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Abstract  

Food and feed products made of cereal grain can be contaminated by mycotoxins that can 

adversely affect the health of animals and humans. To determine how human consumers are 

affected it is important to explore the effects of mycotoxins on human cells. The overall aim 

of the present study was to investigate if low concentrations of mycotoxins had any effects on 

monocytes, on the differentiation process from monocyte to macrophage and on macrophage 

functionality.  

The effect of six mycotoxins: 2-amino-14,16-dimethyloctadecan-3-ol (AOD), alternariol 

(AOH), deoxynivalenol (DON), enniatin B (ENNB), sterigmatocystin (ST) and zearalenone 

(ZEA) on the number of viable cells, necrosis, apoptosis and the cell cycle in the human 

monocyte cell line THP-1 has been investigated. All of the mycotoxins reduced the number of 

viable cells with the relative potencies: DON>ENNB>AOD>AOH>ST>ZEA. At the higher 

concentrations tested, all of the toxins caused cell death by necrosis and the relative potency 

was: DON>ENNB>ST>AOD>ZEA>AOH. Furthermore, all the toxins, except ZEA, also 

increased the amount of apoptotic cells, with DON and ENNB being the most potent. AOH, 

ST and ZEA led to a clear cell cycle arrest in the S- and G2/M-phase, S-phase and G2/M-

phase, respectively. 

To characterize the differentiation process from monocyte to macrophage cell morphology, 

expression of cell surface markers (CD11b, CD14 and CD71) and cytokine secretion of TNF-

α were investigated. None of the toxins, tested at non-cytotoxic concentrations, affected the 

differentiation process as judged by cell morphology. However, AOH, DON and ZEA 

inhibited the expression of specific cell surface markers. These three toxins also affected 

macrophage functionality. DON enhanced the lipopolysaccharide (LPS)-induced secretion of 

TNF-α, while AOH and ZEA reduced the secretion. Combined effects of AOH, DON and 

ZEA on the CD14-expression were explored by applying the concentration addition (CA) and 

independent action (IA) prediction models, revealing additive effects. Altogether, the six 

mycotoxins affected the THP-1 monocytes differently, both qualitatively and quantitatively. 

AOH, DON and ZEA also had adverse effects on the differentiation process from monocyte 

to macrophage and altered macrophage cytokine secretion.  
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1 Introduction 

1.1 Background 

Mycotoxins are secondary metabolites produced by fungi under appropriate environmental 

conditions. These toxins can contaminate food and feed, like cereal grain, in all stages of the 

food chain and may lead to disease in humans and animals (VKM 2013). The mycotoxins 

known to be present in cereal grain are mainly produced by fungi in the genera Aspergillus, 

Penicillium, Fusarium and Alternaria (VKM 2013). Mycotoxins are regarded as an important 

risk factor for human and animal health, as up to 25% of the world’s crop production may be 

contaminated (Pinton and Oswald 2014). In addition to causing adverse health effects, 

mycotoxins can lead to economic loss. In the USA, the yearly economic loss caused by 

contamination of Fusarium mycotoxins are estimated to be approximately 2900 million US 

dollars, not including the possible reduction in productivity of farm animals (Windels 2000, 

Jestoi 2008). The problem of mycotoxin contamination has increased in recent years because 

of factors like the climate change, increased use of no-till farming to prevent soil erosion and 

inadequate fungicide application (Wu et al. 2014). Most mycotoxins are relatively chemically 

and thermally stable (Kabak 2009) making them stable during processing and cooking, 

leading to their persistence throughout the food chain (Maresca 2013). Ingestion of 

mycotoxins can be hazardous to humans and animals, and the toxicological syndromes can 

range from slow growth to acute mortality, reduced reproductive efficiency and impaired 

immunity (Juan-Garcia et al. 2013, VKM 2013). The content of various mycotoxins in feed 

for animal use as well as food for humans are thus regularly monitored (VKM 2013). The 

maximum levels of toxins allowed are set to make sure the level of each toxic substance is 

below the threshold of toxicological effects (VKM 2013).  

 

The immune system has shown to be sensitive to mycotoxins (Corrier 1991). Activation of 

the immune system at low doses as well as toxicity at high doses is considered to be 

undesirable responses. An efficient immune response is important to protect towards 

infections, whereas a chronic or escalating immune response may be harmful and contribute 

to the development of inflammatory linked diseases such as allergy (Schütze et al. 2010), 

cancer (Biswas and Mantovani 2010, Grivennikov et al. 2010), inflammatory bowel disease 

(Bain and Mowat 2014) or more acute organ toxicity (Pestka and Smolinski 2005, Owen et al. 
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2013). It is important to explore how mycotoxins in the lower concentration ranges affect 

human immune cells to elucidate how consumers of contaminated grain are affected. Grain 

and grain-based foods are a significant and recommended part of the Norwegian diet (VKM 

2013, Norwegian Directorate of Health 2014), so this problem is of particular interest here.  

1.2 The immune system 

To understand the potential harmful effects of mycotoxins, it is helpful to have a general 

overview of their possible cellular targets. In particular, the central elements in the 

differentiation process and the general function of monocytes and macrophages will be 

described below.  

 

The immune system consists of a complicated and dynamic network of molecules, cells, and 

organs that aim to protect the human body against invading pathogens (Owen et al. 2013). 

The immune system can be broadly divided into an innate and adaptive immune response. 

The innate immune response functions as the first line of defense against infection. It consists 

of soluble factors, such as complement proteins, and diverse cells types including 

granulocytes, mast cells, monocytes, macrophages, dendritic cells and natural killer cells (see 

Fig. 1) (Dranoff 2004, Owen et al. 2013). The adaptive immune response is slower to 

Fig. 1 The main cell types of the immune system (from Dranoff (2004)). 
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develop, but in turn yields increased specificity against antigens and provides a long-term 

memory of the encountered pathogen. It consists of T-cells, antibody-producing B-cells and 

the cells shared by the innate and adaptive immune cells, such as natural killer cells (Fig. 1) 

(Dranoff 2004, Owen et al. 2013). The innate and the adaptive immune systems are 

interconnected and collaborate to protect the body against foreign invaders (Owen et al. 

2013). Inappropriate or dysfunctional immune responses can result in a range of unwanted 

conditions, like allergy, autoimmune diseases (Owen et al. 2013) and contribute to the 

development of cancer (Dranoff 2004).  

Monocytes and macrophages 

If a pathogen manages to pass the barriers intended to prevent them from entering the human 

body, like the mucosa in the intestine, then cells in the innate immune system are immediately 

engaged to prevent an infection. Monocytes and macrophages are important phagocytic 

antigen-presenting cells (APCs) and key players in the innate immune response (Laskin 

2009). They are, alongside other APCs, considered cellular bridges between the innate and 

adaptive immune system because they make contact with a pathogen at the site of infection 

and initiate specific immune responses through the activation of T-cells (Laskin 2009, Owen 

et al. 2013). Similar to other immune cells, monocytes and macrophages can recognize 

pathogens, cell damage and cell death by their pattern recognition receptors (PRRs). 

 

Monocytes are a heterogeneous group of cells that circulate in blood and eventually migrate 

into tissues where they differentiate into a diverse array of tissue-resident phagocytic cells, 

including macrophages and dendritic cells (Owen et al. 2013). The monocytes are important 

players in infection and inflammation (Ziegler-Heitbrock 2007, Poole et al. 2008) where they 

contribute to host defense by removing pathogens and other particles by phagocytosis (Lea 

2006), present antigens to T-cells and secreting regulatory mediators, like cytokines (Ziegler-

Heitbrock 2007).  

 

Macrophages function as scavengers through the process of phagocytosis, removing apoptotic 

cells, particular matter and microbes (Laskin 2009). Macrophages are also one of the most 

active secretory cells in the body releasing a number of different mediators that regulate 

inflammation, host defense and homeostasis, including cytokines, enzymes, growth factors 

and oxidants (Laskin 2009). Macrophages are found in all tissues and can be divided into 
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specific populations based on their anatomical location (Galli et al. 2011). The macrophages 

are adapted to the specific tissue environment they reside in (Lea 2006). Examples of 

specialized tissue macrophages are Kupffer cells in the liver, microglia in the central nervous 

system and intestinal macrophages (Fig. 2) (Galli et al. 2011). It has recently been shown that 

resident macrophages like the microglia and the Kupffer cells are derived from progenitors 

arising in the yolk sac and/or the fetal liver that seed tissues during embryonic development 

and then are maintained in adult life by self-renewal in situ (Bain and Mowat 2014). The 

macrophages in the intestine seem to be an exception which require continuous replenishment 

by blood monocytes (Bain and Mowat 2014).  

 

Since the intestine encounters more antigen than any other part of the body, like pathogens 

and toxins in the food, this is also the site of the largest pool of macrophages in the body 

(Smith et al. 2011, Bain and Mowat 2014). Residing in close proximity to gut microbiota, 

these macrophages have specific adaptions enabling them to distinguish between normal and 

harmful flora (Smith et al. 2011). Blood monocytes and lymphocytes are recruited to the 

intestine when an intestinal inflammation or infection arises, to contribute to a protective 

response (Smith et al. 2011). Failure to resolve this antimicrobial response and restore 

homeostasis in the mucosa can lead to chronic inflammation in an array of mucosal diseases 

(Smith et al. 2011).  

Macrophages are often divided into two major groups based on their functional phenotype. 

The classically activated macrophages release cytotoxic and proinflammatory mediators, like 

reactive oxygen species (ROS), aimed at the invading pathogen. Cytotoxic mediators, like 

ROS, can also damage biological molecules in the host, such as DNA, protein and lipids 

(Laskin 2009). The alternatively activated macrophages release inflammatory mediators and 

growth factors aimed at restoring homeostasis (Laskin 2009). Division into two functional 

subtypes is, however, an oversimplification (Mosser and Edwards 2008, Laskin 2009, Biswas 

and Mantovani 2010). In reality, a continuum of macrophages with varying functional 

capacities exists, and these are determined by signals derived from damaged tissues, microbes 

and activated or resting leukocytes in the inflammatory microenvironment (Laskin 2009, 

Biswas and Mantovani 2010). A complex interplay between the different subtypes of 

macrophages is necessary for an appropriate response and an imbalance in macrophage 

activation can contribute to tissue injury (Laskin 2009). The various populations of mature 
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tissue macrophages are strategically located trough the body where they perform crucial 

immune surveillance activities, summed up in Fig. 2.  

Differentiation of monocytes to macrophages  

When monocytes are recruited from the blood to the tissue compartments during infection 

they can differentiate to mature tissue macrophages if they receive the appropriate 

environmental signals (Gordon and Taylor 2005). The differentiation process prepares the cell 

to actively participate in an immune response (Takashiba et al. 1999) and involves a 

multitude of changes, like the increase in the cytoplasmic volume and increase in the number 

of organelles such as mitochondria and lysosomes (Schwende et al. 1996, Daigneault et al. 

2010). This makes macrophages more efficient than monocytes at phagocytizing and 

destroying microorganisms and other particles (Daigneault et al. 2010). The expression of 

different cell surface markers is changed and the cells become more resistant to apoptosis 

(Schwende et al. 1996, Daigneault et al. 2010). Monocytes and macrophages also differ in 

their response to ligands which stimulate an important family of PRRs called Toll-like 

Fig. 2 Tissue macrophages perform important homeostatic functions in the human body (from 

Murray and Wynn (2011)). 
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receptors (TLRs) (Lea 2006, Daigneault et al. 2010). This has consequences for the way they 

respond to pathogens (Daigneault et al. 2010).  

Human macrophage markers of differentiation 

Immune cells express surface proteins that can be used to characterize different cell types and 

subpopulations of these (Lea 2006). These cell surface proteins are referred to by the CD-

nomenclature (Owen et al. 2013). CD11b, CD14 and CD71 are frequently used markers to 

characterize monocytes and macrophages (Wahlström et al. 1999, Daigneault et al. 2010, 

Hymery et al. 2014). CD11b is a leukocyte integrin that is involved in cell adhesion and 

migration (Solovjov et al. 2005). It is expressed in monocytes, macrophages, natural killer 

cells and granulocytes, and has been implicated in responses like cellular activation and 

phagocytosis (Solovjov et al. 2005). CD14 functions as a co-receptor of TLR4 that binds 

lipopolysaccharide (LPS), which is found in the cell wall of Gram-negative bacteria (Wright 

et al. 1990, Lea 2006). Upon activation of the TLR4 receptor macrophages secrete 

proinflammatory cytokines like tumor necrosis factor α (TNF-α) (Wright et al. 1990). The 

expression of this receptor is abundant in monocytes and macrophages, but it is also found in 

fewer numbers on the surface of other leukocytes and non-myeloid cells (Jersmann 2005). 

CD71, also known as the transferrin receptor, is involved in the uptake of iron from plasma to 

cells (Ponka and Lok 1999) and plays a key role in the control of cell proliferation (Testa et 

al. 1993). Macrophages play a unique and vital role in iron metabolism as they phagocytize 

senescent red blood cells, process hemoglobin iron and return it to plasma transferrin (Ponka 

and Lok 1999). Differentiated macrophages express CD71-receptors, while circulating 

monocytes seem to lack this receptor (Ponka and Lok 1999).  

Tumor necrosis factor α  

Macrophages can release inflammatory mediators and growth factors like interleukin (IL)-6, 

IL-10 and TNF-α in their work for defense and repair (Laskin 2009). The latter cytokine is 

released in large amounts in response to LPS and other bacterial products (Wajant et al. 2003) 

and is often used as an endpoint to study inflammation (Zhou et al. 1997, Pestka and Zhou 

2006, Doll et al. 2009). TNF-α regulates many processes that take place in the early stages of 

an immune response, like expression of cell adhesion molecules on blood vessel epithelial 

cells to allow immune cells, like monocytes, to move out of the blood stream and to the place 
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of infection (Lea 2006). Furthermore, this cytokine increases the blood stream to the site of 

infection and is the main contributor in the development of septic shock upon systemic 

infections (Lea 2006). It has been shown that TNF-α can contribute to the induction of cell 

death and inflammatory tissue injury, but also to the repair of damaged tissue by the induction 

of proliferation (Wajant et al. 2003, Schwabe and Brenner 2006). It is therefore said to 

display a dichotomous behavior (Laskin 2009) and the tissue type, timing and duration of 

TNF-α action seems to be important parameters determining the net effect of TNF-α action in 

vivo (Wajant et al. 2003).   

1.3 Cell cycle alterations 

Cell survival and proliferation are dependent on the cell’s capacity to maintain genomic 

integrity (Shackelford et al. 1999). Inaccuracy in DNA replication and maintenance can result 

in detrimental mutations leading to cell death or, on the whole-organismal level, cancer 

(Shackelford et al. 1999). Normally the majority of cells are quiescent (G0-phase). If a cell 

receives signal to divide, it enters the G1-phase of the cell cycle, which progress to the phase 

of DNA synthesis (S-phase), followed by the G2-phase which prepares the cell for the last 

phase of mitosis (M-phase). The daughter cells may differentiate and enter the pool of 

quiescent cells (G0) or continue proliferation in the G1-phase (Klaassen et al. 2013). The cell 

cycle normally proceeds without interruptions; however, when damage occurs surveillance 

control mechanisms enables the cell to arrest proliferation in the G1, S or G2-phase and then 

resume proliferation after the damage has been repaired (Shackelford et al. 1999). 

Alternatively, if the damage is too extensive to be appropriately repaired, the cell may enter 

an irreversible senescence-like state or undergo apoptosis (Shackelford et al. 1999). Toxins 

can harm the genomic integrity of cells by being directly genotoxic, or by indirectly leading to 

DNA damage or injure the cell cycle surveillance system (Shackelford et al. 1999).  

1.4 Cell death  

Apoptosis and necrosis are often considered to be the main types of cell death (Hotchkiss et 

al. 2009), and both forms can occur upon exposure to toxins (Klaassen et al. 2013). Low 

doses of toxins have often been found to induce apoptosis, while high doses have been found 

to induce necrosis, however the two types often occur simultaneously (Zong and Thompson 

2006). There are complicated interconnections between different cell-death programs 
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(Hotchkiss et al. 2009) and these networks offer a myriad of targets to toxins (Orrenius et al. 

2011). Apoptosis is a type of programmed cell death, which means that the process is 

controlled by an intracellular program (Ouyang et al. 2012). During apoptosis the cell 

“commits suicide” and this strictly regulated process is characterized by morphological 

changes, where the cell shrinks, the nuclear and cytoplasmic material condense and it breaks 

into membrane-bound fragments that are eventually phagocytized (Klaassen et al. 2013). 

Apoptosis is an active deletion of damaged cells which takes place without inducing 

inflammation (Klaassen et al. 2013). Necrosis is another type of cell death usually considered 

as an accidental result of system exhaustion, but it has become clear that cells have the ability 

to initiate their own death by necrosis (Zong and Thompson 2006, Galluzzi et al. 2012). 

During necrosis, cells and intracellular organelles swell, the plasma membrane loses its 

integrity and the membrane lyses (Zong and Thompson 2006, Klaassen et al. 2013). Necrosis 

induces inflammation, and the purpose of the immune cells is to hinder the extent of tissue 

damage and remove necrotic debris, however, the result is often amplified cell injury rather 

than reduced damage (Klaassen et al. 2013). Regulated necrosis has been proposed to be an 

early warning system that allows cells to initiate an immune response against insults that 

might pose a threat to the integrity of the organism as a whole (Zong and Thompson 2006).  

1.5 Mycotoxins 

Six mycotoxins found in Norwegian grain were selected for this study. The toxins are 

different in chemical structure (Fig.  3) and their toxicological properties, which also reflects 

the diversity of the total collection of mycotoxins.  
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2-amino-14,16-dimethyloctadecan-3-ol (AOD) 

AOD is a newly discovered fungal metabolite which has been isolated from one of the most 

prevalent Fusarium species in Norwegian grain, namely Fusarium avenacum (Kosiak et al. 

