC-J2 at concentrations up to 5 

ppm. Comet analysis of IPEC-J2 cells incubated with various concentration of DON for 

24 hours.  

The Comet Score software was used to analyse the data collected from the microscope. 

The bar chart in Figure 3.4 shows that there was no significant difference in the 

percentage tail DNA between the healthy cells (0 ppm DON) and cells insulted with 

DON. 
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Figure 3.4: Percentage tail DNA as determined by Comet Score software for IPEC-J2 

cells incubated with DON for 24 hours. Data in the bar chart is presented as the mean of 

the median ± SD of triplicate samples. Significant difference between negative control 

cells and cells insulted with DON was highlighted by one way ANOVA (*P<0.05, 

**P<0.01,***P<0.001). 

3.3.4 Sel-Plex and Mycosorb A+ exhibited protective effects against DON 

induced cytotoxicity 

The AB/CFDA-AM dual cell viability assays were carried out on DON treated cells with 

and without pre-treatment with Se-Y and My-A+. Cells were pre-incubated with Se-Y 

and My-A+ for 48 h, followed by a 24 h incubation with 0.15 ppm or 0.9 ppm DON. An 

increase in cell viability was observed in the cells that were pre-incubated with the feed 

supplements when compared to the cells that were exposed to DON alone.  
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Figure 3.5: Se-Y and My-A+ mitigate against DON induced cytotoxicity in IPEC-J2 

cells. The graphs above represent a) cells treated with 0.15 ppm DON and analysed by 

alamar blue b) cells treated with 0.9 ppm DON and analysed by alamar blue c) cells 

treated with 0.15 ppm DON analysed by CFDA-AM and d) cells treated with 0.9 ppm 

DON analysed by CFDA-AM. In all cases cells were pre-incubated for 48 h with 

supplement (as indicated underneath) followed by insult with DON for 24 h. Results are 

expressed as the mean of triplicates ± SD and are presented as relative to the negative 

control (0 ppm DON, no supplements). Significant difference between the untreated and 

pre-treated samples were calculated by one-way ANOVA (*P<0.05, **P<0.01, 

***P<0.001). 
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3.3.5 Se-Y and My-A+ mitigate against DON induced apoptosis in IPEC-J2 

cells  

TUNEL assay was then used to investigate the protective effect of the feed supplements 

against DON damage. Cells were pre-incubated with Se-Y, My-A+ and Se-Y + My-A+ 

for 48 hours followed by a 24 hour incubation with 0.9 ppm DON. The results of the 

assay are summarised in Figure 3.6 as a histogram and a bar chart. Pre-incubation of the 

cells with the supplements resulted in an increase in the population of TUNEL negative 

cells. This shows that supplementation correlated with a reduction in the extent of DON-

associated apoptosis. 
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Figure 3.6: Se-Y and My-A+ mitigate against DON induced apoptosis in IPEC-J2 cells. 

IPEC-J2 cells were pre-treated with Se-Y, My-A+ or a combination of both for 48 h 

followed by a 24-h exposure to 0.9 ppm DON and analysed by TUNEL assay. The upper 

panels show a representative histogram plots of cells with no-pre-treatment, cell pre-

treated with Se-Y, My-A+ and Se-Y + My-A+. Data in the bar chart was obtained by 

represents the percentage TUNEL negative values presented as the mean ± SD of 

triplicate samples. Significant differences between cells with no pre-treatment (0.9 ppm 

DON, no supplements) and pre-treated cells are highlighted by one way ANOVA followed 

by Dunnett’s test (*P<0.05, **P<0.01,***P<0.001). 
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3.4 Discussion  

The common worldwide occurrence of DON in grains is concerning as grains are used as 

raw materials for animal feed, including wheat, barley, corn and maize 92. Cereal grains 

and their by-products are an important source of energy and protein for farm livestock 93. 

Thus, the presence of DON in grains, even at low levels, can result in detrimental health 

effects in animals, especially in pigs. The cytotoxic, apoptotic and genotoxic effects DON 

on IPEC-J2 cells were investigated in this chapter.  

The AB/CFDA-AM dual assay was employed to measure the cytotoxicity of the 

mycotoxin at various concentrations. Both the cellular metabolic activity and the 

membrane activity were measured with this assay. The recommended maximum level of 

DON in pig feed as directed by EFSA is 0.9 ppm. From the results of the cell viability 

assay, DON-induced cytotoxicity was observed at a concentration of 0.15 ppm, 

significantly lower than the EFSA recommendation, following 24 h exposure. Following 

a longer exposure of 48 h, it was found that an even lower concentration of 0.05 ppm 

DON exhibited cytotoxic effects on the cells. Thus, the results of the study showed that 

DON had a time and dose dependent detrimental effect on IPEC-J2. These results agree 

with the results of the study carried out by Awad et al., where the effect of DON on IPEC-

J2 cells was investigated by cell count and lactase dehydrogenase (LDH) release assay. 

The results of that study showed that with increasing DON concentration there was a 

decrease in total cell count and an increase in LDH release, which reflected the cytotoxic 

effects of DON 94. DON also had a time and dose dependent effect on the viability of 

HepG2 cells 95. A similar dose dependent response was also observed on the cell viability 

of Caco-2 cells, measured with the MTS assay, with toxicity noted at a DON 

concentration as low as 0.3 ppm 96. These results are consistent with this study, which 

shows that DON induces cytotoxicity in a time and dose dependent manner.   

The TUNEL assay was used in this study to measure the level of apoptosis induced by 

DON in IPEC-J2 cells. A decrease in the percentage of TUNEL negative cells was 

observed with increasing DON concentration, indicating increasing numbers of apoptotic 

cells. A concentration 0.5 ppm DON did not induce apoptosis, even though it was shown 

to induce significant cytotoxicity in the cells. Significant apoptosis was observed with 24 

h exposure to 0.9 ppm DON. Higher concentrations of DON were shown to decrease the 

TUNEL negative population indicating the increase in apoptotic cells. Similar results 
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were obtained in a study by Kang et al., where it was found that 0.5 ppm did not induce 

significant apoptosis on IPEC-J2 cells. The study showed that exposure to 1 ppm and 2 

ppm DON for 24 h resulted in increased percentage of both early and late apoptotic cells 

97. Other studies using the IPEC-J2 cells also observed the induction of apoptosis by DON 

98,99. In another study, an increase in apoptosis of mouse endometrial stromal cells (ESCs) 

was also observed with increasing DON concentration 100. Elsewhere, DON was also 

shown to induce apoptosis in bovine mammary epithelial cells 101. These studies show 

that DON can induce apoptosis in various cell types.  

The alkaline comet assay can detect both single and double stranded DNA breaks. Here, 

the assay was used to detect DNA damage induced by DON in IPEC-J2 cells. However, 

no comets were seen when the cells were incubated with concentrations of DON up to 

0.9 ppm, which was the maximum concentration of DON permissible in swine feed. The 

cells were then incubated in higher DON concentrations up to 5 ppm but there was still 

no DNA damage detected. Each experiment was carried out with a positive control, where 

cells were incubated with H2O2 for 30 minutes and comets were detected for this control 

as seen in Figure 3.3 and 3.4. 

Other studies have detected DNA damage by DON using the comet assay on different 

cell types. A study by Zhang et al. used the comet assay to investigate the effect of DON 

on HepG2 liver cells. The study showed that there was a dose-dependent increase in the 

percentage tail DNA when cells were treated with DON at concentrations in the range of 

1.1 – 8.9 ppm 102. Elsewhere, dose-dependent DNA damage was observed by the comet 

assay in Caco-2 cells 103. In another study, the genotoxicity of DON was investigated in 

TK6 (human lymphoblastoid) cells. The cells were exposed to 0 – 25 ppm DON for 3 h 

or 24 h. The results showed no significant increase in DNA migration at the concentration 

and times tested, similar to what was observed with in this work with the IPEC-J2 cells 

104. Another study also showed that DON did not induce genotoxicity in human hepatoma 

HepaRG cells using the comet assay 105. These studies show that the genotoxic effects of 

DON may be cell dependent, as it has been shown to induce DNA damage in some cells 

but not others.  

There are various methods of detecting DNA damage, with comet assay and TUNEL 

assay being amongst them and in general, the TUNEL assay is found to be more sensitive 

for detection of DNA fragmentation 106, which could explain why DNA damage by DON 
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was detected by TUNEL but not by comet in this study. It may be necessary to increase 

the concentration range of DON being used in the experiment here, in order to detect 

DNA damage by comet. 

The protective effects of the feed supplements Se-Y and My-A+ was analysed also using 

the cell viability and the TUNEL assay. It was found that 24 h exposure to DON resulted 

in lower cytotoxic effects in cells that were pre-treated with the supplements. The 

supplemented cells also displayed lower levels apoptosis. It was found there was a 

significant increase in the TUNEL negative population in the cells that were pre-

incubated with the supplements in comparison to those that were not. This shows that the 

supplements showed protective effects against DON induced apoptosis and cytotoxicity.  

Se is an essential dietary trace mineral that has been previously shown to have protective 

effect against DON toxicity. One study showed the ameliorative effects of sodium 

selenite against DON induced oxidative damage to porcine splenic lymphocytes 107. 

