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1 Introduction 

According to conservative estimations, up to 3 million fungi exist worldwide, of which 

approximately 100 000 have been characterized (Russell et al. 2016). Molds are a number of 

fungal species that are predominately found on food (Viegas and Baum 2017). Under 

favorable conditions, molds produce secondary metabolites which are non-essential 

compounds of low molecular weight that play an indirect role in the growth of the fungus by 

enhancing the chance of survival in the natural biotope (Martín et al. 2014). Secondary 

metabolites from fungi have been the subject of scientific investigations for decades and some 

were identified as beneficial for humans, as for instance antibiotics from Penicillium spp. 

(Fleming 1929). On the other hand, pathogenic fungi produce secondary metabolites that 

might cause adverse health effects, so called mycotoxins. Among the different genera of 

toxigenic food-infesting fungi, pergillus and Fusarium are two examples of molds that have 

been investigated more thoroughly in the last decades (Patriarca and Fernández Pinto 2017). 

In contrast, the toxicological significance of fungi of the genus Alternaria has moved into 

scientific focus recently and the respective secondary metabolites are thus referred to as 

“emerging mycotoxins” (Miceli and Lee 2011). 

In order to protect humans and animals from the detrimental effects to health associated with 

the consumption of food contaminated with mycotoxins, regulatory limits have been 

established for some of these compounds. Alternaria fungi produce a broad range of 

secondary metabolites and to date the toxicological data are not sufficient to establish 

regulatory limits for any secondary metabolite produced by Alternaria spp. Hence, further 

investigations on the toxicological relevance of these contaminants represent an important 

contribution to food safety, as noted by the European Food Safety Agency previously (EFSA 

2011; EFSA 2016). The presented PhD thesis aimed to contribute to the elucidation of the 

toxicological profile of selected secondary metabolites from food-infesting fungi of the genus 

Alternaria, in comparison to selected Fusarium mycotoxins. 
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2 Objective 

Alternaria spp. produce a broad spectrum of secondary metabolites from different chemical 

classes. One major group are the perylenequinone-derivatives, to which altertoxin I (ATX I) 

and II (ATX II) belong (Fig 1). The two molecules are structurally closely related, only 

differing at position C-7,8, where ATX II bears an epoxide and ATX I a hydroxyl moiety. 

This minor chemical difference affects the toxicological potency of the two altertoxins. The 

reactive epoxy group of ATX II has been associated with the more potent mutagenic and 

genotoxic characteristics of the compound, compared to ATX I (Schrader et al. 2006; 

Schwarz et al. 2012; Stack and Prival 1986). Recently it was reported that this structural 

difference also affects the reactivity of the two altertoxins towards thiol compounds (Fleck et 

al. 2014). It was observed that ATX II formed conjugates with the tripeptide glutathione 

(GSH), whereas ATX I did not undergo any reactions with the monothiols tested in this study. 

These results raised the question, whether ATX II affects a major detoxification route, the 

Nuclear factor (erythroid-derived 2)-like 2–antioxidant responsive element (Nrf2/ARE)-

pathway. This important signaling pathway serves as a cellular defense against many 

xenobiotics and oxidative stress via the induction of phase II enzymes (Ma 2013). Molecules 

that act as  inducers were described to react with thiol groups (Dinkova-Kostova et al. 2001). 

Thus, according to the results of Fleck et al. (2014), ATX II might represent a suitable 

candidate for a Nrf2-inducer. On the contrary, ATX I is expected not to affect this pathway, 

since it was not identified as thiol reactive by Fleck et al. (2014).  

This question was investigated in the first publication of the PhD thesis, which aimed to 

assess the impact of ATX I and ATX II on the Nrf2/ARE-pathway in human colon 

adenocarcinoma cells. In order to evaluate this hypothesis, the effect of the two altertoxins on 

Figure 1 Chemical structures of the perylene quinones ATX I and II from Alternaria 

alternata fungi. 

altertoxin I 

ATX I 
altertoxin II 

ATX II 
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Nrf2 was investigated using immunochemical histochemistry and confocal microscopy, which 

allowed monitoring the translocation of the transcription factor Nrf2 from the cellular 

cytoplasm to the nucleus. Furthermore, additional endpoints along the Nrf2/ARE signaling 

cascade, following the ATX II-mediated translocation of Nrf2, were investigated. In this 

respect, the impact on the transcription of the Nrf2-dependent phase II gene γ-glutamate 

cysteine ligase (γ-GCL) was assessed with quantitative real-time polymerase chain reaction 

(rtPCR). γ-GCL is the rate-determining enzyme in the biosynthesis of GSH (Wild et al. 1999). 

The intracellular level of GSH was measured as additional indicator of a potential impact of 

ATX II on the Nrf2/ARE-pathway. Oxidative stress has been described as a major inducer of 

the Nrf2/ARE-pathway (Rushmore et al. 1991), therefore the level of oxidized GSSG and the 

intracellular formation of reactive oxygen species (ROS) by ATX II were evaluated as well in 

order to assess a potential impact on the cellular redox equilibrium.   

The induction of phase II metabolism by a mycotoxin that was investigated in Publication 1 

made a contribution to understanding the impact of secondary fungal mycotoxins on cellular 

metabolism and potential detoxification pathways. In this respect, phase II detoxification 

constitutes an important cellular mechanism to cope with a potent toxic contaminant like ATX 

II, a mycotoxin that was reported as genotoxic, mutagenic and cytotoxic in vitro (Fleck et al. 