2003, Uhlig et al. 2005). This mycotoxin has been found in over 30% of barley and wheat 

samples tested in an analysis of Norwegian grain in concentrations of up to 10 800 μg/kg 

(Uhlig et al. 2013). AOD has been reported to be cytotoxic in the micro molar range (Uhlig et 

al. 2005, Uhlig et al. 2008) and leads to intracellular vacuolization and increased necrosis 

(Solhaug, personal communication). AOD is a sphingosine analogue (Uhlig et al. 2005), 

indicating that AOD can disturb the metabolism of sphingolipids and/or directly go into 

cellular membranes similar to other sphingolipids (Uhlig et al. 2008). These types of 

membrane interactions might explain the increased cellular vacuolization reported. It has also 

been speculated that these types of effects could disturb the regulation of cell growth and 

differentiation (Wang et al. 1991) and ultimately be involved in various diseases like 

allergies, autoimmune diseases and cancer (Takabe et al. 2008). Uhlig et al. (2008) found that 

AOD did not inhibit ceramide synthase like other sphingosine analogues that interfere with 

the metabolism of sphingolipids. Less than a handful of studies regarding the toxic effect of 

this toxin exist, so key cellular targets for the toxic effects of AOD remain to be investigated. 

AOD AOH 

DON ENNB 

ST ZEA 

 

Fig. 3 Structure formula of the mycotoxins studied: 2-amino-14,16-dimethyloctadecan-3-

ol (AOD), alternariol (AOH), deoxynivalenol (DON), enniatin B (ENNB), 

sterigmatocystin (ST) and zearalenone (ZEA). 
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No risk assessment for human or animal health has been performed regarding AOD to this 

date.  

Alternariol (AOH) 

AOH is produced by fungi in the genus Alternaria and is the most common Alternaria toxin 

in Norwegian grain (Kosiak et al. 2004, Uhlig et al. 2013). It was found in all of the wheat 

samples and 80% of the barley samples tested in an analysis of Norwegian grain, and has 

been found in concentrations up to 449 μg/kg (Uhlig et al. 2013). It is also frequently found in 

other food commodities like fruit, vegetables and oil plants (Ostry 2008). AOH has been 

reported to be mutagenic and genotoxic (Brugger et al. 2006, Pfeiffer et al. 2007, Fehr et al. 

2009) by inducing DNA damage with subsequent cell cycle arrest (Solhaug et al. 2012, 

Solhaug et al. 2013). AOH can act as a topoisomerase II poison and cause DNA strand breaks 

(Ostry 2008, Fehr et al. 2009). Further, AOH has been found to increase the level of reactive 

oxygen species (Solhaug et al. 2012) and induce autophagy and senescence in RAW 264.7 

mouse macrophages (Solhaug et al. 2014). AOH also exhibits a weak estrogenic potential 

(Lehmann et al. 2006). A recent in vivo study on mice revealed low systemic absorption of 

AOH and suggested the gastrointestinal tract as the main target organ for toxicity (Schuchardt 

et al. 2014).  

 

The European Food Safety Authority Panel on Contaminants in the Food Chain (EFSA 

CONTAM Panel) has proposed a threshold of toxicological concern (TTC) of 2.5 ng/kg body 

weight per day for AOH (EFSA CONTAM Panel 2011a). Yet, currently there are no 

regulations on AOH in feed and food (EFSA CONTAM Panel 2011a). The chronic dietary 

exposure of AOH at 1.9-39 ng per kg body weight was estimated by EFSA CONTAM Panel 

(2011a) and since this exposure exceeds the TTC value, a need for additional toxicity data 

was indicated.   

Deoxynivalenol (DON) 

DON is the most frequently occurring mycotoxin in Norwegian grain (VKM 2013). It is 

produced by Fusarium spp. and belongs to a family of mycotoxins called trichothecenes 

(Maresca 2013). DON was found in all the samples of barley, oats and wheat analyzed in a 

study of Norwegian grain in concentrations up to 7230 μg/kg (Uhlig et al. 2013) and it is also 
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commonly found in cereals in other countries all over the world (Turner et al. 2010, Pinton 

and Oswald 2014). Biomarker studies indicate that persons who consume wheat-containing 

foods are regularly exposed to DON (Turner et al. 2008, Turner et al. 2010, EFSA 2013). 

Recently, the first study done in Norway investigating the occurrence of DON in the urine of 

healthy persons found that 97.8% of the tested subjects had DON in the urine (Brera et al. in 

press).  

 

DON affects the intestinal, endocrine, immune and nervous system (Maresca 2013). Low 

chronic exposure can cause anorexia, reduced weight gain, diminished nutritional efficiency, 

neuroendocrine changes and immune modulation (Pestka and Smolinski 2005). Exposure to 

DON through food has been suggested to participate in the development of inflammatory 

bowel diseases, such as Crohn’s disease (Pinton and Oswald 2014). Acute exposure can lead 

to illnesses characterized by vomiting, gastroenteritis and a shock-like syndrome (Pestka 

2010a). Monocytes and macrophages are particularly responsive to this toxin (Pestka 2008). 

DON has been demonstrated to directly interfere with the ribosome at the cellular level 

(Pestka 2008) and can cause cellular effects though the induction of ribotoxic stress (Pestka 

2010a). Two mechanisms have been suggested to contribute to the “ribotoxic stress 

response”: a direct activation of ribosome-associated kinases and an indirect activation via an 

endoplasmic reticulum (ER) stress response (Pestka 2010a). Either way, DON dramatically 

induces the activation of mitogen-activated protein kinases (MAPKs) in monocytes and 

macrophages (Pestka 2010a), which are kinases modulating numerous physiological 

processes including differentiation, cell growth and apoptosis (Cobb 1999). The type of 

MAPK activated depends on the doses of DON present (Pestka 2010a, Maresca 2013). Low 

doses of DON have been found to stimulate the immune system by increasing the expression 

of cytokines and inflammatory genes (Pestka 2010a, Maresca 2013), while high doses have 

been found to induce cell death with concomitant immunosuppression (Zhou et al. 2005, 

Pestka 2008). Hence, DON can both stimulate and suppress the immune system depending on 

dose and exposure time (Pestka 2010a).  

 

A TDI of 1 µg/kg body weight per day has been established by the Joint FAO/WHO Expert 

Committee on Food Additives (JECFA 2001, JECFA 2011). A recent study found signs of 

inflammation in the gut and brain of mice exposed to a diet containing low concentrations of 

DON for 30 days (Tardivel et al. 2015). This exposure was in the same range as the estimated 
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dietary intake of DON for children in the Norwegian population (VKM 2013). This study, in 

addition to others, has suggested that the current TDI needs to be reevaluated (Maresca 2013, 

Pinton and Oswald 2014, Tardivel et al. 2015). 

Enniatin B (ENNB) 

ENNB belongs to the family of enniatins which is predominately produced by species in 

Fusarium spp. (Uhlig et al. 2013). The mycotoxin was found in all the grain samples analyzed 

in two surveys of Norwegian grain with 5800 µg/kg being the maximum concentration (Uhlig 

et al. 2006, Uhlig et al. 2013). ENNB has been reported to be cytotoxic (Ivanova et al. 2006, 

Firakova et al. 2007, Sy-Cordero et al. 2012) and can induce inflammation, cell death and cell 

cycle arrest (Dornetshuber et al. 2007, Gammelsrud et al. 2012, Ivanova et al. 2012). The 

toxins’ inflammatory properties might originate from its ability to increase the level of the 

proinflammatory cytokine IL-1β, which have been reported in RAW 267.4 mouse 

macrophages (Gammelsrud et al. 2012). The cytotoxicity of ENNB is likely due to lysosomal 

destabilization (Ivanova et al. 2012), as a result of its ionophoric properties (Jestoi 2008). 

ENNB has been reported to form complexes with cations (like K
+
, Na

+
 and Ca

2+
), resulting in 

selective membrane pores and thereby promoting their translocation (Ovchinnikov et al. 

1974, Sy-Cordero et al. 2012). This can lead to a change in cell- or cell organelle-membrane 

potential and disruption of ionic gradient with a resulting interruption of action potential 

parameters and cell homeostasis (Firakova et al. 2007, Feudjio et al. 2010, Sy-Cordero et al. 

2012). ENNB can also inhibit enzymes involved in the homeostasis of lipids (Tomoda et al. 

1992, Firakova et al. 2007, Sy-Cordero et al. 2012) and has been found to inhibit membrane 

transport efflux pumps important in multidrug resistance (Hiraga et al. 2005).  

 

Grains and grain-based products are estimated to be the main contributor to human exposure 

to ENNB (EFSA CONTAM Panel 2014). In a report from EFSA CONTAM Panel (2014), the 

mean chronic exposure to enniatins (the report included several enniatins) was estimated to 

range from 0.42 to 1.82 µg/kg body weight per day. Possible risks to humans based on oral 

exposure are so far undefined and possible impacts on human health are widely unexplored 

(Feudjio et al. 2010). Therefore, EFSA’s CONTAM Panel concluded that there were 

insufficient data to establish a TDI or TTC, but that there might be a reason for concern with 

respect to chronic exposure (EFSA CONTAM Panel 2014).  
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Sterigmatocystin (ST) 

ST is produced mainly by fungal species in the genus Aspergillus spp. (Terao 1983) and was 

found in 57% of the oat samples in a study analyzing Norwegian grain, in concentrations up 

to 20.1 µg/kg (Uhlig et al. 2013). It is both mutagenic (Terao 1983), genotoxic, carcinogenic 

(Versilovskis and De Saeger 2010, EFSA CONTAM Panel 2013) and share several structural 

similarities with aflatoxin B1, which is a highly carcinogenic mycotoxin (Kiessling 1986). ST 

binds covalently to DNA and forms DNA adducts after metabolic activation (Essigmann et al. 

1979, Kiessling 1986). Therefore, ST is classified as a 2B carcinogen by the International 

Agency for Research on Cancer (IARC 1987). ST may also inhibit RNA synthesis (Nel and 

Pretorius 1970) and mitosis (Engelbrecht and Altenkirk 1972). Furthermore, ST has been 

shown to lead to cell cycle arrest (Xie et al. 2000, Huang et al. 2014, Liu et al. 2014) and to 

induce apoptosis by disturbing the integrity of mitochondria (Liu et al. 2014). Also, ST has 

been shown to down-regulate the secretion of cytokines (Zhang et al. 2012) and change the 

expression of inflammation-associated genes in mice (Miller et al. 2010). This suggests that 

ST has immunomodulatory properties.  

 

In a report from 2013 the EFSA CONTAM Panel has calculated that an exposure to ST of 

0.016 µg/kg body weight per day should be of low health concern. However, as there were no 

exposure data available for ST, a risk characterization for human health was not possible to 

accomplish (EFSA CONTAM Panel 2013).  

Zearalenone (ZEA) 

ZEA is a estrogenic mycotoxin produced mainly by Fusarium spp. (Zinedine et al. 2007). It 

was found in over 90% of the analyzed samples in a study of Norwegian grain in 

concentrations up to 1670 µg/kg (Uhlig et al. 2013). ZEA is considered to be a true endocrine 

disruptor. Firstly because of its ability to activate estrogen receptors much in the same way as 

the endogenous estrogen 17β-estradiol, and secondly because ZEA and its metabolites serve 

as substrates and compete with endogenous steroids for enzymes involved in the hormone 

synthesis (Fink-Gremmels and Malekinejad 2007). ZEA may also activate the xenobiotic 

pregnane X receptor which regulates the expression of genes involved in the metabolism of 

endobiotics and xenobiotics, including cytochrome P450 (CYP) enzymes, such as CYP3A4  

(Fink-Gremmels and Malekinejad 2007). This underscores its homology to steroids and its 

role as an endocrine disruptor. Also, ZEA has shown to be genotoxic by inducing chromatid 
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exchanges, chromosomal abnormalities and DNA-adducts (Zinedine et al. 2007). 

Furthermore, ZEA inhibits protein and DNA synthesis, induces lipid peroxidation and cell 

death (Abid-Essefi et al. 2003, Kouadio et al. 2005, Wang et al. 2014), and targets 

mitochondria and/or lysosomes (Kouadio et al. 2005). The toxin has also been found to 

induce cell cycle arrest (Abid-Essefi et al. 2003) and disturb the normal production of 

inflammatory cytokines in vitro and in vivo (Marin et al. 2011, Pistol et al. 2014). These 

effects on cell level manifests itself as reproductive, endocrine, developmental and 

immunotoxic effects in a broad range of in vitro and in vivo studies (Zinedine et al. 2007).  

 

The TDI for zearalenone set by EFSA is 0.25 µg/kg body weight per day and according to the 

report from the CONTAM Panel the estimates of chronic dietary exposure to ZEA are below 

or in the region of the TDI and not a health concern (EFSA CONTAM Panel 2011b).  

1.6 Combined action of chemicals 

Grain is often contaminated with several fungal species simultaneously and fungi are usually 

able to produce more than one toxin. Different fungi might also produce the same toxin. This 

means that humans and animals are exposed to a mixture of mycotoxins through the food/feed 

they consume (VKM 2013). Interestingly, mixtures have been found to be more potent than 

the level of the pure well known mycotoxins would indicate (Alassane-Kpembi et al. 2013, 

VKM 2013). Revealing any interactive effects of mycotoxins are therefore of great 

importance (VKM 2013). When combined toxins do not interact it is known as an “additive 

effect”, which means that the toxins exert their effects without influencing each other’s action 

(Timbrell 2009, Kortenkamp et al. 2012). When the overall toxic response following 

exposure to two or more toxins is larger than the sum of the individual responses, the effect is 

called “synergism”. When the overall toxic response is smaller than the sum of the individual 

responses, the effect is called “antagonistic” (Timbrell 2009). One substance may potentiate 

the effects of other substances, which is referred to as “potentiation” (VKM 2013). Table 1 

shows a hypothetical example of interaction effects between two combined chemicals. 

Synergistic effects can occur when one toxin increases the absorption of another toxic 

chemical and/or enhances the metabolism of another chemical to its toxic metabolite. 

Likewise antagonistic effects can occur when one toxin reduces the absorption of another 

toxic chemical or reduces its metabolism to a toxic metabolite (Timbrell 2009).   
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Table 1 A hypothetical example of the combined effect of two chemicals with different types of 

interaction
a
.   

Type of interaction  Toxic Effect 

Chemical A 

Toxic Effect  

Chemical B 

Combined Effect 

Chemicals A + B 

Additivity 10% 40% 50% 

Antagonism 10% 40% 20% 

Potentiation 0% 30% 50% 

Synergism 10% 20% 60% 

a   For example % reduction in the number of viable cells  

It is widely recognized that exposure to mixtures of chemicals might result in adverse 

interaction effects, however current risk assessment is still largely based on assessing the 

hazard of individual chemicals (EFSA 2015). As it is an impossible task to experimentally 

test all possible combinations of exposure to toxins, it is necessary to develop models that can 

predict combined effects using single-substance toxicity data (Cedergreen et al. 2008, EFSA 

2015). Two models, the independent action (IA) model and the concentration addition (CA) 

model, are commonly used to predict joint effects of mixtures (Cedergreen et al. 2008), and 

will be described below.  

The difference between the IA and CA models is how the additivity assumption is constructed 

(Kortenkamp et al. 2012). The IA concept, also referred to as Bliss independence, was first 

formulated by Bliss in 1939 (Bliss 1939). It is based on the idea of dissimilar action of 

mixture components, which means that the primary interaction of the toxicants have different 

molecular target sites, and that they trigger a common toxicological endpoint in an organism 

via distinct chains of reaction (Faust et al. 2001). IA conceptualizes mixture effects by 

assuming that the effects caused by the individual mixture components can be used to 

calculate the combined effects of the toxins on the basis of the statistical concept of random 

events (Bliss 1939, Kortenkamp et al. 2012). Every component of a mixture of dissimilarly 

acting chemicals provokes effects independent of all other agents that might also be present 

by activating different effector chains, and this feature lends itself to statistical concepts of 

independent events (Kortenkamp et al. 2012).  

The CA concept, also referred to as Loewe additivity, can be traced back to the early work of 

Frei (1913) and Loewe and Muischnek (1926) (Faust et al. 2001). CA is based on the idea 

that all components in the mixture behave as if they are simple dilutions of one another, 
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which is often taken to mean that CA describes the joint action of compounds with an 

identical mechanism of action (Kortenkamp et al. 2012). It is thought that chemicals which 

interact with an identical, well-defined molecular target can be replaced totally or in part by 

an equal portion of an equi-effective concentration (e.g. an EC50) of another chemical, without 

changing the overall combined effect (Kortenkamp et al. 2012). If the assumption of 

concentration addition holds true, these portions of equi-effective single substances 

concentrations – also called toxic units – can be summed up to an overall toxic unit of the 

mixture (Kortenkamp et al. 2012). Therefore the CA concept is also known as “Toxic Unit 

Summation” (Kortenkamp et al. 2012). Thus, IA uses probabilistic considerations of the 

effects of the mixture components to derive its additivity assumption, while CA is based on 

the idea that all components in the mixture are dilutions of each other (Kortenkamp et al. 

2012).  

In a recent report from the EFSA, aimed at harmonizing  human and ecological risk 

assessment of combined exposure to multiple chemicals, it is stated that there is a general 

consensus on the application of these two models in human and ecological risk assessment, 

although current regulatory policies still remain focused on assessment of individual 

chemicals (EFSA 2015). The use of CA is suggested as a default prediction approach (EFSA 

2015). 

1.7 Aims of study  

The main hypothesis of the MYCOMIX project, which this master thesis is a part of, is that 

exposure to mycotoxins in the lower concentration range exert adverse health effects by 

modulating the immune system in susceptible animals species/ specific human groups.    

The overall aim of this thesis was to assess immunomodulatory effects of single and 

combined mycotoxins in the lower concentration range. As an experimental model a human 

monocyte leukemic cancer cell line (THP-1) was used.   

In order to achieve the aim, it was first hypothesized that the mycotoxins AOD, AOH, DON, 

ENNB, ST and ZEA have toxic effects on THP-1 monocytes with: 

 a reduction in the number of viable cells 

 increase in necrosis and apoptosis  

 alterations in the distribution of the cell cycle 
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It was next hypothesized that non-cytotoxic concentrations of the mycotoxins AOD, AOH, 

DON, ENNB, ST and ZEA have adverse effects on the monocyte to macrophage 

differentiation process characterized by:  

 changes in morphology 

 changes in the expression of the cell surface markers CD11b, CD14 and CD71 

Also, it was hypothesized that exposure to AOH, DON and ZEA during the differentiation 

from monocyte to macrophage could disturb macrophage functionality by: 

 altering the amount of TNF-α secreted by macrophages upon exposure to LPS 

Lastly, it was hypothesized that the combination of non-cytotoxic concentrations of AOH, 

DON and ZEA would affect the monocyte to macrophage differentiation process by: 

 having synergistic interaction effects on the inhibition of the CD14-cell surface 

marker expression  
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2 Materials and methods 

2.1 Reagents and chemicals 

Alternatiol (AOH), deoxynivalenol (DON), enniatin B (ENNB), sterigmatocystin (ST), 

zearalenone (ZEA), Trypsin-EDTA solution (2.5 g/l) (Product no. T4049) and dimethyl 

sulfoxide (DMSO) was purchased from Sigma-Aldrich (Missouri, USA). 2-amino-14,16-

dimethyloctadecan-3-ol (AOD) was purified by Silvio Uhlig at Section of Chemistry and 

Toxicology at NVI (Uhlig et al. 2005).  