Supplementation with Se-enriched yeast was shown to counteract most of the plasma 

indicator alterations induced by DON in broiler chickens 108. DON induced cytotoxic 

injury and metabolism imbalance in human chondrocytes was also reversed by Se 109. A 

glucomannan based mycotoxin adsorbent, Mycosorb, was used in one study to mitigate 

the toxic effects on DON in broiler chickens. Mycosorb counteracted many of the effects 

that were induced by DON such as depletion of plasma levels of magnesium, triglycerides 

and total protein, but did not prevent the toxic effect on calcium metabolism 110. 

Mycosorb was also shown to reduce the toxic effects of Fusarium mycotoxins (including 

DON, ZEN and 15-acetyl DON) on the reproductive performance of gilts 111.  An in vitro 

study also used IPEC-J2 cells to show the protective effects of Mycosorb against DON 

damage. DON was shown to decrease TEER and reduce cell viability and this effect was 

counteracted by Mycosorb 112. One of the components of My-A+ that lends its protective 

effects is the PUFAs present in the algae. PUFAs have shown to alleviate toxicity induced 

by various sources. One study showed that long chain n-3 PUFAs, EPA and DHA could 

mitigate DON induced toxicity in IPEC-1 cells. EPA and DHA were shown to prevent 

cell injury induced by DON and improve intestinal barrier integrity. Exposure to DON 

also increased ROS production, which was subsequently decreased by EPA and DHA 113. 

In another study, in the spleen of male mice, DON was shown to induce the expression 

of various genes that could be responsible for its immune dysregulation and inflammatory 

effect. In mice that were fed n-3 PUFA diet, the effects of DON were mitigated 114. 
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Elsewhere, n-3 PUFAs DHA and EPA were shown to attenuate the early stages of IgA 

nephropathy induced in mice following DON exposure. However, the parent n-3 FA 

ALA did not have an effect on DON induced IgA nephropathy 115. A follow up study by 

the same authors showed that DHA mitigated DON induced IgA dysregulation and 

nephropathy in a dose dependent manner 116. These results corroborate with the results of 

this chapter where it was shown that both Se from Se-Y supplement and PUFAs from 

My-A+ had a protective effect against DON induced damage on IPEC-J2 cells.  

From the results of this chapter and Chapter 2, it can be concluded that both ZEN and 

DON have toxic effects on IPEC-J2 cells. Comparing the data, DON was more toxic to 

the cells than ZEN. It was found that 24 h exposure to 3 ppm ZEN was required to 

significantly reduce the cell viability, however, with DON a significant difference was 

observed with only 0.15 ppm exposure. Similarly, 0.9 ppm DON was shown to induce 

apoptosis, but with ZEN, a much higher concentration of 25 ppm was used. However, 

although ZEN was shown to induce DNA damage in the cells, DON did not. A study by 

Wan et al. also showed that DON was more toxic to IPEC-J2 cells than ZEN, following 

a 48 h exposure 117. Similarly, DON was shown to be more cytotoxic than ZEN to HepG2 

cells and Raw 26.7 cells 118. Elsewhere, similar results were also observed with PK15 

cells 119. These results highlight the higher toxic effects of DON compared to ZEN.  
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3.5 Conclusion 

From the results presented, it can be seen from the cell viability and the TUNEL assay 

that the cytotoxic and apoptotic effects of DON on IPEC-J2 cells are dose dependent. The 

results of the comet assay showed that DON did not induce DNA damage on the epithelial 

at the conditions tested. Elsewhere, DON was found to induce DNA damage on Caco-2 

and HepG2 cell lines but not on TK6 and HepaRg cells, indicating that its potential 

toxicity may be cell dependent. This could explain the absence of observed genotoxicity 

by DON in this study. The protective effects of Se-Y, My-A+ and Se-Y + My-A+ against 

DON toxicity was also investigated in this chapter. It was found that pre-incubating the 

cells for 48 h prior to 24 h exposure to DON resulted in reduced cytotoxic and apoptotic 

effects, when compared to the cells that were not pre-incubated.  
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Abstract 

DON and ZEN are common mycotoxins that frequently co-occur, and so there is an 

urgent need to develop mycotoxin management strategies for combined mycotoxin 

exposures. The effects of combined mycotoxins have been shown to vary depending on 

the cell/animal used, the concentration of mycotoxins, the exposure time and type of 

damage analysed. The aim of this study was to investigate the combinatorial effects of 

DON and ZEN on IPEC-J2 cells and to examine the protective effects of Se-Y and My-

A+ on DON + ZEN induced toxicity. When combined, DON and ZEN were shown to 

have a synergistic effect on cell viability. However, when genotoxicity was measured, it 

was found that the combined effect of both toxins was similar to that induced by ZEN 

alone. DON was not shown to add to the genotoxicity of ZEN. Additionally, with the 

TUNEL assay, it was found that 0.25 ppm ZEN did not add to the apoptotic effects of 0.9 

ppm DON. When the combination of 0.9 ppm DON and 25 ppm ZEN was analysed, the 

combined apoptotic effect was not significantly different to that induced by 25 ppm ZEN 

alone. Protective effects of the feed supplements were observed against 0.9 ppm DON + 

0.25 ppm ZEN and 0.9 ppm DON + 0.25 ppm DON induced cytotoxicity. The comet and 

TUNEL assays also exhibited a similar mitigation by the supplements against 0.9 ppm 

DON + 25 ppm ZEN induced DNA damage and apoptosis, respectively. In summary, the 

combination of DON and ZEN was shown to have a synergistic effect on the cytotoxicity 

of IPEC-J2 cells, but a less than additive effect was observed in terms of apoptosis and 

DNA damage. Pre-incubation with the feed supplements resulted in the mitigation of the 

damage induced by the combination of DON and ZEN.  
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4.1 Introduction  

Most fungi produce more than one mycotoxin simultaneously, and thus humans and 

animals are often exposed to multiple mycotoxins 1,2. The three main fungal genera 

responsible for the production of mycotoxins are Aspergillus, Penicillium and Fusarium. 

Some mycotoxins produced by the Aspergillus genus include, AFs, OTA and patulin 3,4. 

Penicillium is also responsible for the production of patulin and OTA as well as 

cyclopiazonic acid and citrinin 4,5. Fusarium produces some of the major mycotoxins, 

including fumonisins, DON, ZEN, T-2 toxin and HT-2 toxin 4,6,7.   

In the 2020 world mycotoxin survey by BIOMIN, involving 21,709 samples collected 

from 79 countries, more than one mycotoxin was detected in 67% of the samples. In the 

samples from North America, 92% of the samples were found to be co-contaminated. In 

the Middle East and Africa, 80% and 86% of the samples analysed were contaminated 

by more than one mycotoxin, respectively 8. Elsewhere, 22% of 176 finished feed 

samples were infected with more than one mycotoxin 9. In another study, 67 out of 82 

feed samples were contaminated by mycotoxins (mainly type B trichothecenes and 

fumonisins) and from the infected samples, 75% were shown to be co-contaminated 10. 

In 50 samples of poultry feed samples from Slovakia, 44% of the samples were 

contaminated by four mycotoxins; T-2 toxin, HT-2 toxin, DON and ZEN 11. These studies 

show that the occurrence of multiple mycotoxins simultaneously is a common 

occurrence.  

Since DON and ZEN are both produced by Fusarium culmorum, they are frequently 

found in co-occurrence with each other 12. In Portugal DON and ZEN was found to co-

occur in 15% (46/307) of wheat and wheat-based products with a mean ZEN 

concentration of 170 µg/kg and mean DON concentration of 70 µg/kg 13. In another study, 

DON and ZEN were seen to co-occur in Brazilian barley grain samples 14. Co-occurrence 

was also reported in wheat from Brazil. A combination of DON, ZEN and NIV was found 

in 74% (2009) and 12% (2010) of wheat samples analysed. A higher occurrence of 

mycotoxins was observed in 2009 as compared to 2010 due to the weather conditions 

during wheat flowering in that year 15. In a global mycotoxin survey, feed samples from 

100 countries were collected over a ten-year period from January 2008 – December 2017 

and analysed for the presence of mycotoxins. The survey showed that the combinations 

of DON + ZEN and DON + fumonisin had the highest percentage of co-occurrence in 
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finished feed (48%); DON and ZEN were found to co-occur in 39% and 28% of maize 

and wheat samples analysed, respectively 16. Given the common co-occurrence of DON 

and ZEN, it is important to understand their combinatorial effects.  