2014; Schwarz et al. 2012; Stack and Prival 1986). The impairment of topoisomerase II (topo 

II) by ATX II was described as a potential underlying mechanism (Tiessen et al. 2013). The 

enzyme is involved in regulating the topological state of DNA during processes like 

replication, transcription and DNA repair, thus a malfunction may result in detrimental effects 

to the cellular survival (Holm et al. 1989). Interestingly, interference with the activity of topo 

II is not restricted to ATX II, but has been reported for the Alternaria dibenzo-α-pyrones 

alternariol (AOH) and its monomethyl ether (AME) as well (Fehr et al. 2009; Tiessen et al. 

2016; Tiessen et al. 2013).  

Based on these observations, the aim of the second publication of the PhD project was to 

clarify if the impairment of topo II represents a toxicological mechanism of action that could 

be observed for further secondary metabolites produced by Alternaria fungi as well. For this 

purpose, eleven Alternaria metabolites were studied for their effect on the activity of human 

topo II α in the cell-free decatenation assay. Thereby the discrimination between active and 

inactive/ inhibited topo II is assessed via the electrophoretic mobility of the substrate 

kinetoplast DNA (Sahai and Kaplan 1986). To take into account the broad range of 

chemically diverse secondary metabolites produced by Alternaria spp., test substances with a 
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spectrum of differing structures were chosen for the experiments. These included the 

perylenequinone derivatives ATX I, ATX II, alterperylenol (ALP) and stemphyltoxin III 

(STTX III), which share the same basic structure except for the double bond and an epoxide 

group in case of ATX II and STTX III (Fig 2A). ATX II was included for comparison, since 

the altertoxin has already been reported to inhibit topo II, as well as the dibenzo-α-pyrones 

AOH and AME (Fig 2B) (Fehr et al. 2009; Tiessen et al. 2016; Tiessen et al. 2013). Further 

tested Alternaria metabolites included the macrodiolide pyrenophorol (PYR), the 

anthraquinone macrosporin (MAC), the cyclic tetrapeptide tentoxin (TEN), the diphenol 

altenusin (ALS) and the tetramic acid derivative altersetin (ALN) (Fig 2C).  

 

 

 

 

Figure 2 Chemical structures of the investigated secondary metabolites from Alternaria and 

Fusarium fungi: A) perylene quinones B) dibenzo-α-pyrones, C) diverse Alternaria secondary 

metabolites, and D) secondary metabolites from Fusarium species. 
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The observation that several secondary metabolites from Alternaria spp. affected the activity 

of topo II gave rise to the question, whether inhibition of the human enzyme by mycotoxins 

was limited to this fungal genus. For comparison, four mycotoxins produced by Fusarium 

spp. were included in the testing. The test substances from Fusarium spp. were selected to 

cover a broad spectrum of chemical diversity and included the naphthoquninone Aurofusarin 

(AURO), fumonisin B1 (FB1), the trichothecene deoxynivalenol (DON), the semiquadric acid 

moniliformin (MON) and the pyrrolidin derivative fusarin C (FC) (Fig 2D).  

Apart from the question of genus-specifity, the impairment of human topo II by secondary 

metabolites from a pathogenic mold gave further rise to question why a fungus produces 

metabolites that affect a human enzyme. Thus the hypothesis was tested whether the observed 

impairment might be based on the structural homology between human and bacterial topo II 

(Dong and Berger 2007). Since bacteria and fungi are naturally competing for resources, the 

reduction of bacterial growth by the inhibition of a vital bacterial enzyme could serve as a 

defense mechanism of the mold that suppresses bacterial growth. Thus, a dual impairment of 

human topo II and gyrase may indicate that bacteria are the primary target of the secondary 

metabolites, but human topo II is affected due to the similar enzymatic structure. In order to 

examine this theory, the fourteen selected secondary metabolites from Alternaria and 

Fusarium spp. that were tested for their effect on human topo II, were assessed for their 

impact on bacterial topo II, gyrase from E. coli. This was done with a gel-based gyrase 

supercoiling assay, which enabled the assessment of gyrase activity by quantification of the 

different electrophoretic mobilities of relaxed and supercoiled DNA in an agarose gel (Gellert 

et al. 1976).  

In the second publication, in total sixteen secondary metabolites from Alternaria and 

Fusarium spp. were investigated for their impact on human topo II in the cell-free decatenaton 

assay. Of these substances, one compound showed to be the most potent inhibitor of human 

topo II and the only active secondary metabolite from Fusarium spp., the dimeric 

naphthoquinone AURO (Fig 2D). The toxicological relevance of this metabolite has been 

investigated scarcely, although the compound has frequently been found in high 

concentrations in contaminated food (Ezekiel et al. 2012; Matumba et al. 2015). Available 

literature on the toxicity of AURO in vitro was limited to the observation that the 

naphthoquinone was cytotoxic to colon cells, but the underlying mechanism was not known 

yet (Vejdovszky et al. 2016). Studies about quinone-derivatives have shown that this 

compound class affects topo II by stabilizing the topo II-DNA (cleavage) complex, a process 



9/82 

 

referred to as poisoning due to the associated onset of DNA-damage (Bandele and Osheroff 

2008; Barthelmes et al. 2001; Esteves-Souza et al. 2007; Lindsey Jr et al. 2004). Based on 

these results and the observation that AURO potently inhibited the activity of topo II in the 

decatenation assay, the question arose, whether the Fusarium metabolite indeed acts as topo II 

poison and inducer of DNA-damage as well. This question was addressed in the third 

publication of the PhD project, where the stabilization of the cleavage complex by AURO in 

HT29 cells is evaluated with the in vivo complex of enzyme (ICE) assay. In order to examine 

whether a potential impairment of topo II by AURO was associated with genotoxicity, the 

DNA-damaging potential of the naphthoquinone was investigated in the comet assay. 