RNAase (PureLink
TM

 RNase A), bovine serum albumin (BSA) and Alamar Blue (Cat.no: 

DAL1025) were purchased from Invitrogen (Life Technologies, California, USA). Propidium 

iodide (PI) was bought from Molecular Probes (Life Technologies, California, USA). 

Phosphate Buffered Saline (PBS) without Ca and Mg and Trypsin-EDTA solution (0.5 g/l) 

(Cat.no: BE17-161E) were purchased from Lonza (Verviers, Belgium). CellTox
TM

 Green 

Cytotoxicity Assay was purchased from Promega Corporation (Wisconsin, USA). Phorbol-

12-myristate-13-acetate (PMA) (Cat.no: 524400) was purchased from Merck KGaA 

(Darmstadt, Germany). StemPro® Accutase® Cell Dissociation Reagent (Cat.no: A11105-01) 

was purchased from Gibco® by Life Technologies (California, USA). All other chemicals 

were of analytical grade and purchased from commercial sources.  

Cell culture media 

Roswell park memorial institute medium (RPMI 1640) with L-glutamine, 

Penicillin/streptomycin and fetal bovine serum (EU standard; FBS) were purchased from 

Lonza (Verviers, Belgium).  

Antibodies  

PE Mouse anti-human CD71 (Cat. no: 555537) was ordered from BD Biosciences. Alexa 

Fluor 488 anti-human CD11b (Cat.no: 301318), Alexa Fluor 647 anti-human CD14 (Cat. no: 

325612 and Cat.no: 325611) and Human TruStain FcX
TM

 (Fc Receptor Blocking Solution, 

Cat. no: 422302) were ordered from BioLegend (California, USA). Hu FcR Binding Inhibitor 

Purified (Fc Receptor Blocking Solution, Cat. no: 14-9161-73) was ordered from eBioscience 
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Inc. (California, USA). Human TNF-α Antibody Pair (Cat.no: CHC1753) was purchased from 

Invitrogen (Life Technologies, California, USA).   

2.2 Cell culture and treatment 

THP-1 cell line 

The THP-1 cells are an acute monocytic leukemia cell line (Tsuchiya et al. 1980, Auwerx 

1991), which retains its monocytic properties and has proven to be useful for studying the role 

of monocytes in human immune responses and the mechanisms involved in macrophage 

differentiation (Tsuchiya et al. 1980, Auwerx 1991). The THP-1 cells were bought from 

European Collection of Cell Cultures (ECACC). They are grown in RPMI 1640-medium 

supplemented with 10% heat inactivated fetal bovine serum (FBS) and Penicillin (100 U/ml) 

and streptomycin (100 µg/ml) (Pen/strep) in a humidified incubator at 37 °C with 5% CO2. 

THP-1 monocytes grows in solution and do not adhere to the plastic of the culture flask. The 

cells were kept in logarithmic growth phase between 500 000 to 1 000 000 cells/ml by 

splitting the cells three times a week.  This was done by gently shaking the flask and 

transferring the cells by pipetting. The cells got a new passage number on the first day of 

every week. The passage number was kept below 20, as cells with high passage numbers may 

have altered properties (Reid 2011).   

The THP-1 cells were frozen down in RPMI supplemented with Pen/strep, FBS and 10% 

dimethyl sulfoxide (DMSO). DMSO was included in the freezing medium to avoid the 

formation of ice crystals inside the cells and rupturing of cell membranes. Cells were kept in -

70 °C for 48 h and then stored in N2 (-196 °C). The THP-1 cells were thawed quickly at 37 °C 

in a water bath and transferred to a 75 cm
2
 tissue culture flask (nunclon

TM
 delta treated flask, 

nunc
TM 

) (Roskilde, Denmark) with RPMI supplemented with FBS and Pen/strep. The cells 

were then cultivated for one week prior to experiments.  

In experiments, THP-1 monocytes were seeded at a density of 150 000 cells/cm
3
 

simultaneously with exposure to mycotoxins. The cells were harvested by gently shaking the 

cell culture flask, then transferring the cells by pipetting. The desired cell density was reached 

by adding a calculated volume of medium holding a temperature of 37 °C.  
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Solvent 

The mycotoxins were dissolved in DMSO. In cell culture experiments the maximum 

concentration of solvent was 0.2%, but in the majority of experiments the concentration was 

0.1% or less. Since 2x dilutions of toxins were carried out in most experiments, the 

concentration of the last well in the plate contained 2
n
 times less DMSO than the first well, 

where n is the amount of wells. In each experiment appropriate controls containing the 

maximum amount of solvent were included.  

2.3 Exploring toxic effects on THP-1 monocytes  

The effects of various concentrations of the mycotoxins (Table 2) on the number of viable 

cells, cytotoxicity and the cell cycle of the THP-1 monocytes were explored (Fig. 4).   

Table 2 Treatments and concentrations the cells were exposed to
ab

 

Treatment Concentration of 

mycotoxin (µM) 

Medium (control)  

DMSO 0.1% (control)  

DMSO 0.2% (control)  

AOD 1.25, 2.5, 5, 10 

AOH 7.5, 15, 30, 60 

DON 0.25, 0.5, 1, 2, 4 

ENNB 0.5, 1, 1.5, 2, 5 

ST 1.25, 2.5, 5, 10, 20 

ZEA 1.875, 3.75, 7.5, 15, 30 

a   In 2.3.1 and 2.3.2 all the shown concentrations were tested. 

b   In 2.3.3 the concentrations that are underlined were tested.  
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2.3.1 Cell proliferation and viability  

The Alamar Blue (AB) assay offers a simple way of measuring cytotoxicity and cell 

proliferation. It contains a blue, nontoxic dye, resazurin, that in living cells are reduced to the 

fluorescent, pink resorufin. The fluorescence of the reaction product is often used as a 

measure of metabolic activity, even though it is not entirely clear where the reduction takes 

place (O'Brien et al. 2000). The amount of resazurin reduced, and hence the fluorescence 

intensity, correlates directly with the metabolic activity of the living cells in the medium, and 

therefore generates a quantitative measure of viability and cytotoxicity (O'Brien et al. 2000).  

The number of viable THP-1 monocytes after 24 h exposure to mycotoxins was measured 

using the AB assay. The treatments used can be seen in Table 2. Optimization of the assay 

was conducted, as described in Supplemental 9.1. Cells were seeded in 96-well plates (TPP, 

Trasadingen, Switzerland) with a density of 150 000 cells/cm
2
 and three technical replicates 

per exposure. After 24 h exposure AB was added to each well (1:25) and the fluorescence was 

Well 

THP-1 monocytes 

+ treatment 

After 24 h 

The number of 

viable cells 

(Alamar Blue-

assay and plate 

reader) 

The proportion 

of necrotic cells 

(PI-staining and 

flow 

cytometry) 

Cell cycle 

distribution, 

including 

apoptotic cells 

(Fixation, PI-

staining and 

flow 

cytometry) 

Fig. 4 In the present study the effects of mycotoxins to THP-

1 monocytes were investigated by three different methods 

after 24 h of exposure.  



22 

 

quantified after 3 h. Quantification was done using fluorometry on a Victor2 Multilabel 

counter (Wallac, Turku, Finland) with 530ex: 580em.  

2.3.2 Necrosis  

Necrotic cells, in contrast to viable and apoptotic cells, have ruptured plasma membranes. 

Propidium iodide (PI) is a red-fluorescent nuclear and chromosome counterstain that only 

enters cells with damaged plasma membranes. PI are only weakly fluorescent in aqueous 

solution, but fluoresce strongly when bound to DNA (Ormerod 2008). This property makes PI 

suitable for detecting necrotic cells (Shapiro 2003). A common method to measure the 

fluorescence of PI-stained cells is by the use of flow cytometry, which is a technique that 

allows rapid measurements of fluorescent single cells when they flow in a fluid stream past a 

sensing point (Juan-Garcia et al. 2013).  

Cells were seeded in 48-well plates (TPP, Trasadingen, Switzerland) with a density of 

150 000 cells/cm
2
 and exposed to mycotoxins for 24 h. The treatments used can be seen in 

Table 2. The number of technical replicates per exposure was one. The cells were then stained 

with PI (10µg/ml) and further analyzed by flow cytometry (Accuri C6, BD Biosciences, 

Michigan, USA), using 488ex: 585/40 em. Single cells were gated and a minimum of 10 000 

cells were acquired and analyzed (Supplemental 9.2).  

2.3.3 Apoptosis and cell cycle distribution  

The distribution of cells across the cell cycle can be determined by measuring the DNA 

content of individual cells with flow cytometry yielding a DNA histogram (Ormerod 2008). 

Cells that are quiescent (G0) or are preparing for the DNA synthesis (S-phase) of the cell 

cycle (G1) have two pairs of chromosomes (2N), and cells that are done with DNA synthesis 

and preparing for mitosis (M) have four pairs of chromosomes (4N; G2-phase) (Ormerod 

2008). To measure the DNA content, the cells have to be stained with a fluorescent dye, like 

PI, that binds to DNA in a manner that accurately reflects the amount of DNA present 

(Ormerod 2008). Based on the cells’ DNA content it is possible to separate the cells into the 

major phases of the cell cycle: G0/G1, S and G2/M (Ormerod 2008). In addition to this it is 

also possible to detect apoptotic cells, as these cells have fragmented DNA and will appear as 

a “subG1”-peak in a DNA histogram (Ormerod 2008). To stain the cell’s DNA with PI they 

need to be fixated, since PI is excluded from cells with intact cell membranes (Ormerod 
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2008). Further, the cells need to be incubated with a RNAse before analysis, because PI will 

stain any double stranded nucleic acids, including double stranded RNA, which could give an 

inaccurate DNA histogram if included in the analysis (Ormerod 2008).  

To reveal changes in the cell cycle, including cells located in the SubG1-part of the 

histogram, cells were seeded in 12- or 24-well plates (TPP, Trasadingen, Switzerland) at a 

density of 150 000 cells/cm
2
 and exposed to mycotoxins for 24 h. The treatments used can be 

seen in Table 2. The number of technical replicates varied from one to three, with the large 

majority being one replicate per exposure. The cells were fixated by first re-suspending the 

cells carefully and thoroughly in PBS, and then adding ice-cold (-20 °C) 96% ethanol, until 

70% ethanol was reached. The cells were left in the freezer (-20 °C) overnight. The following 

day the cells were re-suspended in DNA-staining-buffer (0.01 PI mg/ml, 0.005 mg/ml RNAse 

A and PBS) and incubated for 30 min at 37 °C in the dark. The samples were then analyzed 

by flow cytometry (Accuri C6) using 488ex: 585/40 em. Single cells were gated and a 

minimum of 10 000 cells were acquired and analyzed (Supplemental 9.3).  

2.4 Exploring effects on the THP-1 monocyte to 

macrophage differentiation process  

The differentiation process was characterized by studying the cells’ morphology, cell surface 

receptor expression and cytokine secretion upon stimulation with LPS. This was done in three 

parts (Fig. 5). First, the effects of various concentrations of AOD, AOH, DON, ENNB, ST 

and ZEA on the morphology and expression of surface receptors (CD11b, CD14 and CD71) 

were investigated. Secondly, AOH, DON and ZEA’s impact on the macrophages’ capacity to 

secrete the cytokine TNF-α was investigated. And thirdly, combinations of AOH, DON and 

ZEA on the cell’s CD14-expression were explored to reveal possible interaction effects.  
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2.4.1 Differentiation to macrophage 

THP-1 cells can be differentiated by the use of PMA which changes the cells into un-

polarized (Chanput et al. 2013), macrophage-like cells which mimic native monocyte-derived 

macrophages in several respects (Auwerx 1991). The cells change their morphology, stop 

proliferating, enhance their phagocytic activity and their capability to release mediators like 

TNF-α (Schwende et al. 1996).  

Well 

After 48 h 

Cell morphology: 

count 300 cells pr. 

treatment 

Phenotypic 

characterization of 

cell surface 

expression (CD11b, 

CD14 and CD71) by 

flow cytometry 

+ 

+ 

Cell toxicity 

(CellTox
TM

 Green 

Cytotoxicity Assay 

and plate reader) 

Phenotypic 

characterization of 

cell surface 

expression (CD11b, 

CD14 and CD71) by 

flow cytometry 

+ 

Cell toxicity 

(CellTox
TM

 Green 

Cytotoxicity Assay 

and plate reader) 

TNF-α measurement 

(supernatant) with 

ELISA 

Well Well 

THP-1 monocytes + PMA 

Single exposure: 

AOD, AOH, DON, 

ENNB, ST or ZEA 

+ 

Single, binary or 

tertiary exposure: 

AOH, DON, and 

ZEA 

Single exposure: 

AOH, DON or ZEA 

+ + 

3 h LPS-challenge 

Part one Part two Part three 

+ 

Fig. 5 Illustration of the three different parts where the effect of single and 

combined exposures of mycotoxins to the monocyte to macrophage-

differentiation process was investigated in the current study. 
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Here the exposure done in part one and three are explained. In these experiments the cells 

were exposed to 50 ng/ml of PMA and to mycotoxins (single exposures: AOD, AOH, DON, 

ENNB, ST or ZEA; binary exposures: DON-AOH, DON-ZEA, ZEA-AOH or tertiary 

exposure: DON-ZEA-AOH) for 48 h. The treatments used in part one can be seen in Table 3 

and the treatments used in part three can be seen in Table 4 and Table 5 in 2.4.6. THP-1 

monocytes (not exposed to PMA) were included in the experiment to visualize/quantify the 

shift in morphology and surface marker expression compared to the PMA-induced THP-1 

macrophages. PMA-induced THP-1 macrophages with and without 0.1% DMSO served as 

controls. The cells were seeded in 12-well plates and a 96-well plate with a cell density of 

150 000 cells/cm
2
. The volume of the cell suspension added to each well in the 12-well plates 

compared to the 96-well plates was adjusted to reach the same surface density of cells 

(Supplemental 9.4). The number of technical replicates per exposure was one. In part one the 

cells in the 12-well plates were analyzed by phenotypic characterization by flow cytometry in 

addition to microscopic characterization of morphology by light microscopy. In part three the 

cells were analyzed by phenotypic characterization using flow cytometry alone. The cells in 

the 96-well plate were used to quantify cell toxicity using the CellTox
TM

 Green Cytotoxicity 

Assay in both part one and three.  

Table 3 Treatments and concentrations the cells were exposed to in part one.  

Treatment Concentration of 

mycotoxin 

Medium (control)  

DMSO 0.1% (control)  

AOD 0.625, 1.25, 2.5 

AOH 7.5, 15, 30, 

DON 0.125, 0.25, 0.5 

ENNB 0.25, 0.5, 1 

ST 0.625, 1.25, 2.5 

ZEA 3.75, 7.5, 15, 30 
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2.4.2 Microscopic characterization of morphology 

Light microscopy. In part one, following the 48 h exposure to PMA and single mycotoxins the 

cells were examined with light microscopy (Leica DMIL, Solms, Germany) and pictures 

taken with Moticam 1000 USB2 camera (software: Motic Images Plus 2.0). Pictures were 

taken from different places in the wells and cells counted until the total number was minimum 

300 cells/well. Cells were morphologically subdivided into category 1: undifferentiated, non-

adhered cells (small, round), category 2: slightly adhered cells, category 3: well adhered cells 

(oval appearance), category 4: cells with a dipolar shape (long, thin) and category 5: cells with 

a more macrophage-looking appearance (big cells, well adhered, with distinct “arms”). To 

minimize the bias of counting the cells “by hand” the pictures were counted blinded. It would 

be more optimal to examine the morphology directly by microscopy, but since a large number 

of treatments were counted, this would be time consuming and impair the conditions for the 

cells which required optimized temperature and CO2-concentration.  

2.4.3 Phenotypic characterization by flow cytometry 

CD11b, CD14 and CD71 are frequently used monocyte/macrophage markers (Wahlström et 

al. 1999, Nolwenn Hymery et al. 2014) and where here used to characterize the differentiation 

process. These can be quantitatively measured by flow cytometry using antibodies conjugated 

to fluorochromes (Juan-Garcia et al. 2013). When single cells stained with fluorescent 

antibodies are analyzed with flow cytometry a distribution of fluorescent intensities is 

obtained and can be displayed as a histogram of fluorescence intensity. The CD-expression 

can be quantified by obtaining the median fluorescence intensity (MFI) of the peaks in the 

CD-marker histograms.  

The fluorescent antibodies were titrated to determine the correct concentration for best 

signaling (sensitivity) while minimizing noise (background light) (Supplemental 9.5). 

Following PMA induced differentiation approximately 500 000 cells were collected from 

each well by trypsination and then washed in staining buffer (PBS with 0.5% BSA and 0.05% 

sodium azide; NaN3). Four different harvesting techniques were compared to find the most 

appropriate one for these experiments (Supplemental 9.6). THP-1 monocytes were harvested 

by gently shaking the flask and transferring the cells by pipetting. The cells were kept on ice 

after harvesting. THP-1 cells express Fc receptors that can interfere with antibody-mediated 

specific staining and can give false positive or false negative results (Shapiro 2003). To block 
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the Fc receptors the cells were incubated with Human TruStain FcX
TM

 or Hu FcR Binding 

Inhibitor Purified for 15 min on ice with continual shaking (300 rpm). Further the cells were 

incubated with direct-conjugated antibodies against CD11b, CD14 and CD71 for 30 min on 

ice in the dark with continual shaking (300 rpm). The cells were then washed twice in staining 

buffer, re-suspended in PBS and analyzed by flow cytometry (Accuri C6), using 488ex: 

533/30 em for CD11b-Alexa Fluor 488, 633ex:675/25em for CD14-Alexa Fluor 647 and 488ex: 

585/40 em for CD71-PE. Single cells were gated and a minimum of 10 000 cells were acquired 

and analyzed. Since three fluorochromes were measured at the same time, color compensation 

was used to avoid that the fluorescence emission of one fluorochrome was detected in a 

detector designed to measure signal from another fluorochrome (Ormerod 2008).  