The effect of combined mycotoxins cannot be predicted by the toxic effects exhibited by 

the individual mycotoxins 1. Combined mycotoxins generally are considered to result in 

one of three main interaction effects: exhibiting a synergistic effect, an antagonistic effect 

or an additive effect 1,17. A synergistic effect is observed when the combined effect of 

mycotoxins is greater than the sum of their individual effects. However, in a review by 

Grenier and Oswald, synergistic interaction was further explored 1. Of particular interest 

to the work presented in this chapter, Grenier and Oswald considered the situation where 

one mycotoxin has no effect and the combined effect is greater than that of the other 

mycotoxin alone, defining this effect as potentiation, a type of synergism. An additive 

effect is observed when the combined effect of the mycotoxins is equal to the sum of their 

individual effects. In contrast, an antagonistic effect is observed when the combined 

effect of mycotoxins is less than the sum of their individual effects. Where the effect of 

combined mycotoxins mostly reflects the effect of the more toxic mycotoxin, with no 

added effect of the other mycotoxin, the interaction can be defined as less than additive 

(Figure 4.1) 1,18.  
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Figure 4.1: The types of interactive effects of combined mycotoxins typically observed 

(adapted from Grenier and Oswald) 1. 

The aim of this chapter was to study the combinatorial effects of the mycotoxins DON 

and ZEN on IPEC-J2 cell viability, genotoxicity and apoptosis, and to evaluate the 

effectiveness of potential mitigation strategies to ameliorate these effects. A synergistic 

effect was observed on cell viability. This was not observed however, when DNA damage 

and apoptosis were measured in that combining DON and ZEN did not add to the toxic 

effects of the individual mycotoxins and thus a ‘less than additive’ effect was to be 

concluded. In terms of mitigation, it was found that Se-Y and My-A+ effectively 

mitigated the toxic effects of the combined mycotoxins across all combinations 

investigated.  
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4.2 Materials and methods  

4.2.1 Cell culture  

Cell culture methods, ZEN and DON preparation and preparation of Se-Y and My-A+ 

were carried out as outlined in Chapters 2 and 3 (Sections 2.2.1, 2.2.2, 2.2.3 and 3.3.2).  

4.2.2 Cell viability assay   

Alamar Blue and CFDA-AM were used for the analysis of cell toxicity. Cells were seeded 

in a black flat-bottomed 96 well plate at 2 x 104 cells/mL in DMEM (see 2.2.1) with 2% 

porcine serum. Cells were incubated with ZEN and DON, individually and combined, 

and incubated for 24 h. The cell viability assay was then carried out as outlined in the 

Chapter 2 (Section 2.2.4). For analyses involving Se-Y and/or My-A+, the cells were 

incubated with digested Se-Y (0.4 ppm Se), My-A+ (2g/kg) or both for 48 h, prior to 

incubation with mycotoxins. 

4.2.3 TUNEL Assay   

Cells were pre-incubated with the feed supplements for 48 h, when required, followed by 

a 24 h incubation with ZEN and DON. The TUNEL assay was then carried out according 

to the manufacturer’s instructions (Phoenix Flow Systems, San Diego, CA) as outlined 

in the previous Chapter 2 (Sections 2.2.5).  

4.2.4 Alkaline Comet Assay 

Cells were pre-incubated with the feed supplements for 48 h, when required, followed by 

a 24 h incubation with ZEN and DON. The comet assay was then carried out as outlined 

in the Chapter 2 (Sections 2.2.6).  

4.2.5 Assessment of mycotoxin combination effect  

Isobologram analysis using the Chou-Talalay model was used to assess the interaction of 

the combined mycotoxins. This model uses the Combination Index (CI) as a quantitative 

parameter to determine the interaction type. The CI value can be calculated by the 

following equation: 19 
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(𝐶𝐼)𝑥 =  ∑
(𝐷)𝑗

(𝐷𝑥)𝑗
=  ∑

(𝐷𝑥)1−𝑛 {[𝐷]𝑗/ ∑ [𝐷]𝑛
1 }

(𝐷𝑚)𝑗 {
(𝑓𝑎𝑥)𝑗

[1 − (𝑓𝑎𝑥)𝑗
}

1/𝑚𝑗

𝑛

𝑗=1

𝑛

𝑗=1
 

𝑛  

Where (𝐶𝐼)𝑥 
𝑛  is the combination index for n drugs at x% inhibition, (𝐷𝑥)1−𝑛 is the sum 

of the dose of n drugs that exerts x% inhibition in combination, {[𝐷]𝑗/ ∑ [𝐷]𝑛
1 } is the 

proportionality of the dose of each of the n drugs that exerts x% inhibition in combination, 

and (𝐷𝑚)𝑗 {
(𝑓𝑎𝑥)𝑗

[1−(𝑓𝑎𝑥)𝑗
}

1/𝑚𝑗

is the concentration of each toxin alone that exerts x% 

inhibition, where 𝐷𝑚 is the median-effect concentration (e.g. IC50), 𝑓𝑎𝑥  is the fractional 

inhibition at x% inhibition and m is the slope of the median-effect plot. The m value 

depicts the shape of the dose-effect curve, where 𝑚 = 1 indicates a hyperbolic, 𝑚 > 1 

indicates a sigmoidal and 𝑚 < 1 indicates a flat sigmoidal dose-effect curve. The CI 

value was defined as following, CI = 1 represents an additive effect, CI < 1 represents a 

synergistic effect and CI > 1 represents an antagonistic effect 19. The CI value for the 

interaction of DON + ZEN was calculated using the Compusyn software (ComboSyn, 

Inc., Paramus, NJ, USA).  
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4.3 Results  

4.3.1 DON + ZEN act synergistically to negatively affect IPEC-J2 cell viability 

IPEC-J2 cells were exposed to DON, ZEN and DON + ZEN for 24 h. DON concentration 

of 0.9 ppm was chosen for this research, as this is the maximum allowable concentration 

in pig feed as set by EFSA. This is also the concentration at which cytotoxic and apoptotic 

effects were observed in IPEC-J2 cells following 24 h exposure (as shown in Chapter 3). 

ZEN concentrations of 0.25 and 25 ppm was chosen for this study. The lower 

concentration of 0.25 ppm ZEN was chosen as this is the maximum allowable 

concentration in pig feed as set by EFSA. The higher concentration of 25 ppm ZEN was 

chosen as this is the concentration at which the genotoxic and apoptotic effects of ZEN 

was observed in IPEC-J2 cells following 24 h exposure (as shown in Chapter 2).  

Table 4.1: The concentrations of DON and ZEN used to investigate their combinatorial 

effects. 

DON concentration 

(ppm) 

ZEN concentration 

(ppm) 
Reason 

0.9 0.25 
EFSA limits for the toxins in pig 

feed 

0.9 25 

Lowest concentration at which 

apoptosis and/or genotoxicity was 

detectable 
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Figure 4.2: The effect on IPEC-J2 viability following a 24 h exposure to DON and ZEN 

individually and combined. Results were obtained using the combined AB/CFDA-AM 

dual assay. Concentrations of 0.9 ppm DON and 0.25 ppm ZEN were used in graphs a 

and c as labelled in the graph. Concentrations of 0.9 ppm DON and 25 ppm ZEN were 

used for graphs c and d. Significant differences between control cells (0 ppm DON and 

ZEN) and cells insulted with DON and/or ZEN are highlighted by one way ANOVA 

(*P<0.05, **P<0.01,***P<0.001). 
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Following 24 h exposure to either 0.9 ppm DON (Figure 4.2 a-d) and 25 ppm ZEN 

(Figure 4.2 b and d) individually, a reduction in cell viability was observed, but there was 

no significant reduction in cell viability observed at 0.25 ppm ZEN (Figure 4.2 a and c). 

The combination of 0.9 ppm DON + 0.25 ppm ZEN resulted in a lower cell viability than 

that induced by 0.9 ppm DON alone. Similarly, lower cell viability was observed for the 

cells exposed to 0.9 ppm DON + 25 ppm ZEN than those exposed to the mycotoxins 

individually. The interaction between DON and ZEN was then assessed using the Chou-

Talalay isobologram method. The Chou-Talalay method is one of the most commonly 

used for the measure of mycotoxin interaction 17. The calculated CI values for the 

different combinations are presented in Table 4.2 below. The CI value for each of the 

combinations was found to be less than 1, thus indicating a synergistic effect for each 

combination with respect to cell viability, with a potentiation type of synergistic 

interaction observed for the combination of 0.9 ppm DON and 0.25 ppm ZEN.  

According to Chou (2010) five data points is the hypothetical minimum required for 

combination study (two data points for toxin 1, two data points for toxin 2 and one for 

toxin 1 + 2). However, it is not recommended to use the minimum number of data points 

in order to have confidence in the outputs when using the method 20. Therefore, in this 

study, at least 7 data points were entered for DON and ZEN individually and 4 data points 

with a constant ratio were entered for the combined mycotoxins. Only the graphs for the 

combinations of interest (0.9 ppm DON + 25 ppm ZEN and 0.9 ppm DON + 0.25 ppm 

ZEN) are shown in this Chapter (Figure 4.2). The graphs for the other combinations of 

the same ratios that were used to input into the Chou-Talalay model are shown in the 

appendix (Figures 6.1 – 6.4).  
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Table 4.2: CI values for cells treated with DON and ZEN analysed by alamar blue and 

CFDA-AM, calculated using the Chou-Talalay method on CompuSyn. 