Poisoning of topo II by xenobiotics is associated with DNA double strand breaks (Liu et al. 

1980). The formation of DNA double strand breaks after incubation with AURO was assessed 

with immunocyctochemical staining of γH2AX and p53 and subsequent detection through 

confocal microscopy in the colon carcinoma and non-transformed cell lines HT29 and HCEC-

1CT.  

Quinoid compounds have been reported to cause DNA damage not only via topo II-mediated 

DNA cleavage, but also through DNA intercalation (Pullman 1986). To investigate if this 

mechanism was also applicable to AURO, the intercalating potential of the metabolite was 

tested by evaluating the replacement of the intercalating dye ethidium bromide from calf 

thymus DNA by AURO, according to the method of Lepecq and Paoletti (1967). In order to 

assess if the impairment of topo II, that was observed in the cell-free decatenation assay, 

could be linked to cytotoxic effects in the colon cell line HT29 or in the non-transformed cell 

line HCEC-1CT, the impact of AURO on mitochondrial activity and the proliferation of these 

two cell lines was examined with the watersoluble tetrazolium salt-1 assay (WT-1) and the 

sulforhodamin B (SRB) assay. Impact on cell cycle distribution was examined by flow 

cytometry in the cell lines HT29 and HCEC-1CT. 

One of the few studies about the toxicological relevance of AURO reported that in quail eggs 

and embryos the metabolite showed pro-oxidative effects (Dvorska et al. 2001; Dvorska et al. 

2002). In general, the formation of ROS and induction of oxidative stress has been described 

as major toxic mechanism of naphthoquinoide compounds (O'Brien 1991). Therefore, the pro-

oxidative potential of the compound was assessed in the study as well. In a first step thereof, 

formamidopyrimidine-DNA-glycosylase (fpg) was added to the comet assay, which allowed 

the detection of several types of DNA damage, as for instance oxidative damage, by 

conversion to additional strand breaks (Chetsanga et al. 1981). To further assess the pro-
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oxidatve potential of AURO, the formation of ROS in HT29 cells by the metabolite was 

investigated with the DCF assay. The formation of ROS by naphthoquinones was previously 

associated with an elevated oxidation of cellular GSH, resulting in the depletion of GSH and a 

shift towards GSSG (Di Monte et al. 1984). In order to evaluate if this effect was observable 

for AURO as well, the impact of the secondary metabolite on the ratio of GSH and GSSG was 

assessed in the PhD study. 

The generation of ROS by quinones is caused by a repeating cycle of electron transfer and 

associated redox reactions between the quinone and oxygen, so called redox cycling (Lown 

1983). This effect was shown to be alleviated by NAD(P)H quinone dehydrogenase 1 

(NQO1) (O'Brien 1991). Based on these data, we investigated whether the naphthoquinoide 

AURO induced the expression of NQO1 by quantification of the respective gene expression 

in HT29 cells, with q-PCR. The impact if AURO on the Arylhydrocarbon receptor (AhR) was 

investigated by assessment of cytochrome P450 1A1 (CYP1A1) in q-PCR and the 

ethoxyresorufin (EROD) assay (Lubet et al. 1985). Furthermore, a potential induction of the 

Nrf2/ARE-pathway was tested by measurement of the mRNA levels of γ-GCL, using q-PCR. 
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4 Theoretical background 

4.1 Nrf2/ARE-pathway 

In publication 1 of the PhD thesis, the impact of the altertoxins I and II on the Nrf2/ARE-

pathway was assessed. This signaling pathway constitutes a crucial part of the cellular defense 

against oxidative and electrophilic stress. Induction of this pathway leads to the transcription 

of a broad spectrum of phase II enzymes. 

4.1.1 Introduction 

Figure 3 The Nrf2/ARE signaling pathway. Under unstressed conditions Nrf2 is bound to its 

adaptor protein Keap1 and gets polyubiquinated and subsequently degraded by the 26S proteasome. 

In case of oxidative or electrophilic stress the cysteine residues of Keap1 are modified, inducing a 

transformational change and dissociation of Nrf2, which is translocated from the cytoplasm to the 

nucleus. In the nucleus Nrf2 induces the induction of a spectrum of target genes upon binding to the 

ARE. Modified after Taguchi et al. (2011).  
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Under homeostatic conditions the cap”n”collar transcription factor Nrf2 is bound to two 

monomers of the suppressor protein Kelch-like ECH-associated protein 1 (Keap1) in the 

cytoplasm (Fig 3)  (Itoh et al. 1995; Itoh et al. 1999; Moi et al. 1994). Keap1 is anchored to 

the actin cytoskeleton and acts as a substrate adaptor of the ubiquitin ligase cullin 3. The cul3-

Keap1 E3 ligase complex inhibits transcriptional activity of Nrf2 via ubiquination and 

proteosomal degradation (Cullinan et al. 2004; Kobayashi et al. 2004). Therefore, the amount 

of Nrf2 in the cytoplasm is regulated by the equilibrium between de novo synthesis and 

degradation by the ubiquitin-dependent 26S proteasome (Nguyen et al. 2003). Due to this 

rapid turnover, the half-life of cytoplasmic Nrf2 was estimated to be less than 20 minutes 

under redox-balanced conditions (Kobayashi et al. 2004). In case of oxidative or chemical 

stress, Nrf2 dissociates from the negative regulator Keap1 and is translocated to the nucleus. 