2.4.4 Cell toxicity  

The CellTox
TM

 Green Dye is a nontoxic and proprietary asymmetric cyanine dye that stains 

the DNA of cells with impaired membrane integrity (necrotic cells). The binding interaction 

with DNA produces a fluorescence signal that is proportional to cytotoxicity (Promega 

Corporation 2013).  

The CellTox
TM

 Green Cytotoxicity Assay was used to investigate cell toxicity after 48 h of 

exposure to PMA and mycotoxins in part one and three; this was done to examine if there was 

any unwanted cytotoxicity, since the goal of the experiments was to study the mycotoxins’ 

effect on the differentiation process at low, non-cytotoxic concentrations. CellTox
TM

 Green 

Dye mixed with PBS (1:10) was added to the wells of the 96-well plate after 48 h (1:100) and 

the fluorescence was quantified by a Victor2 Multilabel counter with 485ex-500ex: 520em-

530em after 15 min incubation in room temperature in the dark. Lysis Solution included in the 

assay was added to one of the differentiated control wells (1:25) to serve as a positive control 

of cell death.  

2.4.5 TNF-α measurements with ELISA 

Enzyme linked immunosorbent assay (ELISA) is a powerful technique to detect and quantify 

the amount of a substance (e.g. protein) in solution by the use of antibodies covalently bound 

to enzymes (Lea 2006, Owen et al. 2013). The Human TNF-α Antibody Pair- kit from 

Invitrogen is an indirect sandwich ELISA. Indirect ELISA means that the detecting antibody 

is not labeled with enzyme. Sandwich ELISA means that one antibody is adhered to the 
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bottom of the ELISA-plate, letting the 

antigen (TNF-α) adhere, and then adding 

a second detecting antibody which adhere 

to the antigen, making a “sandwich” 

around the antigen (Fig. 6). The 

conjugated enzyme in this kit is a 

horseradish peroxidase (HRP) which 

converts a colorless substrate (3,3’,5,5’-

tetramethylbenzidine; TMB) into a blue 

substrate, which in turn changes to yellow 

color after addition of an acid (H2SO4). The amount of substrate converted, and hence the 

fluorescence intensity, correlates directly with the amount of protein in the solution and 

therefore generates a quantitative measure of the amount of protein. 

In these experiments the cells were exposed to 50 ng/ml of PMA and to mycotoxins (15 µM 

AOH, 0.5 µM DON and 15 µM ZEA) for 48 h. The concentrations were chosen based on the 

results in part one. Cells exposed to PMA with and without 0.05% DMSO served as controls. 

The cells were seeded in 24-well plates, with 150 000 cells/cm
2
. Next, the medium containing 

PMA and mycotoxins were removed and replaced with medium containing 0.05 ng/ml LPS 

for 3 h. The medium was then collected, centrifuged at 500 g for 10 min at 4 °C and stored in 

96-well plates at -20°C. The amount of TNF-α was quantified with the Human TNF-α 

Antibody Pair- kit from Invitrogen described above. To perform the assay 96-well maxisorp 

plates (Nunc, Roskilde, Denmark) which are highly adsorbent were used. The wells of the 

plate was coated with coating solution (2 µg/ml, Anti-Human TNF-α) overnight (12-18 h), 

then aspirated and washed with wash buffer. Following this, the plate was blocked by adding 

assay buffer for one hour at room temperature. Next the plate was aspirated, inverted and 

tapped on absorbent paper to remove excess liquid. Standards (Recombinant Human TNF-α) 

and samples were added to the plate (duplicates of the standards, three technical replicates of 

each control and four technical replicates of the samples exposed to mycotoxins), 

immediately followed by addition of the detection antibody (0.32 µg/ml, Anti-Human TNF-α 

Biotin) and incubation for 2 h at room temperature with continual shaking (700 rpm). Next 

the plate were aspirated and washed four times and streptavidin-HRP solution (1/625) were 

added to the plate and incubated for 30 min at room temperature with continual shaking (700 

rpm). Then the plate was aspirated again and washed four times. TMB (3,3’,5,5’-

Fig. 6 Sandwich ELISA illustrated step by step 

(from ELISA Encyclopedia). Y = antibody, blue 

ellipse = antigen, black circle = HRP, star = 

substrate.  
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tetramethylbenzidine) substrate solution were added to the plate and incubated for about 20 

min at room temperature with continual shaking (700 rpm). Sulfuric acid (H2SO4, 1 M) were 

used to halt the oxidation of TMB. Lastly, the absorbance levels were quantified by using a 

Victor2 Multilabel counter at 450 nm. The concentration levels (pg/ml) were calculated based 

on the standard curve.   

2.4.6 Mixture design 

The experiments with single toxins in part one served as a starting point for the combination 

experiments. Since AOH, DON and ZEA significantly reduced the expression of CD14, these 

toxins were chosen for the combination studies. The aim was to test if the combination of 

AOH, DON and ZEA would affect the differentiation process by having synergistic 

interaction effects on the inhibition of the CD14-expression. In order to find the equal effect 

concentrations needed to design the combination experiment the inhibitory concentration 

giving a 20 percent reduction (IC20) in the expression of CD14 compared to control (PMA-

induced macrophages) was calculated for each toxin. This was done in GraphPad Prism 6 

(GraphPad Software, San Diego, CA, USA) by doing nonlinear regressions. A sigmoidal 

concentration-response curve (CRC) with variable slope was chosen as the nonlinear model 

(1) (Supplemental 9.7). Since the expression of CD14 is up-regulated from THP-1 monocytes 

to PMA-induced THP-1 macrophages, the monocyte control’s expression of CD14 was 

defined as the bottom value in the regression, while the PMA-induced THP-1 macrophage’s 

expression of CD14 was defined as the top value:  

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
𝑇𝑜𝑝−𝐵𝑜𝑡𝑡𝑜𝑚

(1+10^(𝐿𝑜𝑔𝐼𝐶20 𝑋 𝑆𝑙𝑜𝑝𝑒)
     (1) 

The ratios between the IC20-values for AOH, DON and ZEA (AOH:DON:ZEA) were 

calculated and the compounds were mixed in these ratios when the mixtures were tested so 

that the concentration of each toxin in the given mixture would have the same impact on the 

CD14-expression. The tested binary combination ratios were: 7:10 for AOH-ZEA, 3:100 for 

DON-AOH and 1:50 for DON-ZEA. The tested tertiary ratio was: 70:100:2 for AOH-ZEA-

DON. Since the goal was to study interaction effects at low levels of exposure, four 

concentrations expected to lie in the area of about zero to thirty percent effect was chosen 

(Table 4) based on the CRCs obtained in the non-linear regression (Supplemental 9.7). CRCs 
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for single, binary and tertiary combinations were tested simultaneously (Table 5) following 

the procedure described in chapter 2.4.1 and 2.4.3. 

Table 4 Four concentrations (µM) were tested for AOH, DON and ZEA. 

Toxin                                  Concentrations 

 1 2 3 4 

AOH (µM) 0.875 1.75 3.5 7 

DON (µM) 0.025 0.05 0.1 0.2 

ZEA (µM) 1.25 2.5 5 10 

 

Table 5 Three single, three binary and one tertiary exposure in the combination experiments. No. 

indicates concentration as seen in Table 4. 

 AOH DON ZEA AOH +  

DON 

AOH + 

ZEA 

DON +  

ZEA 

AOH + 

DON + 

ZEA 

AOH 1 2 3 4         1 2 3 4 1 2 3 4     1 2 3 4 

DON     1 2 3 4     1 2 3 4     1 2 3 4 1 2 3 4 

ZEA         1 2 3 4     1 2 3 4 1 2 3 4 1 2 3 4 

 

2.4.7 Calculation of predictions  

Predictions according to concentration addition 

The concentration addition (CA) model can be mathematically formulated as: 

   

𝐸𝐶𝑥𝑚𝑖𝑥 =  (∑
𝑝𝑖

𝐸𝐶𝑥𝑖

𝑛

𝑖=1

)

−1

 

 

with n denoting the number of mixture components, 𝑝𝑖 the relative fraction of chemical i in 

the mixture, and x a common effect level (e.g. 5% inhibition) (Kortenkamp et al. 2012). 

ECxmix denote the total concentration of a mixture that causes an effect of x percent. ECxi 

denotes the individual effect concentration of chemical i that causes an effect of x percent 

(2) 
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(Kortenkamp et al. 2012). This equation provides an explicit prediction of any effect 

concentration of a mixture under the hypothesis of concentration addition (Faust et al. 2001). 

Prerequisites for their calculation are the knowledge of the individual effect concentrations 

(ECxi) and the relative concentration 𝑝𝑖 of the constituents (Faust et al. 2001). The individual 

effect concentrations ECxi were calculated from the individual CRC of AOH, DON and ZEA 

(Fig.17) and the relative concentration 𝑝𝑖 equals the ratios described in 2.4.6. For every 

mixture, effect concentrations for 5, 10, 15 and 19% inhibition were calculated, and a CRC 

were fitted to these predicted data points (Fig.18), like described in 2.5.5. 19 % was chosen as 

the fourth effect concentration, since 19% inhibition was the maximum inhibitory 

concentration that could be predicted from the CRC of DON (Fig. 17). The calculations were 

accomplished using R (R Core Team 2014, version 3.1.2, R Foundation for Statistical 

Computing, Vienna, Austria). 

Predictions according to independent action 

In contradiction to CA, the independent action (IA) model calculates combined effects rather 

than combined effect concentrations. AOH, DON and ZEA were found to inhibit the CD14-

expression and therefore an IA model that predicts effects that decrease with increasing 

concentrations of the toxins was chosen. This IA model can be mathematically formulated as 

(Kortenkamp et al. 2012): 

           

𝐸(𝑐𝑚𝑖𝑥) = ∏ 𝐸(𝑐𝑖)

𝑛

𝑖=1

 

with ci and cmix being the concentrations of the individual constituents and the total 

concentration of the mixture, respectively. 𝐸(𝑐𝑖) denotes the corresponding effects of the 

individual constituents and 𝐸(𝑐𝑚𝑖𝑥) the total effect of the mixture. Effects E are expressed as 

fractions (x%) of a maximum possible effect (Faust et al. 2001). The predicted combined 

effect of AOH and DON at concentration one (Table 5) was found by multiplying their 

individual effects 𝐸(𝑐𝑖) at concentration one. Similarly the predicted combined effect at 

concentration two was found by multiplying AOH and DON’s individual effects at 

concentration two, and so forth for concentration three and four. The predicted combined 

effects of the other toxins were calculated in a similar manner. The calculations were 

(3) 
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accomplished using R. For every mixture in this study four predicted effects were calculated, 

and a CRC was fitted to these data points like described in 2.5.5 (Fig. 18).  

2.4.8 Interpretation of interacting effects  

The CA and IA model predictions were transposed on top of the experimental data to 

determine whether the models could accurately predict the interactions occurring in the 

mixtures (Fig. 18). The accuracy of the prediction models were evaluated by comparing the 

model-predicted CRCs with the experimentally derived CRCs. The experimental CRC were 

considered to be significantly different from the model-predicted CRCs if the experimental 

CRC including its 95% confidence interval did not overlap with the model-predicted CRCs 

including their 95% confidence intervals, as done in Petersen and Tollefsen (2011).  

2.5 Statistics 

Statistical analysis was performed using Sigma Plot (version 13.0, Systat Software, 

California, USA) and R (R core team 2014). p-values below 0.05 were accepted as 

statistically significant.  

2.5.1 Analysis of variance (ANOVA) 

ANOVA is a powerful approach when wanting to test whether the means of different groups 

are equal or not. It is a widely used test with high power, meaning that the test has a high 

chance of rejecting false null hypotheses (Whitlock and Schluter 2009). ANOVA is sensitive 

to violations against the assumption of equal variances among the tested groups (Whitlock 

and Schluter 2009). Therefore, Brown-Forsythe’s test (when using SigmaPlot) or Levene’s 

test (when using R) for equal variances, were applied before running ANOVA. If the variance 

test was statistically significant (p< 0.05), the hypothesis of homogeneous variances was 

rejected. Among the most used methods to handle the problem of heterogenic variances is to 

transform the data using log or square root transformation (Whitlock and Schluter 2009). If 

log or square root transformation of the data did not remove the problem of heterogenic 

variances, then Welch’s t-test was applied, as this test does not assume equal variance 

(Whitlock and Schluter 2009). To test which of the groups were significantly different from 

the control-group, Dunnett’s test for multiple comparisons was used. This test is suitable 



33 

 

when one of the groups in a comparison is different to the rest, like a control group (Upton 

and Cook 2014). Games-Howell was chosen as post hoc test following Welch t-test, as it is 

suitable for comparing groups with heterogenic variances (Upton and Cook 2014).  

2.5.2 Regression  

Regression analysis can be used statistically to estimate the relationships among variables. In 

this method a numerical response variable can be predicted/explained by one or more 

explanatory variables (Whitlock and Schluter 2009). Regression analysis was used in the 

analysis of the data resulting from the combination experiments, described in chapter 2.4.1, 

2.4.3 and 2.4.6-2.4.8, in addition to the data resulting from the experiments investigating cell 

viability and necrosis described in chapter 2.3.1 and 2.3.2. Regression analysis was conducted 

in addition to ANOVA for these datasets.  

The analysis was done as follows: in each of these experiments the goal was to investigate the 

relationship between the response (the number of viable cells, necrosis or CD14-expression) 

and the explanatory variable (concentration). Six models were fitted to the datasets and 

Akaike’s information criterion (AIC) was used to select the best model (one exception from 

this rule is described in 2.5.5). AIC is a model selection procedure which balances the models 

complexity against the quality of that model’s fit to the given data, and the model with the 

lowest AIC-value is considered the most optimal (Upton and Cook 2014). If several AIC-

values were separated by a value of ± 3 they were considered equally good. When this 

happened the model with fewest numbers of parameters was chosen. The six models that were 

fitted to the data were as follows: a null model, a linear model, a logarithmic model, an  

Table 6 The six models used in the regression analyses. 

Model  Equation Explanation 

Null y ~ a x = explanatory variable 

y = response variable 

a = intercept 

b = slope 

(see below for details about 

the sigmoidal and spline 

model) 

Linear y ~ a + b*x 

Logarithmic y ~ a + b*log(x) 

Exponential y ~ a + b*exp(x) 

Sigmoidal 
𝑦 =  

𝐴𝑠𝑦𝑚

1 + 𝑒
𝑥𝑚𝑖𝑑−𝑥

𝑠𝑐𝑎𝑙

 

Spline y ~ s(x) 
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exponential model, a sigmoidal model (see below) and a spline model (see below) (Table 6). 

A sigmoidal dose-response curve is appropriate for data where the response variable follows a 

pattern of slow initial increase, followed by a period of rapid increase, terminated by reaching 

a saturation point, or asymptote, with increasing values of the explanatory variable (Whitlock 

and Schluter 2009). Equation (1) mentioned in 2.4.6 is an example. In R fitting a sigmoidal 

curve to the data was done by using the self-starting nonlinear least squares (nls) logistic 

model with SSlogis, following this equation: 

𝑦 =  
𝐴𝑠𝑦𝑚

1 + 𝑒
𝑥𝑚𝑖𝑑−𝑥

𝑠𝑐𝑎𝑙

 

“Asym” is the asymptote, “xmid” is the x value at the inflection point of the sigmoidal curve, 

and “scal” is a scaling parameter for the x-axis (Holland 2013).   

It is not always easy to see or anticipate the type of relationship present in the data by visual 

inspection alone. By using a computer it is possible to fit curves to data without specifying a 

formula. This is often referred to as smoothing and works by gathering information from 

groups of nearby observations to estimate how the mean of y changes with increasing values 

of x (Whitlock and Schluter 2009). One smoothing method is “spline” smoothing (Whitlock 

and Schluter 2009). A spline of the type basis spline (b-spline) was used in this regression 

analysis. The R-package “splines” was applied.  

2.5.3 Calculating IC20 for the number of viable cells and EC10 for necrosis 

The inhibitory concentration giving a 20% reduction in the number of viable cells (IC20) was 

found by predicting the concentration at 20% reduction from the chosen model for each toxin. 

In a similar manner the effect concentration giving a 10% increase in necrosis (EC10) was 

found by predicting the concentration at 10% necrosis using the chosen models for each toxin. 

The calculations were accomplished using R. 

2.5.4 Effect of experimental replicates  

To test if the replicate experiments were significantly different from each other and needed to 

be included as an explanatory variable, multiple regression was used. Multiple regression 

allows the analysis of two or more explanatory variables at once. The concentration was 



35 

 

modeled as a spline, while the replicates were modeled as a factor variable. A level was 

estimated to each factor: y ~ a + s(x) + bi where bi is estimated by the model and i indicates a 

replicate. If one of the bs of the replicates were significantly different from zero, then that 

replicate had an effect on the response variable. Using spline as a model here made it possible 

to test if the replicates had an effect on all the types of models mentioned in 2.5.2, as splines 

have the ability to take approximately the shape of all the other models. One model with the 

replicates included as a factor variable and one model without were compared by the use of 

AIC. In the cases where the factor variable replicates could contribute to explain the variation 

observed in the response variable, the replicates were assigned different colors in the plot, but 

were not included in the model. This was done because the form of the spline would still be 

the same, and it was the relationship between the response variable and the concentration that 

was of interest in this analysis. 

2.5.5 Model selection for the predicted data   

For the experimental data obtained from the combination experiments, model selection was 

conducted by using AIC as described in 2.5.2. The effect of experimental replicates was also 

tested as described in 2.5.4. For each of the four combinations (AOH-DON, AOH-ZEA, 

DON-ZEA and AOH-DON-ZEA) four data points were predicted from each model (either 

effects using IA or effect concentrations using CA). Three models were compared: a null 

model (y ~ a), a linear model (y ~ a + b*x) and a logarithmic model (y ~ a + b*log(x)). The 

other models mentioned in 2.5.2 were excluded here since none of them were used to explain 

the experimental data of the combination experiments. In contradiction to the model selection 

described above, AIC was not used to find the most optimal predicted CRC. AIC offered the 

possibility to find the model with the best fit to the four predicted data points. While in this 

case, the aim was to find the model that could explain the highest proportion of the 

experimental data, not the highest proportion of the predicted data. Therefore, the CRC which 

explained the highest proportion of the experimental data, based on the highest adjusted R
2
-

value, was chosen. Adjusted R
2
-values express the proportion of variability in the data points 

that is explained by the fitted curve.  
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3 Results 

3.1 Toxic effects to THP-1 monocytes 

3.1.1 The number of viable cells, cell death and cell cycle distribution  

The number of viable cells, cell death (necrosis and apoptosis) and the cell cycle distribution 

for the THP-1 monocytes were investigated after 24 h of exposure to various concentrations 

of the mycotoxins AOD, AOH, DON, ENNB, ST and ZEA.  