DON ZEN 

Alamar Blue 

CI value 

CFDA-AM 

CI value 

0.9 0.25 0.57298 0.56569 

0.9 25 0.85081 0.70007 

 

4.3.2 DON does not enhance ZEN-induced DNA damage in IPEC-J2 

The comet assay was used to analyse the DNA damaging effects of DON and ZEN. As 

shown in Chapters 2 and 3, 0.25 ppm ZEN and 0.9 DON did not induce DNA damage in 

IPEC-J2 cells individually (Figures 2.3 and 3.4). DNA damage was also not induced 

following 24 h exposure to 0.9 ppm DON + 0.25 ppm ZEN. ZEN was shown to induce 

DNA damage in the cells at the higher concentration of 25 ppm after 24 h exposure. DNA 

damage was also induced by 25 ppm ZEN combined with 0.9 ppm DON. However, it 

was found that there was no significant difference between the tail DNA percentage 

following exposure to ZEN alone and ZEN combined with DON. This implies that DON 

did not exacerbate the genotoxicity induced by ZEN alone when combined with it. 
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Figure 4.3: Percentage tail DNA as determined by Comet Score software for IPEC-J2 

cells incubated with DON and/or ZEN for 24 hours. The graphs above represent a) cells 

treated with 0.9 ppm DON + 0.25 ppm ZEN with H2O2 as the positive control b) cells 

treated with 0.9 ppm DON + 25 ppm ZEN. Data in the bar chart is presented as the mean 

of the median ± SD of triplicate samples. Significant difference between negative control 

cells and cells insulted with DON was highlighted by one way ANOVA (*P<0.05, 

**P<0.01,***P<0.001). 

4.3.3 A combination of DON and ZEN did not add to apoptosis induced by 

either mycotoxins alone 

Exposure to 0.9 ppm DON for 24 h was shown to induce apoptosis in IPEC-J2 cells, as 

seen in Chapter 3; however, exposure to 0.25 ppm ZEN did not result in any appreciable 

apoptosis being induced. In this study, the combined effect of 0.9 ppm DON and 0.25 

ppm ZEN was examined by the TUNEL assay. The results showed that there was no 

significant difference between TUNEL negative values of the cells exposed to 0.9 ppm 

DON + 0.25 ppm ZEN and 0.9 ppm DON alone. Figure 4.4 shows that addition of 0.25 

ppm ZEN did not exacerbate apoptosis induced by DON.  
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Figure 4.4: TUNEL assay on IPEC-J2 cells exposed to 0.9 ppm DON and/or 0.25 ppm 

ZEN for 24 h. A) Representative histogram plots of cells treated 0 ppm DON/ZEN, 0.9 

ppm DON, 0.25 ppm ZEN, DON + ZEN. B) TUNEL negative values for cells incubated 

with 0.9 ppm DON and/or 0.25 ppm ZEN. Data in the bar chart is presented as the mean 

± SD of triplicate samples. Significant difference between control cells ((0 ppm 

DON/ZEN) and cells insulted with DON/ZEN are highlighted by one way ANOVA 

(*P<0.05, **P<0.01,***P<0.001).  

The lowest concentration at which apoptosis was previously shown (Chapter 2) to be 

induced by ZEN was at 25 ppm. As both 0.9 ppm DON and 25 ppm ZEN were previously 

shown to induce apoptosis individually, their combined effect was evaluated here. Figure 

4.5 shows the TUNEL negative values of cells exposed to 0.9 ppm DON and 25 ppm 
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ZEN was found to be lower than of that treated by DON. The combination of DON and 

ZEN resulted in apoptosis similar to that induced by ZEN alone, thus indicating a less 

than additive effect. 

 

Figure 4.5: TUNEL assay on IPEC-J2 cells exposed to 0.9 ppm DON and/or 25 ppm 

ZEN for 24 h. A) Representative histogram plots of cells treated 0 ppm DON/ZEN, 0.9 

ppm DON, 25 ppm ZEN, DON + ZEN. B) TUNEL negative values for cells incubated 

with 0.9 ppm DON and/or 25 ppm ZEN. Data in the bar chart is presented as the mean 

± SD of triplicate samples. Significant difference between control cells ((0 ppm 

DON/ZEN) and cells insulted with DON/ZEN are highlighted by one way ANOVA 

(*P<0.05, **P<0.01,***P<0.001). 
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4.3.4 Sel-Plex and Mycosorb A+ exhibit protective effects against cytotoxicity 

induced by DON + ZEN 

IPEC-J2 cells were incubated with Se-Y, My-A+ and Se-Y + My-A+ for 48 h prior to 

exposure to the combined mycotoxins DON + ZEN. Figure 4.6 shows that a significant 

protective effect was observed against the cytotoxicity induced by DON + ZEN. This 

protective effect was observed in both of the combinations that were tested. Se-Y and 

My-A+ both exhibited a similar level of mitigation against DON + ZEN induced toxicity. 

Additionally, the protective effect provided by the combination of Se-Y and My-A+ was 

found to be similar to that by the individual compounds. Therefore, the interaction effect 

of the supplements can be defined as ‘less than additive’.  
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Figure 4.6: Se-Y and My-A+ mitigate against DON/ZEN induced cytotoxicity in IPEC-

J2 cells. The graphs above represent a) cells treated with 0.9 ppm DON + 0.25 ppm ZEN 

analysed by alamar blue b) cells treated with 0.9 ppm DON + 25 ppm ZEN analysed by 

alamar blue c) cells treated with 0.9 ppm DON + 0.25 ppm ZEN analysed by CFDA-AM 

and d) cells treated with 0.9 ppm DON + 25 ppm ZEN analysed by CFDA-AM. In all 

cases cells were pre-incubated for 48h with supplement (as indicated underneath) 

followed by insult with DON + ZEN for 24 h. Results are expressed as the mean of 

triplicates ± SD and are presented as relative to the negative control (0 ppm ZEN, no 

supplements). Significant differences between cells insulted with DON + ZEN with and 

without supplement pre-treatment are highlighted by one way ANOVA followed by 

Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001). 
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4.3.5 Sel-Plex and Mycosorb A+ exhibit protective effects against DON + ZEN 

induced DNA damage  

The protective effect of the feed supplements Se-Y and My-A+ against the damage 

induced by the combination of ZEN and DON was analysed. Pre-incubating the cells with 

the supplements prior to exposure to DON + ZEN resulted in reduced DNA damage.  This 

was measured by the significant reduction in the percentage of DNA in tail in the cells 

that were treated with Se-Y, My-A+ and Se-Y and My-A+. As with the previous chapters, 

there was no significant difference observed in the protective effects provided by the 

different supplements.  

 

Figure 4.7: Se-Y and My-A+ mitigate against DON + ZEN induced DNA damage in 

IPEC-J2 cells. IPEC-J2 cells were pre-treated with Se-Y, My-A+ or a combination of 

both for 48 h followed by a 24 h exposure to 0.9 ppm DON + 25 ppm ZEN and analysed 

for DNA damage by comet assay. Data in the bar chart is presented as the mean of 

median ± SD of triplicate samples. Significant differences between cells insulted with 

DON + ZEN with and without supplement pre-treatment are highlighted by one way 

ANOVA followed by Dunnett’s test (*P<0.05, **P<0.01,***P<0.001). 
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4.3.6 Sel-Plex and Mycosorb A+ mitigate DON + ZEN induced apoptosis in 

IPEC-J2 cells 

The TUNEL assay also showed that pre-treating the cells with the feed supplements 

resulted in the mitigation of apoptosis induced by DON + ZEN. An increase in the 

TUNEL negative values were observed in the samples that underwent the pre-treatment. 

Cells treated with DON + ZEN with no pre-treatment had a TUNEL negative value of 

74.8%. The cells pre-treated with Se-Y, My-A+ and Se-Y + My-A+ had a TUNEL 

negative value of 82.53%, 81.2% and 80.47% respectively. The increase in the TUNEL 

negative value shows the decrease in apoptosis in the cells pre-incubated with the 

supplements. No significant difference was observed between the cells treated with Se-

Y, My-A+ and Se-Y + My-A+. The combination of the feed supplements did not result 

in increased mitigation against DON+ZEN induced apoptosis. Thus, the combined 

interaction of the supplements was found to be less than additive.  
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Figure 4.8: Se-Y and My-A+ mitigate against DON + ZEN induced apoptosis in IPEC-

J2 cells. IPEC-J2 cells were pre-treated with Se-Y, My-A+ or a combination of both for 

48 h followed by a 24-h exposure to 0.9 ppm DON + 25 ppm ZEN and analysed by 

TUNEL assay. Data in the bar chart is presented as the mean ± SD of triplicate samples. 