As potential mechanism behind the dissociation of the Nrf2-Keap1 complex, the modification 

of the thiol groups of the cystein-rich Keap1 by Nrf2-inducers has been discussed (Dinkova-

Kostova et al. 2002; Zhang and Hannink 2003). In this respect, four cysteins of Keap1 were 

identified to be especially reactive towards Nrf2/ARE-pathway inducers (Dinkova-Kostova et 

al. 2002). Following translocation to the nucleus, Nrf2 heterodimerizes with a small Maf 

protein and induces the transcription of Nrf2-dependent genes after binding to the respective 

ARE in the regulatory region (Itoh et al. 1997; Rushmore et al. 1991). The Nrf2-dependently 

transcribed gene products are cytoprotective enzymes, such as NQO1, heme oxygenase 1 

(HO-1), γ-GCL and glutathione S transferase. These enzymes catalyze reactions involved in 

the detoxification of ROS and protection against oxidative stress.  

An example of a naturally occurring inducer of the Nrf2/ARE-pathway is the isothiocyanate 

sulforaphane from broccoli (McMahon et al. 2001; Zhang et al. 1992).   

4.1.2 NAD(P)H quinone oxidoreductase 1 (NQO1) 

The cytotoxic effects of 1,4-naphthoquinones have been attributed to the formation of ROS, 

an effect which is meliorated by NQO1 (O'Brien 1991). The flavoenzyme catalyzes the two-

electron reduction of quinones to stable hydroquinones and therefore contributes to the 

detoxification of this reactive substance class (Ernster et al. 1960; Joseph et al. 2000; 

Radjendirane et al. 1998).  

4.1.3 γ-Glutamylcysteine ligase (γ-GCL)  

γ-GCL is the rate-limiting enzyme in the synthesis of the tripeptide γ-L-glutamyl-L-

cysteinylglycine or GSH, a cellular antioxidant (Meister and Anderson 1983).  GSH supports 

the cellular defense against oxidative and xenobiotic stress by acting as nucleophile and 
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reductant (Booth et al. 1961). In the latter case, GSH is oxidized to GSSG. The two forms 

constitute a redox pair and the corresponding GSSG/GSH ratio serves as indicator for the 

redox state of a cell (Schafer and Buettner 2001; Toborek and Hennig 1994). 

4.2 DNA-topoisomerases 

DNA-topoisomerases are vital enzymes that alter the topology of the genetic material by 

introducing transient DNA strand breaks and relieving torsional stress during cellular 

processes like replication and chromosome segregation (Champoux and Dulbecco 1972; 

DiNardo et al. 1984; Jazwinski and Edelman 1984). 

4.2.1 Introduction 

Topoisomerases are classified as type I or type II, according to their mechanism of action. 

While topoisomerase I cleaves a single DNA strand, the ATP-dependent topo II introduces 

transient double strand breaks (Champoux 2001). The subfamily of topoisomerase II A 

comprises the human topo II and bacterial homologue gyrase, which were examined in the 

PhD project and will be discussed in the next chapters (Baldi et al. 1980; Bergerat et al. 

1997).  

4.2.2 Human topo II 

Figure 4 Catalyzed reactions by topo II. Relaxation of supercoiled DNA (left) and decatenation 

of catenated plasmids (right). 
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Human topo II can be divided into two isoforms, topo IIα and β, encoded by the genes  

TOP2A and TOP2B, respectively (Lang et al. 1998). Both catalyze the relaxation of 

negatively supercoiled DNA and decatenation, which describes the separation of interlinked 

duplex DNA circles (catenates) into separate decatenates, a process needed at the end of the 

replication to enable chromosome segregation (Fig 4) (Baldi et al. 1980). However, while 

topo IIα is also involved in chromosome condensation, the β isoform is essential for 

transcription in differentiated, non-dividing cells (Ju et al. 2006; Rattner 1996; Yang et al. 

2000). The molecular mechanism behind the DNA cleavage of topo II involves the formation 

of a covalent 5’-phosphotyrosyl bond between the phosphate sugar backbone of the DNA 

strand and the active tyrosine of the enzyme (Fig 5). Since topo II is a homodimer, the 

nucleophilic attack is performed simultaneously by both active center tyrosines, which 

ultimately results in a double strand break (Champoux 1981; Depew et al. 1978). The DNA-

bound topo II complex is referred to as cleavage complex. In the next step, a second DNA 

duplex is passed through the break, which is religated afterwards by binding of the terminal 

hydroxyl group to the phosphate (Fig 6).   

Since topo II plays a critical role in maintaining the topological equilibrium of DNA, 

Figure 5 Molecular mechanism of topo II-induced cleavage of double stranded DNA. The 

homodimeric topo II attacks with the hydroxyl moieties of the tyrosine groups in the active centers. 

In the course of a nucleophilic attack, the hydroxyl binds to a phosphate group in the phosphate 

sugar backbone of the DNA double strand, forming a phosphoytyrosine bond, which leads to a 

transient double strand break. The reverse reaction of sealing the double strand break is called 

ligation. Modified after Deweese and Osheroff (2009).  
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interference with the enzymatic function by xenobiotics has detrimental effects on the cell and 

may result in the activation of cell death pathways if repair is not sufficient (Kaufmann 1998). 