AOD 

Cells were exposed to a range of concentrations (0, 1.25, 2.5, 5 or 10 µM) of AOD for 24 h. 

Increasing concentration of AOD led to a decreased number of viable cells following a linear 

relationship (Fig. 7A), and all the tested concentrations were significantly different from the 

control. Whereas no increased cytotoxicity could be seen at the two lowest concentrations, 5 

and 10 µM AOD increased necrosis, following an exponential trend (Fig. 7B). At 5 µM, AOD 

gave a modest increase in the proportion of apoptotic cells (SubG1 in Fig.7D) and also 

induced a modest arrest of the cells in the G1-phase of the cell cycle (Fig 7D). As the number 

of viable cells in the culture were reduced at non-cytotoxic concentrations, it is likely due to 

reduced proliferation rate. 

 

 

 

 

 

 

 

 



37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Cellular toxicity induced by AOD. Number of viable cells (A), necrosis (B), DNA 

histograms of the cell cycle distribution (C) and quantification of cell cycle distribution (D) of THP-1 

monocytes after 24 h exposure to the indicated concentrations of AOD. The number of independent 

experiments in A, B and D were respectively 3-4, 4-6 and 3. The adjusted R
2
-values in (A) and (B) 

express the proportion of variability in the data points that is explained by the fitted curve, and the 

curves are plotted with 95% confidence intervals. In (D) the results represent mean ± SEM. * 

indicates significantly different (p<0.05) from control (one-way ANOVA with Dunnett’s post hoc 

test). 
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AOH 

Cells were exposed to a range of concentrations (0, 7.5, 15, 30 or 60 µM) of AOH for 24 h. 

Increasing concentrations of AOH led to a decrease in the number of viable cells (Fig. 8A) 

following a pattern of logarithmical decay, i.e. the decrease is steep in the beginning and then 

flattens out with increasing concentration. This means that the number of viable cells is 

linearly correlated with the log-transformed AOH concentration. All of the tested 

concentrations differed significantly from the control (Fig. 8A). AOH led to a minor increase 

in cell death, a slight increase in necrosis was found at 30 µM (Fig. 8B) and a modest increase 

in the amount of apoptotic cells were found at 15 and 30 µM of AOH (SubG1 in Fig. 8D). 

The necrosis-data points were best described by a spline allowing a modest “hump” in the 

Fig. 8 Cellular toxicity induced by AOH. The number of viable cells (A), necrosis (B), DNA 

histograms of the cell cycle distribution (C) and quantification of cell cycle distribution (D) of THP-1 

monocytes after 24 h exposure to the indicated concentrations of AOH. The number of independent 

experiments in A, B and D were respectively 5, 3-6 and 3. The adjusted R
2
-values in (A) and (B) 

express the proportion of variability in the data points that is explained by the fitted curve, and the 

curves are plotted with 95% confidence intervals. The replicate experiments in (B) are illustrated 

using different colors for each replicate experiment. In (D) the results represent mean ± SEM. * 

indicates significantly different (p<0.05) from control (one-way ANOVA with Dunnett’s post hoc 

test). 
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curve from 30 to 60 µM (Fig. 8B). The independent experiments (replicates) investigating 

necrosis were significantly different from each other, which is illustrated in the plot by 

assigning the replicates different colors (Fig. 8B). The THP-1 monocytes’ proliferation was 

also reduced at non-cytotoxic concentrations of AOH which is likely due to the toxins’ ability 

to arrest the cells in the S- and G2/M-phase of the cell cycle (Fig.8C and 8D).  

DON  

Cells were exposed to a range concentrations (0, 0.25, 0.5, 1, 2 or 4 µM) of DON for 24 h. 

Similar to AOH, DON exposure led to a decrease in the number of viable cells following a 

pattern of logarithmic decay (Fig. 9A). The decrease differed from the control starting with 

Fig. 9 Cellular toxicity induced by DON. The number of viable cells (A), necrosis (B), DNA 

histograms of the cell cycle distribution (C) and quantification of cell cycle distribution (D) of THP-

1 monocytes after exposure for 24 h to the indicated concentrations of DON. The number of 

independent experiments in A, B and C were respectively 3-5, 3-7 and 3. The replicate experiments 

in (B) are illustrated using different colors for each replicate experiment. The adjusted R
2
-values in 

(A) and (B) express the proportion of variability in the data points that is explained by the fitted 

curve, and the curves are plotted with 95% confidence intervals. In (D) the results represent mean ± 

SEM. * indicates significantly different (p<0.05) from control (one-way ANOVA with Dunnett’s 

post hoc test). 
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the tested concentration of 0.5 µM. At low concentration of DON the reduction in the number 

of viable cells could likely be caused by reduced proliferation. A modest G1-phase arrest was 

observed, with a subsequent decrease of cells in the S- and G2/M-phase (Fig. 9C). Higher 

concentrations of DON were cytotoxic, shown by an increase in the amount of necrotic (Fig. 

9B) and apoptotic cells at 2 and 4 µM (SubG1 in Fig. 9D). The amount of necrosis increased 

in a linear matter (Fig. 9B). The independent experiments from the necrosis-investigations are 

assigned different colors in the plot to visualize that they were significantly different from 

each other (Fig. 9B).  

ENNB 

Cells were exposed to a range of concentrations (0, 0.5, 1, 1.5, 2 or 5 µM) of ENNB for 24 h. 

ENNB exposure led to a decrease in the number of viable cells following a pattern of 

logarithmic decay, like described above for AOH and DON (Fig. 10A). All of the tested 

concentrations differed significantly from control. The decrease in the number of viable cells 

at low concentrations could likely be explained by reduced proliferation. This could be the 

case even though no significant impact on the cell cycle distribution was found (Fig 10D), 

because the experiment conducted here would not reveal effect on the cell cycle distribution if 

ENNB arrested the cells in a similar manner in all the cell cycle phases. At the highest tested 

concentration, 5 µM, ENNB were cytotoxic, leading to necrosis (Fig. 10B) and apoptosis 

(SubG1 in Fig. 10D). The toxin led to increased necrosis following an exponential equation 

(Fig. 10B), which started the exponential increase after 2 µM (Fig. 10B). Because of the large 

variation at the tested concentration of 5 µM no significant differences from control were 

found (Fig. 10B).   
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Fig. 10 Cellular toxicity induced by ENNB. The number of viable cells (A), necrosis (B), DNA 

histograms of the cell cycle distribution (C) and quantification of cell cycle distribution (D) of THP-1 

monocytes after exposure for 24 h to the indicated concentrations of ENNB. The number of 

independent experiments in A, B and C were respectively 5, 4-7 and 3. The adjusted R
2
-values in (A) 

and (B) express the proportion of variability in the data points that is explained by the fitted curve, and 

the curves are plotted with 95% confidence intervals.  In (D) the results represent mean ± SEM. * 

indicates significantly different (p<0.05) from control (one-way ANOVA with Dunnett’s post hoc 

test). 
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ST 

Cells were exposed to a range of concentrations (0, 1.25, 2.5, 5, 10 or 20 µM) of ST for 24 h. 

Increasing concentration of ST led to a reduction in the number of viable cells and all of the 

tested concentrations were significantly different from control (Fig. 11A). According to the 

model selection with AIC a spline was the best fit for the data in Fig.11A, but since the next 

best model, showing a logarithmic decay like described above for AOH, DON and ENNB, 

visualizes the trend in the data in a satisfactory manner and uses fewer numbers of 

parameters, this model was chosen. The decrease in the number of viable cells at low non-

Fig. 11 Cellular toxicity induced by ST. The number of viable cells (A), necrosis (B), DNA histograms 

of the cell cycle distribution (C) and quantification of cell cycle (D) of THP-1 monocytes after exposure 

for 24 h to the indicated concentrations of ST. The number of independent experiments in A, B and D 

were respectively 5, 4 and 3. The replicate experiments in (B) are illustrated using different colors for 

each replicate experiment. The adjusted R
2
-values in (A) and (B) express the proportion of variability in 

the data points that is explained by the fitted curve, and the curves are plotted with 95% confidence 

intervals. In (D) the results represent mean ± SEM. * indicates significantly different (p<0.05) from 

control (one-way ANOVA with Dunnett’s post hoc test). 
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cytotoxic concentrations could likely be explained by reduced proliferation, and a clear arrest 

of the cells in the S-phase of the cell cycle was indeed found at 2.5 µM (Fig.11D). Such an 

arrest was also seen at the cytotoxic concentration of 5 µM (Fig. 11D). ST led to a sigmoidal 

increase in the amount of necrotic cells (Fig. 11B), and also an increase in the amount of 

apoptotic cells (SubG1 in Fig. 11D) from 5 µM. The independent experiments (replicates) 

investigating necrosis were significantly different from each other, which is illustrated in the 

plot by assigning the replicates different colors (Fig. 11B).   

ZEA 

Cells were exposed to a range of concentrations (0, 1.875, 3.75, 7.5, 15 or 30 µM) of ZEA for 

24 h. The exposure of ZEA to the THP-1 monocytes led to a slight decrease in the number of 

viable cells, following a sigmoidal response, with the reduction being significantly different 

from control from 3.75 µM (Fig. 12A). Interestingly, despite this quite modest decrease in the 

number of viable cells, the toxin’s impact on the cell cycle was marked with a clear G2/M-

arrest (Fig. 12D). The toxin did not lead to an increase in the amount of apoptotic cells 

(SubG1 in Fig. 12D) and a quite modest increase in the amount of necrotic cells following a 

linear model, with the increase being significantly different from control from 15 µM (Fig. 

12B). The replicates in the necrosis-experiments were significantly different from each other, 

which is illustrated by assigning the replicates different colors in the plot (Fig. 12B).  
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3.1.2 Relative potency of the toxins 

All the mycotoxins in this study reduced the number of viable cells, caused increased cell 

death and AOH, ST and ZEA led to marked cell cycle arrest. By comparing the inhibitory 

concentrations giving a 20% reduction in the number of viable cells (IC20-values) the relative 

potency of the toxins were found, with the potency given in decreasing order: DON, ENNB, 

AOD, AOH, ST and ZEA (Table 7). Likewise the relative potency of the toxins regarding 

their ability to cause necrosis was found by comparing the effect concentrations giving a 10% 

increase in the proportion of necrotic cells (EC10-values) with the relative potency of the 

toxins in decreasing order being: DON, ENNB, ST, AOD, ZEA and AOH (Table 8).  

Fig. 12 Cellular toxicity induced by ZEA. The number of viable cells (A), necrosis (B), DNA 

histograms of the cell cycle distribution (C) and quantification of cell cycle distribution (D) of THP-1 

monocytes after exposure for 24 h to the indicated concentrations of ZEA. The number of independent 

experiments in A, B and C were respectively 5, 4 and 3. The replicate experiments in (B) are illustrated 

using different colors for each replicate experiment. The adjusted R
2
-values in (A) and (B) express the 

proportion of variability in the data points that is explained by the fitted curve, and the curves are 

plotted with 95% confidence intervals. In (D) the results represent mean ± SEM. * indicates 

significantly different (p<0.05) from control (one-way ANOVA with Dunnett’s post hoc test). 



45 

 

Table 7 IC20 for the number of viable cells
a 

 

Toxin IC20 (µM) 

DON 0.342 

ENNB 1.21 

AOD 2.61 

AOH 3.02 

ST 13.8 

ZEA 29.8 

a     The concentration of DON, ENNB, ST, AOD, ZEA and 

AOH that led to a 20% reduction in the number of viable 

cells (IC20). The mycotoxins are listed in the order of most 

potent to least potent. 

 

Table 8 EC10 for increase in necrotic cells
a 

 

Toxin EC10 (µM)  

DON 2.39 

ENNB 3.89 

ST 4.62 

AOD 7.64 

ZEA 22.01 

AOH - 

a     The concentration of DON, ENNB, ST, AOD, ZEA and 

AOH that led to a 10% increase in the amount of necrotic 

cells (EC10). The mycotoxins are listed in the order of most 

potent to least potent. 
 

The apoptosis-data displayed in Fig.7-12D is here presented in a table (Table 9). 

Consequently these data are presented twice, which is not in agreement with the current 

tradition of result presentation, but is still chosen because it enables simple comparison of the 

toxins’ capability to cause apoptosis.  

Table 9 Proportion of apoptotic cells 

Toxin Highest 

concentration 

tested (µM) 

Proportion 

apoptotic 

cells (%)
a
 

Control 0 2.4
b
 

DON 4 7.63* 

AOD 5 4.33* 

ENNB 5 14.9* 

ST 10 4.95* 

AOH 30 3.50* 

ZEA 30 3.03 

 

*     indicates significantly different (p<0.05) from control (one-way ANOVA with Dunnett’s post hoc test) 

a     the mean of the proportion of apoptotic cells caused by the indicated concentrations of the mycotoxins   

b    mean of the proportion apoptotic cells in the three controls with medium, 0.1% DMSO and 0.2% DMSO (these were not  

significantly different   from each other) 
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3.2 Effects on the THP-1 monocyte to macrophage 

differentiation process 

3.2.1 Single exposure: morphology and cell surface marker expression 

First, the differentiation process was characterized by examining cell morphology. No 

significant changes in morphology between the macrophage control cells and the cells 

exposed to various concentrations of AOD, AOH, DON, ENNB, ST and ZEA for 48 h were 

found (Fig. 13C).  

 

  

A 
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Fig. 13 Morphology of THP-1 cells after exposure to PMA and AOD, AOH, DON, ENNB, ST or ZEA 

for 48 hours. THP-1 monocytes are included as negative control. (A) Examples of cells placed in 

category 1-5. (B) Cells in control after 48 h with PMA and 0.1% DMSO with examples of cells placed 

in category 1-4. (C) Quantification of cells in the different morphology categories. The histograms are 

representative of 4 independent experiments. The results represent mean ± SEM. Significant difference 

(p<0.05) compared to control is indicated by an asterisk (*). Mo= monocytes, Ma= macrophages.  
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Secondly, the differentiation process was characterized by examining expression of the cell 

surface markers CD11b, CD14 and CD71 by flow cytometry. Here it was found that during 

the differentiation from THP-1 monocyte to PMA-induced THP-1 macrophage the expression 

of CD11b (Fig. 14B) and CD14 (Fig. 14A) was up-regulated, while the expression of CD71 

was down-regulated (Fig. 14C).  

When the cells were exposed to various concentrations of AOD, ENNB or ST the expression 

of the three markers did not differ from the macrophage control (Fig.14A-C). This may 

indicate that these toxins do not interfere with expression of CD11b, CD14 and CD71. 

However, ZEA, at all concentrations tested, were found to inhibit the induced expression of 

CD14 (Fig. 14A), while expression of CD11b (Fig. 14B) and CD71 (Fig. 14C) were not 

affected. Furthermore, all the tested concentrations of AOH and DON inhibited the induced 

expression of both CD11b (Fig. 14B) and CD14 (Fig. 14A) compared to the macrophage 

control, while the expression of CD71 (Fig. 14C) remained unchanged. None of the toxins led 

to a significant difference in the expression of CD71 compared to the macrophage control, but 

the p-value obtained from doing a one-way ANOVA on the data gathered for AOH was 

0.054, just above the significance level, so it is tempting to speculate that AOH might have an 

effect in this receptor too (Fig. 14C).  
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Fig. 14 CD14 (A), CD11b (B) and CD71 (C) cell surface expression as a marker of 

differentiation of THP-1 cells after exposure to PMA and the indicated concentrations of AOD, 

AOH, DON, ENNB, ST or ZEA for 48 hours. THP-1 monocytes were included as negative 

control. The histograms are representative of 4 independent experiments. The results represent 

mean ± SEM. Significant difference (p<0.05) compared to control is indicated by an asterisk 

(*). Mo= monocytes, Ma= macrophages. 
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Investigating the quantity of necrotic cells with the CellTox
TM

 Green Cytotoxicity assay 

confirmed that the toxins did not induce necrosis at the tested concentrations (Fig. 15).  

3.2.2 Single exposure: secretion of TNF-α  

Since AOH, DON and ZEA inhibited the induced expression of specific cell surface markers, 

the effect of these toxins on macrophage functionality was further explored. In order to 

investigate if macrophages exposed to these toxins during their differentiation had an altered 

secretion of TNF-α upon stimulation with LPS, the cells were first exposed to AOH, DON or 

ZEA and PMA for 48 h followed by a 3 h challenge with LPS. The amount of TNF-α secreted 

during the 3 h LPS-challenge was measured with ELISA. The concentration levels (pg/ml) 

were calculated based on the standard curve, and to normalize the inter-experimental 

differences the results are presented as fold of DMSO-control. DON led to an increase (36%) 

in the secretion of TNF-α, while ZEA and AOH led to a decrease in the secretion of TNF-α 

(62% and 73% respectively) compared to control (Fig. 16). There was no significant 

difference between the control with and without 0.05% DMSO, so only the control with 

DMSO is shown in Fig. 16. 

Fig. 15 Necrosis of THP-1 cells after exposure to PMA and either AOD, AOH, DON, ENNB, ST or 

ZEA for 48 hours. THP-1 monocytes were included as negative control. The histograms are 

representative of 3 independent experiments. The results represent mean ± SEM. Significant 

difference (p<0.05) compared to control is indicated by an asterisk (*) (one-way ANOVA with 

Dunnett’s post hoc test). Mo= monocytes, Ma= macrophages, PC= positive control. 
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3.2.3 Combined exposure: cell surface expression of CD14 

AOH, DON and ZEA inhibited the induced expression of CD14. Therefore, possible 

interaction effects of AOH, DON and ZEA on the THP-1 cells’ expression of this cell surface 

marker was further explored. The cells were exposed to PMA and different concentrations of 

mycotoxins (Single exposures: AOH, DON, or ZEA; binary exposures: DON-AOH, DON-

ZEA, ZEA-AOH or tertiary exposure: DON-ZEA-AOH) in the lower range, as shown in 

Table 4 and 5, for 48 h.  