Significant differences between cells insulted with DON + ZEN with and without 

supplement pre-treatment are highlighted by one way ANOVA followed by Dunnett’s test 

(*P<0.05, **P<0.01,***P<0.001). 
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4.4 Discussion  

Animals are often exposed to more than one mycotoxins simultaneously 21. ZEN and 

DON are among the most ubiquitous mycotoxins in cereal grains and are also found to 

co-occur frequently 13,15,22.  Therefore, the aim of this chapter was to study the combined 

effects of the two Fusarium mycotoxins DON and ZEN on IPEC-J2 cells. The cells were 

exposed to the mycotoxins, individually and combined for 24 h. The alamar blue and 

CFDA-AM assays showed a larger reduction in cell viability in cells that were exposed 

to DON + ZEN than the cells exposed to the mycotoxins individually. A synergistic effect 

was observed with each of the concentration combinations that were tested. DON was 

shown to induce cytotoxicity in IPEC-J2 cells at 0.9 ppm; however, 0.25 ppm ZEN did 

not result in any significant change in cell viability. When the cells were exposed to a 

combination of 0.9 ppm DON and 0.25 ppm ZEN, the cell viability was lower than when 

treated with DON alone. This shows that 0.25 ppm ZEN exacerbated the cytotoxic effects 

of DON in IPEC-J2 cells, thus indicating a potentiating effect. ZEN induced significant 

cytotoxicity at a concentration of 25 ppm. When 25 ppm ZEN was combined with 0.9 

ppm DON, the resulting cytotoxicity was also more than that of ZEN and DON 

individually. The Chou-Talalay method was used to calculate the CI values of the 

combined effects. This mathematical model verified that the combination of DON + ZEN 

resulted in a synergistic effect on cell viability.  

The synergistic effect of DON + ZEN was also observed in mouse brain in another study 

in which DON and ZEN combinations were shown to have dose-dependent and 

synergistic effects on apoptosis in mouse brain cells and their protein and antioxidant 

levels 23. Synergism was also reported regarding the viability of HepG2 and RAW 264.7 

cell lines following 48 h exposure to DON + ZEN 24. DON + ZEN combined were also 

shown to have a synergistic effect on lipid peroxidation in Caco-2 cells following 24 h 

exposure 25. However, in contrast, another study reported an antagonistic effect on the 

viability of Caco-2 cells 26. Antagonistic effects were also observed on the cytotoxicity, 

mitochondrial apoptosis and cell cycle analysis of HCT116 cells following exposure to 

DON + ZEN 27. One study reported a synergistic effect following 1 h exposure to the 

same mycotoxin combination on the proteome of HepaRG cells. However, following 24 

h exposure to the same doses an antagonistic effect was observed 28. These studies show 

that the effects of combined mycotoxins cannot be predicted from their individual effects. 
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Additionally, the effect of combined mycotoxins can vary considerably depending on the 

dose, exposure time and the cell/animal type used. 

The DNA damaging effects of the combination of DON and ZEN were examined using 

the alkaline comet assay. As DON did not induce DNA damage at 0.9 ppm, it was 

combined with 0.25 ppm ZEN, which also did not induce DNA damage. However, no 

DNA damage was detected with the combination of both mycotoxins. With 25 ppm ZEN, 

which was the lowest concentration at which ZEN induced DNA damage, DON did not 

add to the damage induced. The tail DNA percentage for the combination was not 

significantly different to that of 25 ppm ZEN. As no synergy was observed this differed 

from the results of the cell viability assay.  

As with the comet assay, synergism was not observed with the TUNEL assay. The 

combination of 0.9 ppm DON and 0.25 ppm ZEN was also examined here. Although 

DON induced apoptosis at this concentration, ZEN did not, in agreement with what was 

previously observed in Chapters 2 and 3. The results showed that the cocktail of 

mycotoxins did not induce more apoptosis than that induced by DON alone. Thus, 0.25 

ppm ZEN did not add to the apoptotic effects of 0.9 ppm DON. Higher concentration of 

ZEN at 25 ppm and 0.9 ppm DON were both previously shown to induce apoptosis in 

IPEC-J2 cells. The TUNEL negative value (healthy cells) was lower for the cells insulted 

with ZEN than that seen with DON. When the toxins were combined, the level of 

apoptosis was found to be similar to that induced by ZEN only. Thus, combining with 

DON did not add to the damage induced by ZEN and there was no significant difference 

in the cells treated with ZEN alone and DON + ZEN in combination leading to the 

conclusion of ‘a less than additive effect’. A synergistic effect was not observed here and 

this could be because DON and ZEN may compete for the same target or receptor site in 

the induction of apoptosis 29.  

Similar results were observed by Smith et al. regarding the viability of HepaRG cells 

under conditions of chronic exposure to mycotoxins. The cytotoxic effect of DON + ZEN 

was shown to be similar to that of DON alone and therefore having a combination of 

DON + ZEN did not add to the toxic effects of DON 30. Elsewhere, it was shown that 

ZEN alone induced apoptosis in HepaRg cells but that DON alone did not. In that 

instance, it was found that DON + ZEN induced the same level of apoptosis as that of 

ZEN alone and that DON did not add to or reduce the level of apoptosis induced by ZEN 
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31. With the PK15 cell line, however, it was reported that the combination of DON and 

ZEN resulted in a higher percentage of apoptosis than that by DON and ZEN alone 32. A 

synergistic effect was also observed on the apoptosis of porcine splenic lymphocytes 

following 48 h exposure to DON and ZEN 33. These results show that the effect of the 

mycotoxin combinations can vary between different cell types. 

The protective effect of the feed supplements Se-Y, My-A+ and Se-Y + My-A+ on 

toxicity induced by DON and ZEN combined was also examined. Cell viability, comet 

and TUNEL assays all showed that the feed supplements could mitigate the toxicity 

induced by the combined mycotoxins. Although a synergistic effect of co-exposure to 

DON and ZEN was observed with the cell viability assay, the feed supplements were still 

found to have an ameliorative effect. Combining the mycotoxins did not inhibit the 

protective effects of the supplements. With the cell viability assay, reduced cytotoxicity 

was observed in cells that were pre-treated with the feed supplements. This was observed 

with both of the DON and ZEN combinations tested (0.9 ppm DON with 0.25/25 ppm 

ZEN). The comet assay showed a decrease in the percentage of tail DNA of the cells that 

underwent the pre-treatment when compared to those that did not. With the TUNEL 

assay, an increase in the TUNEL negative population was observed in the cells that were 

pre-treated prior to exposure to the combined mycotoxins.  

Each of the feed supplements, individually and combined, were shown to have a 

protective effect on the IPEC-J2 cells against DON and ZEN induced toxicity. However, 

there was no significant difference observed between the ameliorative effects of Se-Y 

and My-A+. Additionally, the observed protective effects of the combination of Se-Y and 

My-A+ was similar to that of the supplements individually. Combining the two protective 

agents did not increase the level of protection against the mycotoxins. This may be as 

pre-incubation with the products individually had already resulted in the maximum level 

of protection achievable. Thus, combining the products does not result in higher levels of 

protection as it has already reached the extent to which the damage can be reversed. The 

combined effect of the feed supplements can be defined as less than additive. Our results 

differ from that of another a study by Dvorska et al., where the protective effect of 

Mycosorb (modified glucomannan mycotoxin binder without the algae component) and 

Se-Y against T-2 toxin was analysed in chicken liver. Here, the results showed that 

Mycosorb resulted in a protective effect against T-2 toxin. The protective effect was 
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further enhanced when the mycotoxin binder was combined with Se-Y. However, that 

study is very different to the work carried out here as the mycotoxin binding capacity of 

the Mycosorb was analysed in that study, whereas the protective effects observed here 

are likely due to the PUFAs present in the algal component of My-A+ as the binding 

capacity of the feed additive has been removed following the digestion simulation.  

Algae is an important source of long chain PUFAs such as EPA and DHA, which are 

known for their antioxidant and anti-inflammatory properties 34. DHA, a long chain n-3 

PUFA has been shown to reduce oxidative stress and lower levels of pro-inflammatory 

cytokines in macrophages from patients with abdominal aortic aneurysm 35. Elsewhere, 

hepatotoxicity induced by paracetamol in rats was shown to be mitigated by pre-treatment 

with n-3 PUFAs. It was found that PUFAs exhibited protection against liver damage as 

anti-oxidant and anti-inflammatory effects and improved serum lipid profile were 

observed 36. Se is also known to have antioxidant properties and its protective effects 

against various mycotoxins have been analysed previously. In one study, Se was shown 

to reduce hepatic dysfunction and apoptosis induced by AFB1 in the liver of ducklings 

37. Elsewhere, Se was shown to protect PK15 cells against OTA induced nephrotoxicity 

by improving selenoenzyme expression and promoting antioxidant capacity 38. Se and 

PUFAs were both shown to mitigate the toxic effects of DON + ZEN in this study. 

However, their combination did not result in additional protective effects, potentially as 

the maximum level of protection may have been achieved individually.  

There are very few published studies on the mitigation of toxic effects following exposure 

to multiple mycotoxins. Most of these focus on reversing the toxicity of single 

mycotoxins. One study investigated the protective effect of the antioxidant N-

acetylcysteine (NAC) against toxicity induced by combined Fusarium mycotoxins. 

Treatments with NAC was shown to mitigate against the up-regulation of caspase-3, 

cytochrome c and p53 mRNA levels caused by DON + ZEN 32. Another study found that 

supplementation with Bacillus subtilis biodegradation product reversed the toxic effect 

of AF + ZEN on the laying performance and egg quality in birds 39. Due to the 

unpredictability of mycotoxin interactions, it cannot be assumed that the compounds that 

can mitigate the effects of individual mycotoxins can also mitigate the effects of 

combination of mycotoxins.  
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4.5 Conclusion 

From the results presented, it was found that a combination of DON and ZEN resulted in 

a synergistic effect on the viability of IPEC-J2 cells, following 24 h exposure. A mixture 

of the mycotoxins caused more cytotoxicity that the mycotoxins did individually. 