Since cell growth reduction is a desired characteristic of antineoplastic drugs, topo II-targeting 

molecules are applied as anticancer medications. Chemotherapeutics that function by 

stabilizing the topo II-DNA complex, so called poisoning, belong to such diverse chemical 

classes like, for instance, etoposide, a semisynthetic derivative of podophyllotoxin, the 

anthracenedione mitoxantrone or doxorubicin, which belongs to the group of anthracyclines 

(Fig 7A) (Greenspan et al. 1950; Hong et al. 2010; Tewey et al. 1984). Apart from these 

semisynthetic molecules several natural substances, which also differ greatly in their chemical 

structures, have been identified as topo II poisons, for instance lycobetaine, a phenantridine 

alkaloid from mmaryllidacae, epigallocatechin gallate, a catechin contained in green tea or the 

isoflavon genistein, a phytoestrogen found in soybeans (Fig 7B) (Bandele and Osheroff 2008; 

Barthelmes et al. 2001; Markovits et al. 1989). The mycotoxins AOH and AME from 

Alternaria spp. have also been identified as topo poisons (Fehr et al. 2009).   

Figure 6 Catalytic cycle of topo II. The enzyme introduces a transient double strand break into a 

DNA strand, which requires ATP. Afterwards a second DNA double helix is transported through the 

break, followed by ligation and release of the first DNA strand. Modified after Nitiss (2009). 
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4.2.3 Bacterial topoisomerase II  

Bacterial DNA predominately occurs either in a relaxed state or in the supercoiled form, 

which refers to an underwound duplex writhed about itself (Fig 5). Bacteria contain gyrase, a 

topoisomerase that is responsible for the interconversion of these topoisomers. On the contrast 

to homodimeric topo II, the bacterial enzyme is heterotetrameric, but also catalyzes the 

introduction of DNA double strand breaks, and transport of the second duplex through this 

break (Mizuuchi et al. 1980). Although human and bacterial topo II share a high degree of 

homology, only gyrase is able to introduce supercoils into relaxed closed duplex DNA (Kato 

et al. 1990). Comparably to human topo II, which can be affected by certain anticancer 

therapeutics, gyrase constitutes a target of antimicrobial drugs. Known antibiotics that 

function by impairing gyrase are grouped into two major classes, aminocoumarins and 

quinolones. A member of the aminocoumarin derivatives is novobiocin (Kucers 1997). 

Novobiocin was found to interfere with the ATP-binding of gyrase and is thus a catalytic 

inhibitor (Gellert et al. 1976; Sugino et al. 1978). On the contrary, nalidixic acid, the first of a 

broad range of quinolone antibiotics to be synthesized, was reported to act as a gyrase poison, 

stabilizing the cleavage complex (Shen and Pernet 1985).  

Figure 7 Examples of semi-synthetic and natural topo II poisons. A) The semi-synthetic topo II 

poisons used in cancer therapy, etoposide, mitoxantrone and doxorubicin and B) natural topo II 

poisons lycobetaine, epigallocatechine gallate and genistein 
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4.3  Naphthoquinones  

Napthoquinones are naphthalene-derivatives that belong to the family of quinones. Quinone-

dervatives are used as anticancer agents due to their cytotoxicity to human cancer cells, which 

is mainly caused by the intracellular formation of ROS (Goodman and Hochstein 1977). An 

example of a naphthoquinone -containing antineoplastic drug is doxorubicin, which, apart 

from poisoning topo II, was found to induce oxidative stress. A further naphthoquinone -

derivate that was formerly used clinically is the vitamin K mimetic 2-methyl-1,4-

naphthoquinone  or Menadione (Fig 8a) (Suttie 2009). An example of a naturally occurring 

1,4-naphtquinone is 5-hydroxy-2-methyl-1,4-naphthoquinone  or plumbagin, a yellow dye of 

the Plumbago plant. Menadione and plumbagin were both described to act as redox cyclers, a 

mechanism that is frequently observed for quinonoid compounds (Miller et al. 1986; Srinivas 

et al. 2004).  

4.3.1 Redox cycling 

Redox cycling is a process which generates ROS, while a quinone is reduced and re-oxidized, 

thus undergoing a redox cycle. This cycle is initiated by a one-electron reduction, giving the 

respective semiquinone radical (Fig 8b). The semiquinone radical then transfers the single 

Figure 8 The 1,4-naphthoquinones menadione and plumbagin act as redox cycles. a) Structures 

of the two molecules and the b) redox cycle process. Illustrated with menadione, which undergoes a 

one-electron reduction to the semiquinone radical and is subsequently reoxidized back to the full 

diquinone by transfering the single electron to oxygen. 

a) b) 
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electron to molecular oxygen (O'Brien 1991). In this process, toxic ROS, like the superoxide 

anion radical O2
•-
, are generated, while the semiquinone is re-oxidized to the quinoid form and 

may restart the cycle (Apel and Hirt 2004). The initial one-electron reduction may take place 

non-enzymatically or be catalyzed, for instance, by NADPH cytochrome P450 reductase, with 

NADPH as radical donor (Bachur et al. 1979). Non-enzymatic one-electron reduction can 

take place via conjugation to a thiol group or oxidation of a thiol compound, such as GSH, 

which is an important reaction for naphthoquinones due to their high electronegativity 

(O'Brien 1991; Wilson et al. 1987). In this regard, menadione was described to increase the 

amount of oxidized disulfide GSSG at the expense of GSH in rat hepatocytes (Di Monte et al. 