 

 

 

 

Fig. 16 The amount of TNF-α secreted by THP-1 cells during a 3 h LPS-

challenge after exposure to PMA and AOH, DON or ZEA during their 

differentiation for 48 hours. The histograms are representative of 4 independent 

experiments. The results represent mean ± SEM. Significant difference (p<0.05) 

compared to control is indicated by an asterisk (*) (one-way ANOVA with 

Dunnett’s post hoc test). There was no significant difference between the control 

with and without 0.05% DMSO, so only the control with DMSO is shown. 
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Single mycotoxins 

The individual concentration-response curves (CRCs) for CD14-expression after exposure to 

AOH, DON and ZEA are depicted in Fig. 17. The most optimal models for the experimental 

data for AOH and ZEA were linear CRCs showing that the expression of CD14 is reduced 

with increasing concentrations of the toxins. In the case of DON the linear CRC was not 

significantly better than the null model, which states that the best model for the data is the 

mean of all the data points. The linear model displaying a decreasing trend was still chosen 

over the null model. This was done because the experiments in chapter 3.2.1 showed that the 

CD14-expression at similar concentrations as tested here led to a reduced expression of 

Fig. 17 CD14 cell surface expression as a marker of differentiation of THP-1 cells after exposure to 

PMA and AOH (A), DON (B) or ZEA (C) for 48 h. The number of independent experiments were 6 

(in both A, B and C). The adjusted R
2
-values express the proportion of variability in the data points 

that is explained by the fitted curve, and the curves are plotted with 95% confidence intervals. 

Significant difference (p<0.05) compared to control is indicated by an asterisk (*) (one-way ANOVA 

with Dunnett’s post hoc test). 
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CD14, and also an increasing reduction with increasing concentrations of DON.  

 

The chosen CRCs for AOH, DON and ZEA were used to predict IC19-values, which were 4.9, 

0.19 and 8.5 µM, respectively. Using one-way ANOVA and Dunnett’s post hoc test, only the 

highest tested concentration of AOH (Fig. 17A) was significantly different from control. 

None of the tested concentrations of DON (Fig. 17B) and ZEA (Fig. 17C) were significantly 

different from the control. This is probably due to the large variance observed in the datasets, 

which is not surprising since effects at quite low concentrations and a complex experimental 

set up is studied. 

Combined mycotoxins 

The CRCs for the binary and tertiary combinations of AOH, DON and ZEA on the cell’s 

CD14-expression, including the predicted models, are depicted in Fig. 18. A linear model was 

the most optimal for the experimental data from the binary combination of AOH and DON, 

and the highest concentration was significantly different from the control (Fig.18A). A model 

showing logarithmic decay was the most optimal for the experimental data obtained from the 

binary combination of AOH and ZEA and the two highest tested concentrations were 

significantly different from control (Fig.18B). Similar to the binary combination of AOH and 

DON, the experimental data from the binary combination of DON and ZEA was best 

explained by a linear model, but none of the tested binary concentrations were significantly 

different from the control (Fig. 18C). The experimental data from the tertiary combination of 

AOH, DON and ZEA were best explained by a model displaying logarithmic decay, and the 

three highest concentrations were significantly different from control (Fig. 18D).  

To reveal any possible synergistic interaction effects, the experimental CRC including its 

95% confidence interval was compared to the CRCs derived from the CA model and the IA 

model, including their 95% confidence intervals, for each combination like described in 

chapter 2.4.8. This comparison revealed additive effects for all tested combinations (Fig. 18A-

D). The CA and IA models predicted quite similar effects/effect concentrations.  
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The prediction models (blue and red curve) in Fig.18A-D were optimized to explain as much 

of the experimental data (black dots) as possible. If the models instead were optimized to 

explain as much of the predicted points (red and blue dots) as possible, the outcome would 

have looked differently for the AOH-ZEA- and AOH-DON-ZEA-mixtures. A linear model 
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Fig. 18 CD14 cell surface expression as a marker of differentiation of THP-1 cells after exposure to 

PMA and (A) AOH + DON, (B) AOH + ZEA, (C) DON + ZEA or (D) AOH + DON + ZEA for 48 h. 

The numbers of independent experiments were respectively 5, 5-6, 4 and 6. The black dots show the 

experimental data, and the black CRC is fitted to these data points, including a 95% confidence 

interval. The effect concentrations (EC95, EC90, EC85, EC81) predicted by the CA model are visualized 

by the blue dots, and a blue CRC fitted to these data points. The CA CRC was extrapolated at the 

concentration range where no predictions were done, illustrated by a blue, dashed line. The effects 

predicted by the IA model is visualized by red dots, and a red CRC, including a 95% interval, fitted to 

the red dots. The adjusted R
2
-values express the proportion of variability in the experimental data set 

that is explained by the three curves. Significant difference (p<0.05) compared to control is indicated 

by an asterisk (*) (one-way ANOVA with Dunnett’s post hoc test). 
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for CA would be the most optimal, and a linear model for IA would be as good as a log-model 

(Fig. 19). Since a linear model is simpler than a log-model, the latter would also have been 

chosen for IA. With this alternative model selection criterion the interpretation of possible 

interaction effects is quite different for the binary mixture of AOH and ZEA. It looks like 

there could be minor synergistic interaction effects at low concentrations of AOH and ZEA, 

since the experimental curve is just outside the confidence interval of the IA-model (Fig. 19). 

For the tertiary mixture the interpretation of interaction effects would be the same with this 

alternative model selection criterion (data not shown).   

 

 

 

 

 

 

 

 

 

 

 

To make comparison easier between the investigations of the CD14-expression in part one 

and three, the results presented in Fig. 17 and Fig. 18 are presented as histograms in 

Supplemental 9.8. The expression of CD11b (Fig. 27B) and CD71 (Fig. 27B) was also 

investigated simultaneously with CD14, and these results are also presented in Supplemental 

9.8.  
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Fig. 19 CD14 cell surface expression as a marker of 

differentiation of THP-1 cells after exposure to PMA and AOH 

+ ZEA for 48 h with linear CRCs for CA and IA. See Fig.18 for 

details about the curves. 
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Cell toxicity 

Like in part one, the investigation of the quantity of necrotic cells with the CellTox
TM

 Green 

Cytotoxicity assay confirmed that the tested concentrations of the toxins did not lead to an 

increase in necrotic cells compared to control (Fig. 20). 

 

 

  

Fig. 20 Necrosis of THP-1 cells after exposure to PMA and either AOH, DON, ZEA, AOH + DON, 

AOH + ZEA, DON + ZEA or AOH + DON + ZEA for 48 hours. The actual tested concentrations 

(µM) can be seen in Table 4. The monocyte control was not exposed to PMA or mycotoxins. The 

histograms are representative of 3 independent experiments. The results represent mean ± SEM. 

Significant difference (p<0.05) compared to control is indicated by an asterisk (*) (one-way ANOVA 

with Dunnett’s post hoc test). Mo= monocytes, Ma= macrophages, PC= positive control. 
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4 Discussion 

Consumers of cereal grain are frequently exposed to low levels of mycotoxins. The results 

presented in this thesis can help to elucidate how immune cells are affected upon exposure to 

mycotoxins. Six mycotoxins, which can be found in cereal grain in Norway, were shown to 

have adverse effects on THP-1 monocytes. There were differences with regard to potency and 

toxic response between the mycotoxins. Some toxins also inhibited the monocyte to 

macrophage differentiation process with regard to cell surface protein expression and altered 

the macrophages’ ability to produce cytokines upon stimulation with LPS.  

4.1 Toxicity to monocytes  

DON was found to be the most potent toxin towards THP-1 monocytes, leading to a reduced 

number of viable cells and inducing necrosis and apoptosis. Cytotoxic effects in the 

concentration range used here are in agreement with what have been found earlier on other 

cell types (Minervini et al. 2004, Hymery et al. 2006, Doll et al. 2009, Katika et al. 2012). 

The decrease in the number of viable cells at non-cytotoxic concentrations is likely due to 

reduced proliferation rate of the cells. DON did give a modest G1 cell cycle arrest, suggesting 

this as the most sensitive stage to result in cell cycle arrest, as also previously reported by 

others (Tiemann et al. 2003). The toxic effects caused by DON are most often considered to 

be a result of effects on protein synthesis, in particular via interactions with ribosomes leading 

to “ribotoxic stress” (Zhou et al. 2005, Pestka 2010a). 

ENNB was the second most potent toxin with regard to reducing the number of viable cells. 

Similar to DON, ENNB induced both apoptosis and necrosis in the same concentration range 

as that found in other cell types (Behm et al. 2009, Gammelsrud et al. 2012, Ivanova et al. 

2012, Ficheux et al. 2013). However, ENNB was not found to lead to cell cycle arrest. This is 

in contrast to the accumulation in G1-phase (Dornetshuber et al. 2007, Gammelsrud et al. 

2012) and G2/M-phase found in other cell types (Ivanova et al. 2012). Noteworthy, the 

G2/M-arrest demonstrated in the latter study was at higher concentrations than tested here. 

ENNB led to a reduced number of viable cells also at non-cytotoxic concentrations, which 

may be due to a cell cycle arrest in all phases of the cell cycle.   
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The third most potent toxin in regard to reducing the number of viable cells was AOD, which 

also led to increased apoptosis and necrosis. Toxicity in this concentration range has also been 

found in a human hepatocarcinoma cell line (HepG2) (Uhlig et al. 2008). Similar to  DON and 

ENNB, the reduced number of viable cells at non-cytotoxic concentrations can likely be 

explained by AOD causing reduced proliferation rate of the cells, as also was found to give a 

modest arrest of the cells in the G1-phase.  

AOH was the fourth most potent toxin with regard to reducing the number of viable cells, and 

it also led to a modest increase in apoptosis and necrosis. Toxicity in the same concentration 

ranges have been found in other cell lines (Bensassi et al. 2012, Solhaug et al. 2012). The 

main reason for the decreased number of viable cells in the cultures exposed to AOH seemed 

to be a strong inhibition of cell proliferation through S- and G2/M cell cycle arrest. This is in 

agreement with previous studies of AOH, which have reported a clear G2/M cell cycle arrest 

in the murine macrophage cell line RAW 264.7, suggested to be caused by the toxin’s 

genotoxic properties (Solhaug et al. 2012, Solhaug et al. 2013).  

The fifth most potent toxin with regard to reducing the number of viable cells was ST, which 

also induced apoptosis and necrosis. Cytotoxic effects in these ranges have also been 

demonstrated on other cell types (Zhang et al. 2013, Liu et al. 2014). The reduction in the 

number of viable cells at non-cytotoxic concentrations can likely be explained by reduced 

proliferation rate of the cells, and ST did indeed lead to a clear S cell cycle arrest. ST has 

previously been shown to lead to an accumulation of cells in S-phase (Huang et al. 2014) and 

G2/M-phase (Xing et al. 2011, Zhang et al. 2013, Huang et al. 2014). This is not surprising 

since ST is carcinogenic and can cause DNA damage and affect key proteins involved in the 

regulation of the cell cycle (Essigmann et al. 1979, Huang et al. 2014).  

ZEA led to a modest reduction in the number of viable cells, induced necrosis, but did not 

induce apoptosis. Former studies on different cell types have found cytotoxic effects at similar 

concentrations as tested here (Lioi et al. 2004, Kouadio et al. 2005, Bouaziz et al. 2008), 

including increase in apoptosis (Abid-Essefi et al. 2003). ZEA induced a marked G2/M cell 

cycle arrest as also reported by others (Abid-Essefi et al. 2003, Abid-Essefi et al. 2004). Even 

though a large proportion of the cells were arrested in G2/M, the reduction in the number of 

viable cells was modest. ZEA’s effect on the cell cycle might result from the toxins’ ability to 

inhibit DNA and protein synthesis and/or cause lipid peroxidation, rather than acting as an 
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endocrine disruptor (Abid-Essefi et al. 2004, Kouadio et al. 2005). However, mechanistic 

studies need to be conducted in order to reveal this.  

In this study, THP-1 monocytes have proved to be sensitive to AOD, AOH, DON, ENNB, ST 

and ZEA in the lower concentration ranges. The information acquired here about the toxins’ 

immunotoxic properties might at least theoretically be useful in the work to establish safe 

limit values for these toxins in cereal based food. However, it is important to keep in mind 

that THP-1 monocytes is a transformed cell line which differ from primary cells (Kohro et al. 

2004, Daigneault et al. 2010), with the lack of the tumor suppressor protein p53 as an 

example (Akashi et al. 1999). Cells lacking this protein show reduced susceptibility to 

apoptosis (Lowe et al. 1993), and they more easily replicate with DNA damage (Abid-Essefi 

et al. 2003). More often, the cells are arrested in the G2/M-phase (Abid-Essefi et al. 2003). In 

total, more permanent DNA damage and “abnormal” cells may be seen in cells without p53 

(Lane 1992). Also, THP-1 monocytes grow indefinitely, while “normal” monocytes undergo 

apoptosis in vitro if they are not stimulated with proinflammatory stimuli like growth factors 

(Kohro et al. 2004, Daigneault et al. 2010).  Thus, extrapolation from such cells must be 

performed with caution and needs to be followed up with studies in primary cultures or in 

vivo (Millau et al. 2010, Pestka 2010a).  

4.2 Toxicity to the monocyte to macrophage 

differentiation process 

The differentiation from monocyte to macrophage prepares the cell to actively participate in 

immune responses (Takashiba et al. 1999) and exposure to different toxins can impair 

macrophage function and differentiation (Poole et al. 2008, Hymery et al. 2014). Here, the 

effects of the tested mycotoxins on the differentiation process were investigated at non-

cytotoxic concentrations.  

4.2.1 Single mycotoxin exposure  

Morphology 

The transition from monocyte to macrophage involves morphological changes that are 

associated with macrophage functionality, like increase in cytoplasmic volume (Lea 2006, 
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Daigneault et al. 2010). Exposure to toxins can alter macrophage differentiation, with a 

subsequent change in morphology (Bolling et al. 2012). AOH have been found to induce 

morphological changes in murine RAW 264.7 macrophages and primary human macrophages 

towards a more differentiated phenotype (Solhaug et al. submitted). In the present study, no 

changes in the morphology of the PMA-induced THP-1 macrophages were found upon 

exposure to the tested mycotoxins during the differentiation of the cells. Thus, based on this 

characterization alone, there was no sign of the toxins disturbing the differentiation process.   

Cell surface receptor expression and cytokine secretion   

There are alternatives to morphology with regard to characterizing the cellular phenotype. 

Maturation of monocytes into macrophages is accompanied by characteristic changes in cell 

surface markers (Prieto et al. 1994) and previous studies have reported that toxins can alter 

the macrophages’ expression of such markers (Poole et al. 2008, Wache et al. 2009). Similar 

to the results found here, up-regulation of CD11b and CD14 from THP-1 monocytes to PMA-

induced THP-1 macrophages has been demonstrated previously (Prieto et al. 1994, Schwende 

et al. 1996, Mittar et al. 2011). One study on CD71-expression in THP-1 cells reported a quite 

similar expression in THP-1 monocytes compared to PMA-induced THP-1 macrophages 

(Mittar et al. 2011), which is in contrast to what was found here.  

Former studies have demonstrated that CD11b (Prieto et al. 1994, Wahlström et al. 1999) and 

CD14 (Wahlström et al. 1999, Daigneault et al. 2010, Ambarus et al. 2012) are down-

regulated in primary cells, rather than up-regulated as seen in the THP-1 cells. Likewise, the 

induced CD71-expression has earlier been found to be up-regulated in primary macrophages 

rather than down-regulated as demonstrated here (Testa et al. 1993, Wahlström et al. 1999, 

Jacob et al. 2002, Hymery et al. 2014). This illustrates that THP-1 cells differ from primary 

cells with regard to cell surface marker expression. Thus, it is interesting to note that the THP-

1 cell line have been found to express markers characteristic of immature monocytes (Abrink 

et al. 1994). CD71 has been shown to be a cell surface marker for immature, proliferating 

cells (Booker et al. 2015) and markers expressed at high levels in mature monocytes, such as 

CD14, are expressed at low levels in THP-1 monocytes (Abrink et al. 1994). 

Most importantly, AOH, DON and ZEA were in this study found to inhibit the differentiation 

of the monocytes towards a macrophage phenotype. This might suggest that the toxins have 

immunosuppressive effects, as also previously demonstrated for DON (Pestka 2008). AOD, 
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ENNB and ST had no effects on the CD11b- and CD14-expression and none of the six toxins 

altered the level of CD71. The difference in effects found between the toxins probably results 

from the toxins having different modes of action, but this cannot be concluded without doing 

further studies focused on the toxins’ mechanisms of toxicity.   

ENNB were in a recent study found to up-regulate the expression of CD71 in primary 

macrophages exposed to the toxin during differentiation (Ficheux et al. 2013). Furthermore, 

DON has been shown to reduce the induced expression of CD14 in primary macrophages in a 

dose-dependent manner when the macrophages were exposed to DON and further activated 

by a cytokine (Wache et al. 2009). DON has also been reported to alter the expression of cell 

surface markers in the closely related human monocyte-derived dendritic cells (Hymery et al. 

2006) and in porcine monocyte-derived dendritic cells (Bimczok et al. 2007).  

AOH, DON and ZEA were here found to inhibit the differentiation of macrophages with 

regard to cell surface receptors. Next, the effect of these toxins on macrophage functionality 

upon exposure to the toxins during the cells’ differentiation was explored. Macrophage 

functionality was measured by the cells’ capacity to produce TNF-α upon LPS-stimulation. 

CD14 controls the LPS-induced endocytosis of TLR4 and therefore constitutes a critical 

control step in the induction of innate and adaptive immune responses (Zanoni et al. 2011). 

Since the PMA-induced THP-1 macrophages were exposed to concentrations of AOH, DON 

and ZEA during their differentiation, which in this current study have been shown to reduce 

the normal level of CD14 with about 40-50%, it was expected that the macrophages possibly 

could have a reduced ability to secrete TNF-α upon LPS-stimulation. This was observed for 

AOH and ZEA, but not for DON.  