However, when the genotoxic effects of the combinations were analysed, synergism was 

not observed. Although DON did not induce any genotoxic effects on the cells, it also did 

not exacerbate the genotoxic effects induced by ZEN. Therefore, the DNA damage 

induced by DON + ZEN was similar to that by ZEN alone. Similarly, the TUNEL assays 

showed that combining the mycotoxins did not exacerbate the apoptotic effects of the 

individual mycotoxins. These results show that the combined effects cannot be 

determined by the individual effects induced by the mycotoxins. Additionally, the 

protective effect of the feed supplements against DON + ZEN induced toxicity was also 

investigated. The results showed that pre-treatment with Se-Y, My-A+ and Se-Y + My-

A+ resulted in the reduction of the toxicity induced by DON + ZEN. Thus, the feed 

supplements were able to mitigate the effects of the combined mycotoxins as well as the 

individual mycotoxins. However, no significant difference was observed between the 

protective effects of the feed supplements, individually or in combination.  It is therefore 

important to research potential routes of mitigation of combined mycotoxins, as it cannot 

be assumed that an agent that mitigates the effect of a single mycotoxin can mitigate the 

effects of co-exposure to mycotoxins, and neither can it be assumed that increasing the 

number of ameliorative feed supplements will result in an enhanced mitigation of their 

effects.  
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5.1 Overall conclusion and future work 

Mycotoxin contamination is a major problem in the agri-food industry. The common 

occurrence of mycotoxins in raw materials that are used in animal feed results in an easy 

assimilation route into the food chain 1. The effects of mycotoxins are not only 

detrimental to animal health but also to the global economy due to crop losses and costly 

management strategies 2. DON and ZEN are two frequently occurring Fusarium 

mycotoxins and their ingestion can result in various negative health effects in animals, 

especially pigs 3. Therefore, it is necessary to understand the implications of these 

compounds as foodstuff contaminants and to research mitigation strategies against 

demonstrated toxic effects. The research detailed in this thesis investigates the toxicity of 

DON and ZEN, both individually and combined, on intestinal pig cells, specifically 

IPEC-J2 cells. Additionally the protective effects of two feed supplements, Se-Y, a 

selenium enriched yeast product, and My-A+, a mycotoxin binder rich in PUFAs, against 

mycotoxin induced toxicity was investigated.  

The aim of the research presented in Chapter 2 was to investigate the toxic effects of ZEN 

on IPEC-J2 cells and the potential protective effects of Se-Y and My-A+ against its 

toxicity. It was found that, following 24 h exposure, ZEN did not reduce cell viability at 

a concentration of 0.25 ppm, which is the maximum EU allowable ZEN in feed for sows 

and fattening pigs. This is reassuring in that it supports the current legislative viewpoint 

that this is a safe maximal contamination level. Here, studies to determine whether ZEN 

could cause negative effects at concentrations above the maximum allowable level found 

that following 24 h exposure, a reduction in cell viability was observed with a 

concentration of 3 ppm and above. In fact, exposure to ZEN was found to have a time 

and dose dependent effect on the viability of IPEC-J2 cells. ZEN was further shown to 

induce DNA damage and apoptosis at a concentration of 25 ppm after 24 h exposure. 

Following the exploration of the detrimental impacts of ZEN, the potential protective 

effects of Se-Y and My-A+ on ZEN induced toxicity were studied. Pre-treatment of the 

cells for 48 h with Se-Y and My-A+, alone and in combination, prior to ZEN exposure, 

was shown to reduce its cytotoxic effects, genotoxic and apoptotic effects. However, 

combination of the these two feed supplements did not result in increased mitigation, as 

no significant difference was observed between treatment with Se-Y individually, My-

A+ individually, and a combination of both Se-Y and My-A+.  
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The effect of DON on IPEC-J2 cells was investigated in Chapter 3, including the potential 

for mitigation by Se-Y and My-A+ against DON induced toxicity.  It was found that DON 

had a detrimental effect on cell viability as it was shown to reduce the viability of IPEC-

J2 cells at a concentration of 0.15 ppm following 24 h exposure. This concentration is 

below the maximum EU allowable concentration of 0.9 ppm, highlighting that, in contrast 

to what was determined with ZEN, the results obtained here do not support the regulatory 

position that DON concentrations up to 0.9 ppm are safe for pig feeds. The cytotoxicity 

induced by DON was time and dose dependent as determined with the combined alamar 

blue and CFDA-AM dual assays. The TUNEL assay showed a decrease in TUNEL 

negative values with increasing DON concentration, an indication of increased DNA 

fragmentation due to apoptosis. A significant level of apoptosis was detected in cells 

exposed to 0.9 ppm DON. However, the comet assay, which detects levels of DNA strand 

breaks, did not detect DNA damage following exposure of cells to up to 5 ppm DON. In 

the second part of the chapter, the potential for mitigation by the feed supplements Se-Y 

and My-A+, both individually and combined, against damage induced by exposure to 

DON, was investigated. As with Chapter 2, a protective effect was observed in the cells 

treated with the feed supplements with the cell viability and TUNEL assays and again, 

there was no significant difference observed between the protective effects of Se-Y and 

My-A+. Additionally, it was found that combining the two products did not result in an 

increase in the level of protection. The comet assay was not employed here, as DON-

induced DNA damage was not observed at the outset.  

From the results obtained in Chapters 2 and 3 it can be concluded that DON is more toxic 

to IPEC-J2 cells than ZEN, and that whilst the maximum allowable concentration of ZEN 

is supported by the results in this work, this was not the case for DON, where cell viability 

was compromised at concentrations below the current maximum allowable 

concentration. After 24 h exposure, 0.15 ppm DON was shown to reduce cell viability 

significantly, however 3 ppm ZEN was the lowest concentration at which cytotoxicity 

was observed. Similarly, DON was shown to induce apoptosis at 0.9 ppm (the current 

allowable limit), but 25 ppm ZEN (100 times the current permissible limit) was required 

to induce observable apoptosis and genotoxicity. 

ZEN and DON are frequently found to co-occur in grains and thus animals may be 

exposed to both mycotoxins simultaneously. However, the combinatorial effects of the 

mycotoxins cannot be predicted by their individual effects. Therefore, in Chapter 4, the 
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combinatorial effect of DON and ZEN combined on IPEC-J2 cells was investigated. Two 

concentration combinations were used for the study. The first combination was 0.9 ppm 

DON and 0.25 ppm ZEN as these are the maximum allowable concentrations of DON 

and ZEN in pig feed as set by the EU commission. The second combination used was 0.9 

ppm DON and 25 ppm ZEN as these were the lowest concentrations at which 

genotoxicity and/or apoptosis was observable following mycotoxin exposure. The 

combination of DON and ZEN was shown to be more cytotoxic to the cells than the 

individual mycotoxins, thus exhibiting a synergistic effect. This effect was observed with 

both of the combinations tested. However, a synergistic effect was not observed with the 

TUNEL or comet assay. There was no DNA damage detected by the comet assay with 

0.9 ppm DON and 0.25 ppm ZEN individually and, DNA damage was still not detected 

following co-exposure. For the second combination, the combined effect of 25 ppm ZEN 

+ 0.9 ppm DON was found to be the same as that for 25 ppm ZEN alone, and thus DON 

did not add to the genotoxic effects of ZEN. Similarly, with the TUNEL assay, 0.25 ppm 

ZEN did not induce any observable apoptosis and when it was combined with 0.9 ppm 

DON, the effect of the mixture was similar to that seen with DON alone. The combined 

effect of 0.9 ppm DON and 25 ppm ZEN was shown to be similar to that of ZEN alone. 

Thus, co-exposure did not lead to an increase in the level of apoptosis seen with the 

individual mycotoxins. Additionally, combining the mycotoxins did not affect the 

mitigation capacity of the feed supplements. Se-Y and My-A+ were used to investigate 

their mitigation effects against combined mycotoxins. As the effects of combined 

mycotoxins are unpredictable, it cannot be assumed that the products that mitigated the 

effects of DON and ZEN alone can mitigate the effects of DON and ZEN combined. As 

with the individual toxins, pre-treatment with the feed supplements ameliorated the 

toxicity of DON and ZEN combined. There was no significant difference between the 

protective effects of Se-Y and My-A+ and their combined protective effect was found to 

be similar to their individual effects. The results of this chapter showed that the co-

exposure effects differed in terms of their impact on IPEC-J2 cells, with synergistic 

effects observed regarding cytotoxicity, but less than additive effects determined during 

genotoxic and apoptosis evaluations. 