1984). 
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5 Results & Discussion 

Fungi of the genus Alternaria produce a range of diverse secondary metabolites, some of 

which can be grouped according to the respective chemical structures (Barkai-Golan 2008). 

Of these, the perylene quinones have been associated with potent toxic effects in vitro, with 

being ATX II being the most toxic perylene quinone. ATX II has been identified as mutagenic 

and as the main genotoxic impact component in Alternaria alternata infested rice (Schwarz et 

al. 2012; Stack and Prival 1986). Unfortunately, the available data about the cellular 

detoxification mechanism of perylene quinones in general are limited. In this respect, ATX II 

was identified as activator of the Nrf2/ARE-pathway in publication 1 of the PhD project. The 

altertoxin was shown to potently induce the translocation of Nrf2 in cell culture. Interestingly, 

ATX I did not show any impact in the same concentration range, which indicated that the 

epoxide of ATX II played an important role in the activation of Nrf2, since ATX I is 

structurally equivalent to ATX II, except for the missing epoxy group (Fig 1). It was observed 

that incubation with ATX II led to a decrease of GSH in HT29 cells after 1h of incubation. 

However, this initial reduction was followed by am increase of the intracellular amount of the 

thiol after longer incubation periods of 3h and 24h, presumably as a response to the activation 

of Nrf2, which led to an increase of transcribed γ-GCL and ultimately an elevated synthesis of 

GSH.  

Generally, induction of the Nrf2/ARE-pathway by a toxin is associated with beneficial effects 

to the cell due to the upregulated expression of cytoprotective enzymes like γ-GCL (Kensler 

et al. 2007). This effect was observed, for instance, for the mycotoxin aflatoxin B1 from 

Aspergillus spp., which was reported to elicit weaker pro-carcinogenic effects in rat liver after 

the induction of the Nrf2/ARE-pathway (Yates et al. 2006). However, in case of ATX II an 

increased biosynthesis of GSH through Nrf2-activation and thus an elevated conjugation to 

GSH might not reduce the genotoxicity of the altertoxin. Fleck et al. (2014) reported that prior 

depletion of cellular GSH in mammalian cells did not lower the genotoxicity of ATX II and 

speculated that this was due to different kinetics of ATX II-mediated DNA-damage and GSH-

conjugation (Fleck et al. 2014). Therefore, induction of the Nrf2/ARE-pathway by ATX II 

might not make a significant contribution to the detoxification of the mycotoxin. 

Apart from the detoxifying properties associated with activation of the Nrf2/ARE system, the 

role of the pathway in cancer progression has moved into scientific focus lately. A 

dysfunctional regulation of the pathway, resulting in a abnormally active Nrf2, has been 

discussed as a promoting factor for tumor growth. In the recent years oncogenic mutations 
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and epigenetic changes in the genes NRF2 and/or KEAP1 have been detected in cancers from 

esophagus, lung, head, neck, skin and gallbladder (Kim et al. 2010; Shibata et al. 2008a; 

Shibata et al. 2008b; Singh et al. 2006; Wang et al. 2008). Although the underlying molecular 

mechanisms are not clarified yet, the observation that over-active Nrf2 is associated with 

cancer progression sheds a new light on the results of the PhD thesis, which indicated that a 

mycotoxin induces the Nrf2/ARE-pathway. This is especially intriguing, considering that 

ATX II naturally occurs in a mixture with other secondary metabolites from different fungi 

genera in contaminated food (Patriarca et al. 2007). So far, several mycotoxins have been 

described as mutagenic or carcinogenic and it might be speculated that the co-occurrence of 

these molecules with the Nrf2-activating mycotoxin ATX II might enhance the overall pro-

carcinogenic potency of such a mixture.  

The mentioned broad spectrum of chemically different secondary metabolites produced by  

molds is a challenge for the toxicological impact of the resulting mycotoxin mixture, to which 

the consumer is exposed, difficult, since each molecule elicits different toxic effects. 

However, some mycotoxins, though structurally diverse, share toxicological mechanisms of 

action, as for instance the inhibition of topo II that was reported for the Alternaria mycotoxins 

AOH, AME and ATX II (Fehr et al. 2009; Tiessen et al. 2016; Tiessen et al. 2013). Since 

impairment of human topo II was described several Alternaria toxins, the question was 

adressed whether this important enzyme represents a target to further structurally diverse 

Alternaria metabolites. Accordingly, the results indicated that nine of ten tested Alternaria 

metabolites reduced the activity of human topo II in the decatenation assay. The most potent 

inhibitors were the dibenzo-α-pyrones AOH and AME, followed by the perylene quinones, 

where the two epoxide-containing ATX II and STTX III had a stronger inhibitory potential 

than ATX I and ALP. The weaker inhibitors were ALN, ASN, MAC and PYR. The 

phytotoxin TEN was the only Alternaria metabolite that was not active against human topo II. 