ZEA has been found to reduce the amount of a cytoplasmic transcription factor called nuclear 

factor κB (NF-κB) in the liver of young pigs (Pistol et al. 2014). Perhaps this could be a 

secondary effect of the lack of proper differentiation. NF-κB has namely been shown to 

accumulate during macrophage differentiation and contribute to enhance the cells’ ability to 

respond to LPS (Takashiba et al. 1999). Thus, reduced levels of NF-κB and reduced 

expression of CD14 might help to explain why ZEA decreases the TNF-α secretion. DON on 

the other hand led to an increase in the cytokine secretion, which in one way was peculiar 

considering the reduced CD14-expression, but in another way was not that surprising since 

low concentrations of DON have been shown to increase the level of several transcription 

factors, including NF-κB, through the “ribotoxic stress response” (Zhou et al. 2005, Maresca 
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2013). The results found here indicate that a reduced expression of CD14 not necessarily 

means that the macrophages are hindered in their potential to secrete cytokines, such as TNF- 

α, upon LPS-stimulation.  

The mycotoxins tested here have been found to induce proinflammatory responses in several 

studies. DON was found to increase the secretion of TNF-α in a similar system as tested here 

where THP-1 monocytes were first differentiated with PMA, then primed with LPS and 

further exposed to DON for 24 h (Solhaug unpublished). DON has also been found to 

increase the level of TNF-α in murine and porcine macrophages stimulated with LPS (Ji et al. 

1998, Wong et al. 1998, Wong et al. 2001, Chung et al. 2003, Doll et al. 2009) and raised the 

level of TNF-α-mRNA in mice orally exposed to DON (Zhou et al. 1997, Zhou et al. 2003). 

Wong et al. (1998) found an increase of TNF-α in murine RAW 264.7 macrophages treated 

with DON. AOH has been found to increase secretion of TNF-α in RAW 264.7 mouse 

macrophages and primary human macrophages (Solhaug et al. submitted), in contrast to what 

was found here. ZEA has been shown to decrease the amount of TNF-α in vitro (Marin et al. 

2011) and in vivo (Pistol et al. 2014).  

Overall, it is suggested that AOH, DON and ZEA can disturb the macrophage differentiation 

process by inhibiting specific cell surface markers and by modulating the macrophages’ 

cytokine secretion. DON may exacerbate inflammation by increasing the level of TNF-α 

secreted, while AOH and ZEA may suppress inflammation by reducing the TNF-α secretion 

activity of activated macrophages.    

4.2.2 Combined exposure  

Since, AOH, DON and ZEA have been reported to co-occur in grain (Placinta et al. 1999, 

Uhlig et al. 2013) and were here found to disturb the differentiation process, possible 

interaction effects on the differentiation process were further investigated. The combination 

experiment was designed to reveal possible adverse interaction effects on the induced 

expression of CD14 by the use of the independent action (IA) and concentration addition 

(CA)-concepts. These concepts are commonly used to evaluate the combined toxicity of 

mixtures of various compounds (Cedergreen et al. 2008, Wang et al. 2010, Petersen and 

Tollefsen 2011, EFSA 2015).  
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Single mycotoxins  

The tested concentrations were chosen based on the preceding experiments examining the 

effects on the CD14-expression, and expected to exert an inhibitory effect on the expression 

lying between zero and thirty percent. When comparing the IC19/IC20-values derived from the 

two examinations it was obvious that the inhibitory effect of the toxins in the second 

examination was smaller than expected, and a quite large variance was found. This was 

probably a result of studying effects at quite low concentrations with a complex experimental 

setup. Also, the IC19/IC20-values were predicted from different models, namely sigmoidal and 

linear. The cell passage number in the two investigations was kept below 20, but was still 

conducted at different passage numbers, which may in part explain why differences were 

observed between the two investigations. Higher passage numbers have been shown to 

undergo selective pressures that may lead to genotypic and phenotypic instabilities (Reid 

2011).  

Nonetheless, exposure to AOH and ZEA resulted in a linear reduction in the induced 

expression of CD14 with increasing concentrations. DON did not lead to a significant 

reduction in the expression, but preceding experiments showed that the CD14-expression at 

similar concentrations as tested here led to a reduced expression of CD14. Therefore, it seems 

fair to conclude that DON also can lead to a reduction at the concentrations tested in the 

second investigation. To reveal the true relationship of DON and the induced CD14-

expression in the lower concentration range more studies need to be conducted.   

The concentration-response relationship of the receptor expression was assumed to follow a 

sigmodial curve, but since a quite limited range of concentrations in the lower range were 

studied, only a limited part of the full concentration-response curve (CRC) was displayed. 

This part was best explained by a linear relationship which might give a good indication of 

the concentration-response relationship in this concentration range, but not necessarily for 

other concentrations along the CRC. 

AOH, DON and ZEA differed in their potential to reduce the expression of CD14. The 

strongest decreasing trend was seen for AOH, but DON is able to reduce the expression at 

much lower concentrations than AOH, taking the results from both explorations of the CD14-

expression into consideration. Comparing the IC19/IC20-values, the toxins could be classified 

according to potency in decreasing order: DON, AOH and ZEA.  
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Combined mycotoxins  

Most studies investigating combined effects of toxins present compounds with full CRCs 

(Tammer et al. 2007, Wang et al. 2010, Petersen and Tollefsen 2011, Hadrup et al. 2013). 

The end points used in these studies are often chosen so that it is possible to measure them 

with low cost, quite simple methods, making it possible to obtain full CRCs without getting 

an unmanageable workload in the laboratory. The number of viable cells (Tammer et al. 

2007), membrane integrity (Petersen and Tollefsen 2011) and cell growth (Faust et al. 2001) 

are examples of end points which are quite simple to measure. The latest review covering 

studies investigating interaction effects of mycotoxins, called for more studies exploring 

combination effects on immune parameters in the lower concentration ranges, and the latter 

was described as important since it is more representative of the actual field situation (Grenier 

and Oswald 2011). This has been taken into consideration in the current study. To the 

author’s knowledge this is the first time the combined effects of AOH, DON and ZEA on the 

monocyte to macrophage differentiation process has been explored.   

Similarity of the models predicted  

For gradual end points, such as receptor expression, IA was not expected to have a higher 

predictive power than that of CA (Cedergreen et al. 2008). This was supported, as the models 

predicted by IA and CA for the binary combinations were quite similar, while the models 

predicted for the tertiary combination differed, but none of the models were clearly better than 

the other in predicting the experimental effects. Based on the results derived here it is not 

possible to conclude whether the combined effect of the four combinations is best predicted 

by IA or the CA model, and further based on this reveal if the toxins according to the IA/CA-

models operate by dissimilar or similar mode of action. Even though the IA/CA-models 

predicted the combined effects of AOH, DON and ZEA quite well here, a meta-study done by 

Cedergreen et al. (2008) compared the two models for 158 mixture data sets of compounds 

with different molecular targets and found that half of the studies could not be correctly 

predicted (Cedergreen et al. 2008). This illustrates that it might be an advantage to use other 

approaches in addition to the IA/CA-concepts when examining combined effects. 
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Issues regarding the concentration addition-model 

The CA-model is recommend as a conservative, default prediction model by EFSA (2015). A 

problem encountered here with the CA-model originated from the fact that IC-values above 

IC20 could not be predicted from the single experimental CRCs, since the maximum inhibition 

observed were 19%. This meant that effect concentrations above 20% inhibition could not be 

predicted, which further led to the result that only a quite limited part of the concentration-

range tested in this study could be predicted. This is a drawback with using the CA-model in 

studies that explore combined effects of only a limited part of the full CRC.  

Issues regarding the independent action-model 

Even though IA is the most correct reference model when combining chemicals with different 

molecular target sites from a theoretical point of view, this theory relies on a number of 

assumptions that are rarely fulfilled in practice (Cedergreen et al. 2008). The IA model 

predicts mixture effects by the use of single substance effects, which means that the 

information needed for utilizing IA changes substantially with increasing numbers of mixture 

components. In the present study, this is not a problem as only three toxins are combined, but 

the fact that increasingly lower effect-values for each component need to be measured for 

calculating IA-predictions is a serious drawback of the IA-concept, as it increases 

experimental demands beyond what is technically achievable (Kortenkamp et al. 2012). 

Further, gradual end points like phenotypical changes do not really fit the theoretical 

assumptions of IA, only binomially distributed end points, like dead or alive, strictly fit the 

assumptions (Cedergreen et al. 2008). Even in tests where binomially distributed end points 

are measured, one can argue whether any combination of chemicals can ever act 

independently since living organisms are highly integrated, and it is hard to imagine that an 

agent acting on one receptor type, organ or system do not to some degree alter the 

responsiveness of other receptors, organs or systems to a simultaneously present second agent 

(Greco et al. 1995). Therefore, the application of IA is theoretically questioned, but in 

practice it has been found to provide good predictions of mixtures of chemicals with different 

sites or modes of action (Cedergreen et al. 2008), as also demonstrated in the current study. 
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Mode of action 

There is a complexity in the identification of mode of action which challenges the application 

of the IA/CA-models as mechanistic concepts (EFSA 2015). The definitions of mode and site 

of action are ambiguous, as they are concentration dependent, with most chemicals having 

one site or mode of action at low concentrations and others at higher concentrations (McCarty 

and Borgert 2006). Also, sites and modes of action are not known for many chemicals 

(Borgert 2004). However, despite the problems with defining modes of action, both dissimilar 

and similar modes of action represent a statistical statement about the relative potency of 

chemicals and their combined effects in the case of concentration addition and the joint 

probabilities in the case of independent action, which makes their inclusion in risk assessment 

defendable (EFSA 2015).  

The three mycotoxins combined here operate by dissimilar action based on the definition 

formulated in the introduction, namely that the primary interaction of the toxicants have 

different molecular target sites and that they trigger a toxicological endpoint via distinct 

chains of reaction (Faust et al. 2001, Kortenkamp et al. 2012). As already mentioned, DON’s 

capability to induce ribotoxic stress by acting directly with proteins on the ribosome and/or by 

activating an ER stress response is generally considered to underline most toxic effects of 

DON (Pestka 2010a, Pestka 2010b). For AOH the initial triggering mechanism for toxicity 

seems to be linked to its ability to induce single and double strand breaks in DNA and/or ROS 

(Solhaug et al. 2012), while the main mechanism for ZEA is considered to be estrogenic 

activity (Abid-Essefi et al. 2004). However, cytotoxicity, possibly due to inhibition of DNA 

and protein synthesis and/or oxidative damage have been suggested as additional mechanisms 

for ZEA (Abid-Essefi et al. 2004). For all of the mycotoxins, similar triggering mechanisms 

may be relevant for modification of the immune response seen here. However, this remains to 

be proven.  

Interaction effects of AOH, DON and ZEA  

Here, the combined effect of AOH, DON and ZEA were found to be additive, indicating that 

they do not influence each other’s action in the process of inhibiting the induced expression of 

CD14 (Timbrell 2009, Kortenkamp et al. 2012). No synergic or antagonistic interaction 

effects were found. Synergy is here defined as an effect that is more than additive, while 

antagonism is defined as less than additive. It is important to be aware that several definitions 
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of these terms are used in the literature. In a review article from Goldin and Mantel (1957) 

seven different definitions for synergism were given, and none of them supported the others. 

This bias has led to confusion and since not all the definitions of synergy are correct, 

consequently not all of the different methods for determining synergism are valid either 

(Chou 2006). The crucial criterion for defining synergism and antagonism is how additivity is 

defined (Chou 2006) and here it is defined, as already mentioned, as when the chemicals do 

not influence each other’s actions, meaning that their combined effect can be predicted by 

simply adding the effect of the individual chemicals together (Timbrell 2009, Kortenkamp et 

al. 2012).  

Detrimental antagonism and synergism 

Normally, synergy is regarded as an unwanted, adverse interaction effect in the field of 

toxicology, as the chemicals lead to a larger adverse effect than if the organism was exposed 

to the chemicals “one by one”, while antagonism is regarded as a positive interaction effect, 

as the overall adverse effect is reduced compared to the exposure to the chemicals “one by 

one”. In the case of gradual responses, such as CD14-expression, this division is not that 

simple. AOH, DON and ZEA inhibited the induced CD14-receptor expression towards a more 

macrophage-phenotype. A synergistic effect was therefore foreseen to give a larger inhibition 

in the CD14-expression than expected from additivity, while an antagonistic effect would be a 

smaller inhibition in the CD14-induced expression than expected by additivity. The control 

was defined as the PMA-induced macrophages’ expression of the receptor, and this was 

regarded as 100 percent expression. It is, however, possible to express more CD14 than the 

macrophage control, and this would be considered an antagonistic effect since it would be the 

opposite of the inhibitory effect expected. One can argue that an expression larger than the 

control could be as detrimental as a reduced expression, since the macrophage’s phenotype is 

altered either way. Hence, both a synergistic effect yielding a lower expression of CD14 than 

expected by additivity and an antagonistic effect yielding a higher expression of CD14 than in 

the control cells would be considered as adverse interaction effects.  

Evaluation of the predicted models 

The mixture toxicity in the current study was evaluated by comparing the CRCs predicted by 

the IA/CA-models with the experimental CRC of the mixture. This is a common way of 



68 

 

evaluation (Wang et al. 2010, Petersen and Tollefsen 2011). A problem with only using this 

method is that it cannot effectively denote the degree of the deviations from the predicted 

models at low effect levels (Wang et al. 2010). The model deviation ratio (MDR) and effect 

residual ratio (ERR) can be used to quantitatively assess the deviation of a mixture from the 

predicted models (Wang et al. 2010). The latter is a relatively new method which has been 

shown to assess the deviations at the lower effect levels more accurately (Wang et al. 2010). 

This is proposed as possible methods of evaluation in further studies, to quantify the 

uncertainty in a more sophisticated manner.   

Choice of model selection criteria 

Taking the abovementioned subjects into consideration, there is no doubt that there is a lot 

that needs to be considered when evaluating interaction effects of toxins. Another subject is 

which model selection criteria that are chosen to find the most optimal CRCs to the predicted 

data. Here, the CRC that could explain as much as possible of the experimental data was 

chosen, instead of choosing the CRC that explained as much of the predicted data as possible. 

If the latter would have been chosen instead, the conclusion regarding the binary mixture of 

AOH and ZEA at the lower concentrations tested would be that minor synergistic effects 

occurred. Hence, the interpretation of possible interaction effects is highly dependent upon 

which model criteria is chosen, especially if no other evaluation method are used than 

comparing the predicted and experimental CRCs.   

Previous studies on combined mycotoxins 

Toxicological data concerning the effects of mycotoxin combinations are limited. Many of the 

published studies have considered interaction effects between aflatoxins and other mycotoxins 

or between the Aspergillus spp.-produced ochratoxin A and the Penicillium sp.-produced 

citrinin (Grenier and Oswald 2011, Ficheux et al. 2012). To the authors knowledge no 

combination studies involving AOH have been done before. A few studies have been done 

involving ZEA and more studies have been done involving DON. Combination studies of 

mycotoxins on intestinal epithelium have been conducted, since it is the first barrier against 

food contaminants. The toxicity on mitochondrial and lysosomal function in intestinal 

epithelial cells (Caco-2, IPEC-1) of low doses of DON and other type B trichothecenes has 

shown to be synergistic (Alassane-Kpembi et al. 2013, Alassane-Kpembi et al. 2014). DON 

and ZEA have been suggested to have synergistic cytotoxic effects on swine epithelial cells 
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(Wan et al. 2013) and to display synergistic effect on lipid peroxidation in human intestinal 

cells (Caco-2) (Kouadio et al. 2007). DON in combination with another type B trichotecene, 

nivalenol, was found to induce additive cytotoxic effects on murine macrophages (J774A.1) 

(Marzocco et al. 2009). An in vivo study investigating combined hepatotoxic effects of DON 

and ZEA in mice found that they had antagonistic oxidative effects in the liver, but synergistic 

effects on the mRNA expression of proteins involved in apoptosis (Sun et al. 2014). 

However, the authors struggled to explain these opposite interaction effects (Sun et al. 2014). 

Another in vivo study on pigs found that oral exposure to DON and ZEA led to adverse 

physiological effects (Chen et al. 2008) at concentrations resembling the guided limit values 

of the toxins in feed for pigs (European Union 2006). Interaction effects found vary between 

studies according to the length of exposure, dose of the toxins, the animal species studied and 

the parameter measured (Grenier and Oswald 2011).  

In summary, using both the predicted and extrapolated part of the CA CRCs, both CA and IA 

predicted the combined effects of AOH, DON and ZEA quite well, revealing additive effects 

of the toxins. Even though it’s tempting to speculate that an implication of this result is that 

results obtained from single exposure studies on AOH, DON and ZEA is adequate to predict 

combined effects of the toxins in general, the extrapolation value is limited. As described 

above, chemicals can have one site or mode of action at low concentrations and others at 

higher concentration (McCarty and Borgert 2006). Also, in reality, toxicological concerns and 

available data exists across the spectrum of the levels of biological organization and this  

needs to be taken into consideration when potential risk of mycotoxins are assessed (McCarty 

and Borgert 2006). Even though AOH, DON and ZEA did not evoke adverse synergistic or 

antagonistic effects on the CD14-expression in THP-1 cells, they might exert such effects on 

other parameters in the cell, on other cell types, on other biological levels in the human body 

or in other species. The interaction effects found in mice and pigs described above are two 

examples of the latter. Interestingly, it has been demonstrated that DON can decrease 

intestinal tightness, which can enable higher absorption of DON and perhaps also other toxins 

(Pestka 2010a, Maresca 2013). This property of DON might greatly enhance the toxicity of 

DON itself, in addition to other toxins. In total, absence of detrimental interaction effects 

demonstrated on one response at cell level does not mean that such effects cannot take place 

at the whole organism level.  
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4.3 Possible implications 

The absence of tissue communication is one of many reasons why in vitro studies are not 

immediately transferable to conditions in the human body (Eisenbrand et al. 2002). Like 

already mentioned, extrapolation from cells like THP-1 must be performed with caution and 

needs to be followed up by studies in primary cultures or in intact animals (Millau et al. 2010, 

Pestka 2010a). Keeping this in mind, it is nevertheless tempting to do some speculations 

regarding the implications of the current results for human health. 