The research outlined in this thesis adds to our knowledge of individual and combinatorial 

toxicities of mycotoxins, and provides a greater insight into the effectiveness of potential 

mycotoxin mitigation strategies. The effects of the mycotoxins and protective effects of 
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Se and PUFAs from Se-Y and My-A+, respectively, was investigated in this study in 

vitro. In vitro testing is cost and time effective and provides an alternative to animal 

testing 4,5. However, it is important to note that the results obtained from in vitro 

experiments may not be reflected during in vivo testing. Many other external and internal 

factors could influence the results including temperature, nutrients and digestive enzymes 

amongst others. Nonetheless, in vitro experimentation is still an efficient and useful 

method for initial assessment of mycotoxins and feed additives.  

From the literature review carried out in Chapter 1, it can be concluded that the effect of 

combined mycotoxins cannot be predicted by their individual effects. It was also 

observed from the literature review that the combined effect differs depending on the cell 

type, concentrations used, exposure time and the toxic effect being analysed. This effect 

was observed in the results of Chapter 4, where synergistic effects were observed with 

the cell viability assay but not with comet or TUNEL assay, which measure genotoxicity 

and apoptosis. Two concentration combinations were used for these assays. These 

concentrations were chosen, as they are key concentration cut-offs for European food 

legislation. In order to further study the combinatorial effects of DON and ZEN, different 

concentration combinations should be used as it has been shown that the combinatorial 

effects may vary depending on the concentrations used. Combinations varying from non-

cytotoxic concentrations (below 3 ppm ZEN and below 0.15 ppm DON, as per Chapters 

2 and 3) to cytotoxic concentrations can give a good insight of the interaction between 

the two mycotoxins.   

Two feed additives Se-Y and My-A+ were used in this study for their Se and PUFA 

content respectively, both as individual mitigating agents, and to explore whether in 

combination they might afford an additive protective effect. From the results observed in 

Chapters 2 to 4, it was found that the two feed supplements protected IPEC-J2 cells 

against DON and ZEN induced toxicity. However, it was observed that combining the 

two supplements did not increase their overall protective effects. This could be due to a 

maximum level of mitigation having already been achieved by the feed supplements 

individually and thus the same protective effect was observed when the two compounds 

were combined. Therefore, to test this theory future work could involve first varying the 

concentrations of either Se-Y and My-A+ in order to examine the threshold levels of 

protection that they might provide when used individually. Following this, using various 

concentrations tested individually, the combined protective effect of the two supplements 
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can be studied. This experiment can give an enhanced insight into the mitigating effects 

of Se-Y and My-A+, both individually and in combination.  

This study specifically evaluated the effect of two Alltech products. These products were 

chosen both because of their position as market leaders in this industry and because of 

the extent to which research on their effects has been published in scientific literature. 

Alltech’s Se-Y is the first form of selenium-enriched yeast and the first strain-specific 

form to be approved by the EU. It has been proven to improve the performance and 

efficiency of animals. It was the first form of organic selenium to be reviewed by the 

FDA. Alltech is the world’s largest producer of natural selenium and the use of Sel-Plex 

has been thoroughly researched for over 30 years 6. Se supplementation is usually added 

to pig feed to tackle Se deficiency and to improve growth performance and organic Se 

has shown to be less toxic and more bioavailable than inorganic sources 7,8. My-A+ is the 

successor to Europe’s best selling mycotoxin binder. This product has shown to have 

increased efficacy and reaches high quality standards and has been shown to reduce the 

impact of mycotoxins 9. Therefore, whilst the issue of Se deficiency and mycotoxin 

contamination are not related, they can both be addressed by co-supplementation of the 

two associated feed additives. An important consideration as a result is to demonstrate 

that the combination of the feed additives is non-toxic. As feed supplementation regimens 

become increasingly complex, it would be prudent to carry out a cost-benefit analysis, 

such as the recent study initiated by Teagasc with regard to enzymatic supplementation 

in pigfeed 10. To date however, no comparable analysis has been carried out for co-

supplementation with Se-Y and My-A+. 

Following the digestion simulation carried out with the My-A+, the adsorbent capacity 

of the mycotoxin binder was removed. Therefore, it has been hypothesised that it is the 

PUFAs present in the algae component of My-A+ that is providing the protective effect 

against DON and ZEN. In order to show that it is the PUFAs providing the protective 

effect an experiment could be designed as part of future work. The cells can be pre-

incubated with PUFAs such as DHA, EPA and ARA for 48 h, followed by 24 h exposure 

to the mycotoxins. The results of this experiment can then be compared to the results 

obtained in Chapters 2, 3 and 4 where My-A+ was used. 

The research presented in this thesis clearly illustrates that where two mycotoxins co-

occur, their impact cannot effectively be predicted and may be more damaging to the 
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cells than the effects of each mycotoxin when combined. However, DON and ZEN are 

not the only two mycotoxins that have been demonstrated to co-occur. The two major 

metabolites of ZEN, α-ZOL and β-ZOL, are found to be contaminants of plant-based 

products and they are also found to frequently occur with their parent compound 11–13. 

For example, a study was carried out to analyse the occurrence of DON, ZEN and their 

metabolites in various food and feed products. From 52 samples of fibre-enriched bread, 

25%, 17% and 25% were contaminated with ZEN, α-ZOL and β-ZOL respectively. ZEN 

was found to contaminate 56% of bran-enriched bread and 20% and 25% of the 2010 

samples were contaminated with α-ZOL and β-ZOL respectively. ZEN, α-ZOL and β-

ZOL were found in 52%, 50% and 40% of the 61 cornflakes samples tested. From 13 

oatmeal samples, 62% were contaminated with ZEN. From the 2010 samples, 50% and 

63% of the samples were contaminated with α-ZOL and β-ZOL, respectively. From the 

feed materials analysed, it was found that maize based products were highly contaminated 

with ZEN and its metabolites. The presence of ZEN and its metabolites were also detected 

in wheat and its by-products 14. These studies highlight the frequent co-occurrence of α-

ZOL and β-ZOL, consequently highlighting the importance in investigating their toxic 

effects using simultaneous exposure models. 

As with DON and ZEN, the impact of ZEN metabolites are also known to be dependent 

on the cell type, but the reasons for these varying effects are poorly understood, to the 

extent that potential effects cannot accurately be predicted for different cell types based 

on the individual effects. The effect of ZEN and its metabolites individually has been 

studied on various cell types. One study showed the cytotoxicity of ZEN, α-ZOL and β-

ZOL on Vero cells (monkey kidney cells). Both metabolites were shown to be cytotoxic 

to the cells with β-ZOL more toxic to the cells than α-ZOL 15. Elsewhere, ZEN was not 

shown to induce DNA damage in CHO-K1 (Chinese hamster ovary) cells but α-ZOL and 

β-ZOL did, with α-ZOL more genotoxic than β-ZOL 16. The combined effects of ZEN 

and its metabolites have also been studied. One such study reported additive effects with 

binary combinations of ZEN, α-ZOL and β-ZOL on CHO-K1 cells. When all three 

compounds were combined, an antagonistic effect was observed at low concentrations 

and a synergistic effect was observed at higher concentrations 17. Another study using 

HepG2 cell line showed that β-ZOL was the most cytotoxic followed by ZEN and α-

ZOL. With binary combinations of the compounds, a synergistic effect was observed 18. 

In a different study also using HeG2 cells, the combined effect of ZEN and α-ZOL was 
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investigated. It was found that with lower concentrations, an antagonistic effect was 

observed and synergism was evident at higher concentrations 19. However, there are no 

studies to date investigating the combinatorial effects of ZEN and its two major 

metabolites on IPEC-J2 cells, even though these cells, as a pig intestinal cell line, are a 

highly relevant in vitro model for evaluation of ingestion of feedstuffs by pigs. Therefore, 

future work should include the investigation of the toxic effects of the two metabolites 

on the cells and compare it to the effects induced by ZEN. Additionally, the combined 

effects of ZEN and its metabolites should be studied to understand their interactive effects 

on the toxicity of IPEC-J2 cells.  

Similarly, metabolites of DON such as 3-ADON, 15-ADON and DON-3G are often 

found to contaminate cereal grains. One study investigated the presence of these 

compounds in various food and feed samples. From 52 samples of fibre-enriched bread, 

3-A-DON, 15-ADON and DON-3G were found in 38%, 33% and 50% of samples 

respectively, with parent compound DON present in 85% of the samples. In 36 bran-

enriched bread, DON contaminated 75% of samples, with 3-ADON, 15-ADON detected 

in 44% of the products and DON-3G was found in 53%. From 61 cornflakes samples, 

DON was found to contaminate 66% and its metabolites 3-ADON and 15-ADON 

contaminated 70% and 65% of the samples. In popcorn, DON, 3-ADON and 15-ADON 

was found in 50%, 83% and 67% of the 12 samples. Feed for fattening pigs made with 

wheat, barley and maize, was also analysed and 62%, 100% and 69% of the samples were 

contaminated with 3-ADON, 15-ADON and DON-3-G. Horse feed (barley, maize and 

wheat) had 68%, 21%, 71% and 36% of DON, 3-ADON, 15ADON and DON-3G 14. 

Although these metabolites are detected in grains, often in co-occurrence with DON, the 

toxic effects induced by these compounds have not been studied as extensively as their 

parent compound both in vivo and in vitro 20.  