In search for an explanation, why a fungus produces secondary metabolites that target a 

human enzyme, we could demonstrate that this was based on the structural similarity between 

human and bacterial topo II, gyrase. In the experiments, six of the ten test substances from 

Alternaria spp. were identified as dual inhibitors against both human and bacterial topo II, the 

four perylene quinones and the two dibenzo-α-pyrones. These data substantiate the thesis that 

impairment of human topo II by the Alternaria metabolites is a side effect of the competition 

between bacteria and fungi. Interestingly, not all topo II-inhibitors were active against both 

human and bacterial topo II in the experiments. This was probably based on the choice of 



24/82 

 

bacterium species of gyrase in the supercoiling assay, which originated from E. coli. The 

metabolites that were not active against E.coli gyrase, but against human topo II, might target 

gyrases from other bacterium genera. This might be the subject to further investigations in the 

future.  

For comparison, the impairment of human topo II by selected Fusarium metabolites was 

investigated. Of the five tested Fusarium toxins, only one was active against human topo II, 

but not gyrase, the dimeric naphthoquinone AURO (Fig 2D).   

The naphthoquinone AURO proved to be the most potent inhibitor of human topo II of all 

tested Alternaria and Fusarium substances in the decatenation assay. The third publication of 

the PhD thesis focused on the investigation of the associated toxicological relevance of the 

secondary compound, which has not been studied previously. In this regard, the authors could 

demonstrate that AURO was cytotoxic to both the colon adencocarcinoma cell line HT29 and 

the non-tumorigenic colon epithelial cells HCEC-1CT. These effects were also demonstrated 

by means of cell cycle distribution, which showed that incubation with AURO led to an 

increase of HT29 cells in the S-phase and an arrest in G2/M, while the cell cycle distribution 

of the extended primary cell line HCEC-1CT was not significantly affected by incubation 

with AURO. Both cell lines showed an increase of p53 after incubation with AURO, 

measured confocal microscopy.  

In order to find the underlying mechanism of action, AURO, which was shown to potently 

inhibit human topo II in the cell-free decatenation assay, was tested for its impact on the 

stabilization of the cleavage complex in HT29 cells, using the ICE assay. The results showed 

that AURO did not potently poison human topo II in this test system. In order to investigate 

whether the stability of AURO might be limited in the used solvent DMSO, stability 

assessments were conducted with HPLC-MS/MS. The experiments showed that the 

compound was light- and temperature-sensitive and suggested that AURO was not stable 

under the cell culture conditions. The limited stability most probably also affected the  

experiments that were conducted under the cell culture experiments, as for instance the ICE 

assay.  

The impact of AURO on DNA-integrity was assessed with the comet assay in HT29 cells, 

where the naphthoquinone induced mild DNA-damage. Since topo II poisoning is associated 

with an increase of DNA double strand breaks, the amount of γH2AX following incubation 

with AURO was assessed with confocal microscopy. The data suggested that incubation with 

AURO did not lead to an induction of DNA double strand breaks in either HT29 or HCEC-
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1CT cells, thus a stabilization of the cleavage complex by AURO seemed unlikely.  

Since AURO was shown to be cytotoxic and genotoxic, but presumably not a topo II poison, 

another mechanism of action was searched for. A common mechanism of action of 

naphthoquinones is DNA-intercalation, which could also be demonstrated for AURO, that 

was identified as weak intercalator in calf thymus DNA. Since AURO induced fpg-sensitive 

sites in the comet assay, it was also assumed that the molecule was pro-oxidative, which is 

another common mechanism of quinone-derivatives. Accordingly, AURO led to the 

intracellular formation of ROS in the DCF assay at a concentration of 5 µM in HT29 cells. 

Furthermore, the secondary metabolite caused a shift of the GSSG/GSH ratio in the cells, also 

indicative of pro-oxidative effects. The same held true for the AURO-induced upregulation of 

the gene transcription of CYP1A1 and an elevated activity of the enzyme in the EROD assay. 

Evaluation of the chemical stability showed that AURO was light- and temperature-sensitive, 

but nevertheless induced pronounced toxicological effects. Despite the apparent disintegration 

of AURO in the cell culture conditions, incubation with the substance was shown to be toxic, 

as was assessed by several endpoints, to both the colon cell line HT29 and the primary cells 

HCEC-1CT. However, the metabolite did not lead to an upregulation of NQO1 in the q-PCR 

experiments, an enzyme that has been described to metabolize quinoide substances and was 

thus expected to be affected by the exposure to AURO (Iyanagi and Yamazaki 1969). Instead, 

AURO led to an upregulation of the transcription of CYP1A1, as well as higher activity of the 

phase I enzyme in the EROD assay, which has not been reported for naphthoqunoide 

substances previously. Since CYP1A1 transcription is triggered by the AhR (Fujii-Kuriyama 

et al. 1992), the results suggest that AURO acts as a ligand of this receptor.  
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6 Conclusion 

Secondary metabolites from food-infesting fungi pose a potential health risk to consumers. 

The presented PhD thesis aimed to contribute to the toxicological understanding of so called 

“emerging mycotoxins”, selected secondary metabolites from the emerging genus Alternaria 

altenara, as well as from fungi of the Fusarium spp.  

The present PhD thesis could demonstrate that one of the most potent genotoxic impact 

compounds of Alternaria alternata, the perylene quinone ATX II, acts as an inducer of the 

Nrf2/ARE-pathway and increases the biosynthesis of GSH via this pathway. Though Nrf2-

activation is usually associated with cellular detoxification, it was previously reported that the 

genotoxic potential of ATX II is not reduced by GSH-conjugation due to the presumably 

faster kinetics of DNA-damage than adduct formation. On the contrary, activation of Nrf2 has 

been shown to be associated with tumor progression; hence the induction of the Nrf2/ARE-

pathway by the altertoxin might contribute to a potential overall pro-carcinogenicity of a 

mycotoxin mixture in which ATX II is contained, rather than lead to a reduction of the 

genotoxicity of the altertoxin. This is intriguing, since several potentially co-occuring 

mycotoxins have been reported as genotoxic as well. One example thereof is AOH, which 

belongs to the class of dibenzo-α-pyrones. 