All the tested mycotoxins can reduce the number of viable monocytes by reducing 

proliferation and/or inducing cell cycle arrest and cell death. Monocytes have been reported to 

increase in numbers at sites of inflammation in the body and are believed to contribute to an 

efficient host response against pathogens (Ziegler-Heitbrock 2007, Poole et al. 2008). Thus, it 

does not seem unreasonable to assume that toxins affecting monocyte numbers can hinder an 

efficient immune response in vivo. Also, the monocytes associated with the intestine are 

definitively more prone to being exposed to food contaminants like mycotoxins, which is 

especially unfortunate as monocytes seem to have a special function in the intestine by 

replenishing the intestinal macrophages (Bain and Mowat 2014). The implications of AOH, 

DON and ZEA disturbing macrophage differentiation and functionality is that the many vital 

tasks of different macrophage populations in the body might be disturbed, like antigen 

presentation to the adaptive immune system, clearance of pathogens and toxins and clearance 

of senescent red blood cells, dust and allergens (Murray and Wynn 2011). This could again be 

thought to alter the intricate balance of the immune system and lead to diverse adverse effects 

on human health. DON, with its capacity to stimulate the immune system at low 

concentrations, have been found to provide increased resistance to pathogens in mice (Atroshi 

et al. 1994) and fish (Manning et al. 2014, Ryerse et al. 2014). This immunostimulatory effect 

can be protective in a short term perspective, however, in a chronic exposure scenario a 

modest, but constant inflammation can contribute to the development of diseases like cancer 

(Grivennikov et al. 2010). Also, increases in the level of cytokines can mediate the shock-line 

effects of LPS and may contribute to acute toxic effects of DON (Pestka 2010a). The effect 

levels studied here were chosen to be in the lower micro molar range to make the results 

obtained comparable to what might be seen in humans exposed to low levels of mycotoxins 

through the diet. Hopefully, the results gathered here can contribute somewhat to the 

scientific basis needed to conduct risk assessments for mycotoxins in human food.  
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5 Conclusion 

Cereal grain is a common and recommended part of the Norwegian diet, but the presence of 

low concentrations of mycotoxins might have adverse effects on human health. The 

mycotoxins AOD, AOH, DON, ENNB, ST and ZEA have been found to occur in Norwegian 

grain. In this study effects of low concentrations of these mycotoxins on THP-1 cells were 

investigated. The toxins were found to reduce the number of viable THP-1 monocytes, with 

the relative potency in decreasing order being: DON, ENNB, AOD, AOH, ST and ZEA. The 

six mycotoxins also caused cell death by necrosis at the higher concentrations tested, with the 

relative potency in decreasing order being: DON, ENNB, ST, AOD, ZEA and AOH. 

Furthermore, all the toxins, except ZEA, led to an increase in the amount of apoptotic cells, 

with DON and ENNB being the most potent. AOH, ST and ZEA led to a clear cell cycle 

arrest in the S- and G2/M-phase, S-phase and G2/M-phase, respectively. AOD and DON led 

to a modest G1-arrest.  

No change in cell morphology was found upon exposure to non-cytotoxic concentrations of 

the six mycotoxins during the monocyte to macrophage differentiation process. However, 

AOH, DON and ZEA inhibited the induced expression of specific cell surface markers, 

indicating that these toxins might inhibit the differentiation process from monocyte to 

macrophage in THP-1 cells. AOH and DON inhibited the induced expression of CD11b and 

CD14, while ZEA inhibited the induced expression of CD14. It was also demonstrated that 

PMA-induced THP-1 macrophages had an altered ability to secrete TNF-α upon LPS-

stimulation after exposure to AOH, DON and ZEA during their differentiation. DON 

enhanced the LPS-induced secretion of TNF-α, while AOH and ZEA reduced the secretion. 

Furthermore, binary and tertiary combinations of these three toxins had additive interaction 

effects on the inhibition of the CD14-cell surface marker expression.  

Altogether, the six mycotoxins investigated here displayed immunomodulatory effects. They 

all had adverse effects on THP-1 monocytes, which differed both qualitatively and 

quantitatively. Furthermore, AOH, DON and ZEA disturbed the monocyte to macrophage 

differentiation by inhibiting the induced expression of specific cell surface markers, and by 

altering macrophage cytokine secretion.  
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6 Future perspectives  

To the author’s knowledge less than a handful of studies on AOD’ toxic effects have been 

conducted, and since AOD have been found in over 30% of barley and wheat samples tested 

in an analysis of Norwegian grain (Uhlig et al. 2013), further investigations on the absorption, 

metabolism, toxicity and occurrence of this toxin are needed. Nonetheless, DON is certainly 

the most potent toxin of the toxins investigated here, and with recent studies finding adverse 

effects at levels below the established TDI (Maresca 2013, Pinton and Oswald 2014, Tardivel 

et al. 2015), further research into this toxin is indispensable.  

Moreover, the immune system consists of an intricate and complex collection of co-operative 

cells and molecules that cannot be expected to be reflected in a simple in vitro model. It 

would thus be interesting to verify and further explore the results here found in more 

advanced models, including use of primary cells/co-culture systems of epithelial cells as well 

as in vivo models. Furthermore, there are very interesting possibilities with regard to possible 

interactions between various microbiota and mycotoxins. A specific suggestion for a “next 

move” is to prime cells with different TLR-ligands and explore the effect of single and 

combined mycotoxins on different end points characterizing the differentiation 

process/macrophages functionality, like cytokine production, endocytic capacity, 

phagocytosis and burst respiratory activity (Hymery et al. 2009). There is still a need for 

studies exploring the combined effects of mycotoxins, especially at immune parameters and at 

effects in the lower ranges (Grenier and Oswald 2011). It would also be interesting to 

use more sensitive and advanced experimental tools to measure cellular responses, as well as 

to use other methods for revealing interacting effects like the combination index method 

developed by Chou (2006). 
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9 Supplementals 

9.1 Optimization of the Alamar Blue (AB) assay 

The number of cells plated and the length of incubation are the two variables which most 

affect the response of cells to AB (Invitrogen Corporation , Nakayama et al. 1997). In order to 

optimize the plating density and incubation time for the THP-1 monocytes, cells in the log 

phase growth stage were harvested and determined by cell count. The cells were seeded in a 

96-well plate at various densities. Next the plate was incubated for 24 h following the addition 

of AB (1:25). The absorbance/fluorescence was measured after 30, 60, 120 and 180 min by a 

Victor2 Multilabel counter with 530ex: 580em. As can be seen in Fig. 21 the maximum 

response to AB was at a cell density of about 100 000 cells/well and incubation with AB for 

180 min. The density chosen for the experiments described in chapter 2.3.1 was 50 000 cells 

pr. well, equal to 150 000 cells/cm
2
. The incubation time with AB chosen was 180 min. The 

reason why the highest cell density (100 000 cells/well) was not chosen was to make sure that 

the cells could proliferate and reach a density more than 50 000 cells/well and still produce 

more fluorescence.   

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 21 The amount of AB reduced by THP-1 monocytes at a cell density 

ranging from 0 - 100 000 cells/well and an incubation time of 30, 60, 120 

or 180 min. 
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9.2 Principles used for cell selection (gating) by flow 

cytometry 

Flow cytometry is a technique that allows rapid measurements of single cells, and is most 

commonly used to measure fluorescence. Measurements are made on individual illuminated 

particles when they flow in a fluid past a sensing point (Juan-Garcia et al. 2013). All flow 

cytometers are connected to a computer and various diagrams are generated in the associated 

computer program with each “dot” representing one cell. “Forward scatter-areal” (FSC-A) is a 

signal that is proportional to the physical size of the particles and “side scatter-areal” (SSC-A) 

describes the particles internal complexity or granularity (Ormerod 2008). The width of the 

signal generated when particles flow past the sensing point can be used in combination with 

forward scatter to separate cell debris and cells that are stuck together (“doublets”) from 

single cells (Ormerod 2008). To isolate populations of interest, shapes referred to as regions, 

are drawn around the population (Ormerod 2008). A gate is a region that is used to limit the 

cells that are drawn on a plot (Ormerod 2008).  

The diagram in Fig. 22 shows PI-stained THP-1 monocytes exposed to 5 µM AOD for 24 h. 

In Fig.22A two populations (1 and 2) with different sizes are defined when side scatter (SSC-

A) is plotted against forward scatter (FSC-A). Dead cells are commonly known to appear in a 

FSC/SSC scatter diagram as shown for population 1 (Ormerod 2008). To avoid analyzing cell 

debris the cells were gated (P1) (Fig. 22A). To analyze only single cells (“singlettes”) and not 

cells that are stuck together (“doublets”) the single cells were gated (P2) by using forward 

«Live cell gate (P1)» Singlettes (P2) Necrotic cells (M1) 

A B C 
1 

2 

Fig. 22 Flow cytometric analysis of necrotic cells. THP-1 monocytes were treated with AOD (5 µM) 

for 24 h and analyzed for necrosis by PI staining and flow cytometry. Debris were first excluded from 

all cells (gate P1) (A), then single cells were selected by gating FCS-A (size)/Width (gate P2) (B). 

Increased fluorescence represents necrotic PI-positive cells (M1) (C). 
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scatter (FSC-A) vs. width (Fig. 22B). When cells with PI-stained DNA are analyzed with 

flow cytometry a distribution of fluorescent intensities is obtained and can be displayed as a 

histogram of fluorescence intensity (x-axis) vs. number of cells (y-axis) (Fig.22C) 

(Rabinovitch). The peak in the right part of the histogram (Fig.22C) are the necrotic cell 

population which is brighter (produces more fluorescence) than the other cells.   

9.3 DNA analysis and the flow cytometric cell cycle  

After fixation the cells were stained with PI. When analyzing the cells by flow cytometry 

DNA histograms were obtained. The cells in G1 all have the same DNA content, but because 

of variability in the binding of PI to DNA, the fluorescence from G1 cells will always vary a 

bit and create a bell-shaped normally distributed peak (Fig. 23). The same bell shaped 

distributed peak is seen for the cells in G2 and M which have twice the normal DNA content 

(Rabinovitch) (Fig. 23).  

 

Apoptotic cells have fragmented DNA which will to some extent leak out of the cells upon 

alcohol fixation. These cells therefore have less DNA than G1 cells and will create a “SubG1” 

peak. The cells were separated into SubG1, G0/G1, S and G2/M based on their DNA content 

and the proportion of cells in the different phases was registered (Fig. 24).  

Fig. 23 A schematic of the cell cycle, showing flow cytometric 

components of each phase (from Rabinovitch). 
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9.4 Surface density of cells  

It is important to use similar cell densities in various experiments to minimize inter-

experimental variation. By using information regarding growth area of the wells (see Table 

10) equal cell density per well can be calculated (Table 11).   

Table 10 Growth surface (cm
2
) of wells in plates with different numbers of plates. 

Number of wells in plate Growth surface (cm
2
) 

6  8.960 

12 3.596 

24 1.862 

96 0.335 

 

Table 11 An example of a calculation of similar cell surface density.  

No. of wells in the plate 12 96 

Surface (cm
2
) 3.596 0.335 

Incubation volume (µl) 1000  95  

Cell density in the medium (cells/ml) 500 000  500 000  

Cell density at the bottom of the well 

(cells/cm
2
) 

139 043 ≈140 000  141 791 ≈ 140 000  

 

SubG1 
SubG1 

G1 
G1 

S 
S G2/M 

G2/M 

DMSO 0.1% ENNB 5 µM 

A B 

Fig. 24 Analysis of cell cycle distribution with flow cytometry. (A) 

Example of cell cycle distribution of cells in a control well with 

0.1% DMSO. (B) Example of cell cycle distribution of cells exposed 

to 5 µM ENNB. The DNA histograms are divided into SubG1, 

G0/G1, S and G2/M.  
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9.5 Titration of antibodies 

The antibodies were titrated to determine the right concentration of antibodies for best 

signaling (sensitivity) while minimizing noise (background light) (Fluorescence Cytometry 

Core Facility). THP-1 monocytes with and without 50 ng/ml of PMA were seeded in 6-well 

plates (TPP, Trasadingen, Switzerland) and incubated for 48 h. The PMA-induced THP-1 

macrophages were harvested by trypsination and the cell density of the THP-1-monocytes and 

the PMA-induced THP-1 macrophages were adjusted. Recommended concentration of Alexa 

Fluor 488 anti-human CD11b and Alexa Fluor 647 anti-human CD14 were 1:20, while 

recommended concentration for PE Mouse anti-human CD71 were 1:5. Five concentrations 

were tested for each antibody (2x dilutions), for both the THP-1 monocytes and the THP-1 

macrophages. The cells were washed, incubated and analyzed in the same way as described in 

chapter 2.4.3. When the cells stained with fluorescent antibodies were analyzed with flow 

cytometry, histograms of fluorescence intensities could be obtained by plotting the 

fluorescence intensities (x-axis) vs. number of cells (Fig. 25A). To avoid cell debris, dead 

cells and “doublets” the cells were gated. The expression of CD-markers was quantified by 

obtaining the MFI of the peaks in the CD-marker histogram (Fig.25A). The signal to noise 

ratio was calculated by finding the ratio of MFI of the positive peak to the MFI of the 

negative peak. The concentrations giving the highest signal to noise ratio which was chosen 

as the optimal concentrations were1:80 for CD11b, 1:40 for CD14 and 1:10 for CD71 (Fig. 

25C).  

 

A 
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Fig. 25 Titration of antibodies: (A) Example of median fluorescence intensity obtained for the 

peak with highest CD11b-intensity (positive peak). (B) The shift in expression from monocytes to 

macrophages. Black color is the monocytes, grey color is the macrophages. x-axis = CD-marker 

expression, y-axis= no. of cells. (C) Signal to noise ratio for CD11b, CD14 and CD71. The 

concentration chosen as the optimum is indicated with an arrow. 
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9.6 Comparing harvesting methods for PMA-induced 

THP-1 cells 

Cells that adhere to the bottom of the plate can be harvested by different methods. When cells 

are loosely attached, techniques like shaking the plate, pipetting and/ or scraping are most 

often used. When more tightly attached cells are used, treatments with various enzymes like 

accutase or trypsin are the most common techniques. THP-1 cells differentiated into 

macrophages are very tightly attached. The use of the various protease enzymes may digest 

and reduce the number of CD-markers and the physical treatment may kill the cells. To 

determine which harvesting method was the most suitable, the cells were differentiated into 

macrophages like described in 2.4.1 and harvested either by a) scraping b) accutase c) trypsin 

EDTA (0.5 g/l trypsin and 0.2 g/l EDTA) (Lonza) or d) trypsin EDTA (2.5 g/l trypsin and 0.2 

g/l EDTA) (Sigma-Aldrich). The cells were kept on ice after harvesting. The cells were then 

stained with PI and analyzed for necrosis/damaged cells by flow cytometry (Table 12).   

Table 12 Percentage (%) of necrotic cells after four different harvesting techniques, n=1, technical 

replicates=3. 

Harvesting technique Percentage (%) of 

necrotic cells (mean) 

a) scraping 47 

a) accutase 17 

b) trypsin (0.5 g/l) 18 

c) trypsin (2.5 g/l) 8 

 

Next, the effect of the different harvesting methods on the expression of CD11b was 

investigated. The quantification of CD11b was done like described in 2.4.3. The expression of 

CD11b was somewhat higher when the cells were harvested by scraping, otherwise the 

expression were almost identical (Table 13). Since harvesting by method d) led to the least 

amount of necrosis/damaged cells and an adequate expression of CD11b this method was 

chosen for the experiments conducted in part three described in 2.4.1 and 2.4.3. The results 

from this investigation were assumed to be valid also for CD14 and CD71.  
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Table 13 Ratio of CD11b-expression from monocyte to macrophage in macrophage cells harvested by 

different techniques
a
 

Harvesting technique MFIMa/MFIMo 

a) scraping 10.08 
 

b) accutase 8.54 
 

c) trypsin 200 mg/ml 8.07 
 

d) trypsin 0.25% 8.05 
 

a   Ma= macrophage. Mo= Monocyte. MFI= median fluorescence intensity.  

9.7 IC20 of AOH, DON and ZEA on the CD14-expression   

In order to find the concentrations leading to a 20% reduction in the CD14-expression (IC20-

values) in response to AOH, DON and ZEA, nonlinear regressions was done (GraphPad 

Prism 6). Sigmoid CRCs with variable slopes (log(inhibitor) vs. normalized response -- 

variable slope) were chosen as the non-linear model. The IC20-values were respectively 1.67, 

0.047 and 2.56 µM (Fig. 26). These values were used to calculate the ratios ratio between the 

A B 

C 

Fig. 26 Sigmoidal concentration-response curves for AOH (A), DON (B) and ZEA (C) on the 

CD14-expression, based on the data shown in Fig. 14. The curves are shown with 95% 

confidence intervals and the black data points represent mean ± SEM. In the regression the top 

value was fixed to the PMA-induced macrophage’s expression of CD14 and the bottom value was 

fixated to the monocyte control’s expression of CD14. The top horizontal line shows 20% 

reduction in the CD14-expression and the lower horizontal line shows 50% reduction in the 

CD14-expression. 
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toxins (AOH:DON:ZEA) so that each toxin in the given mixture would have the same impact 

on the CD14-expression, like described in 2.4.6.  

9.8 Effects of single and combined exposures of AOH, 

DON and ZEA on cell surface marker expression 

The results presented in Fig. 17 and Fig. 18 are here presented as histograms. The expression 

of CD11b (Fig. 27B) and CD71 (Fig. 27C) was also investigated simultaneously with CD14, 

but because the experiment was designed for revealing possible interaction effects of AOH, 

DON and ZEA on the expression of CD14, possible interaction effects of the toxins on the 

expression of CD11b and CD71 could not be investigated using the CA- and IA-approach. 

Using one-way ANOVA followed by Dunnett’s post hoc test revealed that AOH and DON 

significantly led to a reduced expression of CD11b at three of four tested concentration (Fig. 

27B). Of the binary combinations the two higher combined concentrations were significantly 

different from the control. All of the tested concentrations in the tertiary combination were 

different from control. None of the tested single and combined exposures were significant 

from control considering CD71 (Fig. 27C).  



98 

 

 

 

Fig. 27 CD14 (A), CD11b (B) and CD71 (C) cell surface expression as a marker of 

differentiation of THP-1 cells after exposure to PMA and either AOH, DON, ZEA, AOH + 

DON, AOH + ZEA, DON + ZEA or AOH + DON + ZEA for 48 hours. The actual tested 

concentrations (µM) can be seen in Table 4. THP-1 monocytes are included to see the 

difference in morphology between monocytes and PMA-induced macrophages. The 

histograms are representative of 4-6 independent experiments. The results represent mean ± 

SEM. Significant difference (p<0.05) compared to control is indicated by an asterisk (*). Mo= 

monocytes, Ma= macrophages. NB! The results shown in (A) are also presented in Fig.17 and 

18. 

A 

B 

C 