The occurrence of the derivatives of DON highlights the importance of understanding 

both their individual and combined effects. Although there are some studies on the 

toxicity of the metabolites individually, there are very few studies in the literature on their 

combined effects with each other and the parent compound DON. One study investigated 

the effect of DON and its two acetylated metabolites, 3-ADON and 15-ADON on the 

IPEC-1 cell line. 15-ADON was found to be the most toxic to proliferating cells, followed 

by DON and 3-ADON was the least toxic. However, on differentiated cells, DON and 3-

ADON did not have an effect on the barrier function which 15-ADON was shown to 
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impair 21. Elsewhere, IPEC-J2 cells were used to assess the toxicity of DON and its 

metabolites. It was shown that, following 72 h exposure, DON-3G was the least toxic to 

the cells followed by 3-ADON. DON and 15-ADON were shown to be the most toxic 

and had similar toxicities to each other 22. In HepG2 cells however, 3-ADON was found 

to be more toxic than 15-ADON 23. A synergistic interaction was observed when 3-

ADON and 15-ADON were combined. The combination of the two acetylated derivatives 

were shown to be more toxic than the compounds individually when tested on HepG2 

cells 24.  Elsewhere, the toxicity of DON, 3-ADON and 15-ADON, individually and 

combined, on IPEC-1 cells was investigated. The combination of DON + 15-ADON and 

15-ADON and 3-ADON resulted in a synergistic interaction. However, for the 

combination of DON + 3-ADON antagonism was reported at lower concentrations and 

synergy at higher concentrations 25. In human gastric epithelial GES-1 cells, the 

combination of DON + 15-ADON resulted in synergistic effects 26. In summary, the 

effects of DON have been studied extensively, but the effects of its derivatives have not 

received the same attention. As DON is often found to co-occur with its derivatives, the 

combined effects of DON and its derivatives on IPEC-J2 cells should be studied, to 

continue the work carried out in this study. This experiment will provide greater insight 

into the interactive effects of DON and its metabolites on model cell systems.  

One of the most interesting observations during this study was the extent to which 

impacts on cell viability were determined but no adverse effect was recorded from a 

genotoxic perspective, as measured by the comet assay. The alkaline comet assay can 

detect single and double DNA strand breaks and alkali-labile sites 27. However, the 

standard comet assay cannot detect other lesions that may be induced including oxidised 

bases 28. In contrast, the enzyme-modified comet assay can be used to detect these specific 

DNA lesions 29. Endonuclease III (EndoIII) and formamidopyrimidine DNA glycosylase 

(FPG) are two of the most commonly used enzymes for the detection of oxidative DNA 

damage. Digestion with the enzymes, following the lysis step, coverts the oxidative DNA 

lesions to strand breaks 28. Endo (III) can recognise oxidised pyrimidines and FPG 

recognises oxidised purines 30. The level of oxidised purines and pyrimidines are 

measured by subtracting the percentage tail intensity of buffer treated from FPG or Endo 

III treated respectively 31. Therefore, in order to determine if DON and ZEN induce 

oxidative DNA damage, the enzyme modified comet assay can be employed. This 

method has been used previously to determine oxidative DNA damage induced by 
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various mycotoxins. In one study, FPG was used to measure oxidative DNA damage 

induced by ZEN in Chang liver cells. ZEN was shown to induce oxidative stress in a 

dose-dependent manner 32. Elsewhere, the comet assay showed that AFB1 induced DNA 

strand breaks in HepG2 cells, following 24 h exposure. However, with the enzyme-

modified comet assay, DNA damage was detected after digestion with FPG but not with 

endo III. In the same study, OTA did not induce any DNA damage in HepG2 cells and 

enzymatic digestion showed that oxidative damage was also not induced 33. The 

genotoxicity of DON was analysed in TK6 cells and in seven mice organs (duodenum, 

colon, blood, liver, spleen, kidney, bone marrow). DON was not shown to induce DNA 

damage in the organs or TK6 cells using the comet assay with or without FPG 34. In 

another study, following 3 h exposure, OTA did not induce any strand breaks and 

oxidative DNA damage in human renal proximal tubular epithelial cell line (HK-2). 

However, with a longer exposure time of 6 h, strand breaks were observed at 400 µM and 

600 µM, additionally, oxidative damage was detected by FPG and endo III at a 

concentration as low as 50 µM 35. This shows that although strand breaks were not 

induced at the lower concentration, oxidised purines and pyrimidines were detected. The 

enzyme-modified comet assay has not been used to detect oxidative DNA damage 

induced by DON and ZEN in IPEC-J2 cells. As a continuation of the work carried out in 

this thesis, the enzyme modified comet assay could be used to determine if oxidised 

purines and pyrimidines are produced following exposure to DON and/or ZEN. As the 

alkaline comet assay detects strand breaks, inclusion of the enzyme modified comet assay 

can provide additional insight into oxidative DNA damage induced by the mycotoxins. 

Overall, this thesis tackles the major problem of mycotoxin contamination in the agri-

food industry with a focus on animal feed. The work carried out in this study also 

highlights the importance of mycotoxin management due to the detrimental health effects 

associated with mycotoxins. The toxic effects induced by two of the most common 

mycotoxins were analysed, both individually and combined. ZEN and DON, 

individually, were shown to induce cytotoxicity and apoptosis. ZEN was also shown to 

induce DNA damage in IPEC-J2 cells, but the same effect was not observed with DON. 

The combination of ZEN and DON resulted in increased cytotoxicity at each of the 

combinations that were tested. However, apoptosis and DNA damage induced by the 

individual mycotoxins was not exacerbated following co-exposure. Thus, this study 

emphasises the need for more research on the combined toxicological effects of 
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mycotoxins as it is clear that they are not predictable based on their individual effects. 

Additionally, the mitigation of the toxic effects induced by mycotoxins was also 

examined in this study. The two feed supplements Se-Y and My-A+ were used to 

examine the protective effects of Se and PUFAs respectively. The results of this study 

exhibited the capacity of organic Se and PUFAs for protection against both individual 

and combined mycotoxin-induced toxicity, though no additive impact was detected on 

combining the feed supplements. Overall, however, the feed supplements were shown to 

provide protection against cytotoxicity, DNA damage and apoptosis induced by both 

DON and ZEN. Therefore, the findings of this study are a significant step towards 

developing mitigation strategies to counter the adverse effects of mycotoxins on animal 

health.  
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Appendix A: Constant ratios used for Chou Talalay method 

(1:3.6) 

Figure 6.1: The effect on IPEC-J2 viability following 24 h exposure to DON and ZEN 

individually and combined analysed by alamar blue. Cells were exposed to ZEN and 

DON ratio of 1:3.6. Significant differences between control cells (0 ppm DON and ZEN) 

and cells insulted with DON and/or ZEN are highlighted by one way ANOVA (*P<0.05, 

**P<0.01,***P<0.001). 
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Figure 6.2: The effect on IPEC-J2 viability following 24 h exposure to DON and ZEN 

individually and combined analysed by CFDA-AM. Cells were exposed to ZEN and 

DON ratio of 1:3.6. Significant differences between control cells (0 ppm DON and 

ZEN) and cells insulted with DON and/or ZEN are highlighted by one way ANOVA 

(*P<0.05, **P<0.01,***P<0.001). 
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Appendix B: Constant ratios used for Chou Talalay method 

(1:27.78) 

C
ontr

ol 

D
O

N
ZE

N
 

D
O

N
 +

 Z
E
N

0.0

0.5

1.0

R
e
la

ti
v
e
 F

lu
o

re
s
c
e
n

c
e

* **

***

0.11 ppm DON
3.05 ppm ZEN

C
ontr

ol 

D
O

N
ZE

N
 

D
O

N
 +

 Z
E
N

0.0

0.5

1.0

R
e
la

ti
v
e
 F

lu
o

re
s
c
e
n

c
e

***
***

***

0.23 ppm DON
6.35 ppm ZEN

C
ontr

ol 

D
O

N
ZE

N
 

D
O

N
 +

 Z
E
N

0.0

0.5

1.0

R
e
la

ti
v
e
 F

lu
o

re
s
c
e
n

c
e

0.45 ppm DON
12.5 ppm ZEN

***

***

***

a b c

Alamar Blue

 

Figure 6.3: The effect on IPEC-J2 viability following 24 h exposure to DON and ZEN 

individually and combined analysed by alamar blue. Cells were exposed to ZEN and 

DON ratio of 1:27.78. Significant differences between control cells (0 ppm DON and 

ZEN) and cells insulted with DON and/or ZEN are highlighted by one way ANOVA 

(*P<0.05, **P<0.01,***P<0.001). 
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Figure 6.4: The effect on IPEC-J2 viability following 24 h exposure to DON and ZEN 

individually and combined analysed by CFDA-AM. Cells were exposed to ZEN and DON 

ratio of 1:27.78. Significant differences between control cells (0 ppm DON and ZEN) and 

cells insulted with DON and/or ZEN are highlighted by one way ANOVA (*P<0.05, 

**P<0.01,***P<0.001). 
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