The mechanism of action for the DNA-damage caused by AOH has been identified as 

interference with human topoisomerase II. In this regard, the current PhD project could show 

that this enzyme constitutes a target to 90% of the tested Alternaria metabolites. Furthermore, 

it was demonstrated that the majority of the tested Alternaria metabolites target both the 

human and the bacterial topo II, gyrase. These results indicate that human topo II was 

probably affected by the mold due structural similarity of the bacterial and the human 

enzyme. Interestingly, this effect was largely limited to the Alternaria metabolites, since only 

one of the tested metabolites from Fusarium spp. that were also assessed in the PhD work was 

active against  human topo II, the dimeric naphthoqunoide AURO. However, these results are 

not representative, since the amount of tested Fusarium toxins was comparably smaller than 

the investigated Alternaria substances. 

The secondary Fusarium metabolite AURO was the most potent inhibitor of human topo II in 

the experiments, but studies about the toxicological relevance of the compound are scarce. 

This is especially intriguing, since AURO is routinely found in comparably high 

concentrations in diverse food and feed. Hence, the cytotoxic profile of this abundant 

secondary Fusarium metabolite was assessed in the PhD project. The experiments showed 
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that AURO was cytotoxic in HCEC-1CT and HT29 cells and mildly genotoxic in the cell line 

HT29, presumably caused by the pro-oxidative effects of the compound. Although very 

potent as reducer of the activity of human topo II in the decatenation assay, under cell-free 

conditions, AURO did not act as topo II poison. However, the naphthoquinone could be 

identified as mild DNA intercalator and an inducer of the phase II enzyme CYP1A1, which is 

indicative for AhR activation.   

Taken together the results of the PhD thesis, which indicated that AURO caused a variety of 

toxicologically relevant effects in the tested in a colon cancer cell line HT29 and the non-

transformed cell line HCEC-1CT, suggested that the secondary metabolite from Fusarium 

spp. might be considered to  contribute a potential health risk to consumers of contaminated 

food. The toxicity of the substance should be validated in in vivo studies, to provide further 

evidence for consideration of AURO as a full mycotoxin.  
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Attachment: Abstract 

Food-infesting moulds that produce mycotoxins pose a health risk to humans and animals. 

Hence, regulatory limits have been established for some secondary metabolites, for which 

sufficient data about toxicity and exposure exist, e.g. some mycotoxins from Fusarium spp. 

However, there are secondary metabolites for which no regulatory limits are in place yet, due 

to the limited amount of data. One example thereof are secondary metabolites produced by 

molds of the genus Alternaria, also referred to as “emerging mycotoxins”. In this PhD thesis, 

eleven secondary metabolites from Alternaria and five from Fusarium moulds were 

investigated for their toxicological mechanisms.  

One important Alternaria metabolite is the perylene quinone altertoxin II (ATX II), which has 

been identified as a major genotoxic impact component in Alternaria alternata-infested rice 

(Schwarz et al. 2012). However, the detoxification pathways of the altertoxin in the cell have 

not been elucidated yet. In this regard, ATX II constitutes an interesting candidate for 

induction of the Nrf2/ARE-pathway due to its epoxide group. Thus, the impact of the 

mycotoxin on this important cellular defense pathway was investigated in the first publication 

of this PhD thesis (Jarolim et al., 2016a). Altertoxin I (ATX I) was included in the 

experiments for comparison, since it resembles ATX II structurally, except for the missing 

epoxide. In publication 1, the impact of ATX I and II on the Nrf2/ARE-pathway activation 

and translocation of Nrf2 was investigated with the reporter gene assay in stably transfected 

Chinese hamster ovary (CHO) cells and with confocal microscopy in the colon 

adenocarcinoma cell line HT29. Furthermore, the induction of the Nrf2-dependent gene 

expression of γ-glumate cystein ligase (γ-GCL) was investigated with q-PCR and the amount 

of the enzymatic product of γ-GCL, glutathione (GSH), in the cells was measured with the 

GSH assay. The results indicate that ATX II acts as inducer of the Nrf2/ARE-pathway, while 

ATX I does not show any impact on the pathway (Jarolim et al., 2016a).  

As mentioned above, the Alternaria mycotoxin ATX II was described as mutagenic and 

genotoxic. These effects could partially be associated with the targeting of a vital enzyme 

involved in the maintenance of the topology of DNA by ATX II, human topoisomerase II 

(topo II) (Schwarz et al. 2012; Stack and Prival 1986; Tiessen et al. 2013). Interestingly, 

inhibition of topo II was seen for the secondary Alternaria metabolites, alternariol (AOH) and 
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alternariol monomethyl ether (AME) as well (Fehr et al. 2009; Tiessen et al. 2016). This 

observation gave rise to the question if further secondary metabolites from Alternaria spp. 

were also active against topo II, which was examined in publication 2 of the PhD thesis 

(Jarolim et al., 2016b). For this purpose, eleven secondary Alternaria metabolites were 

investigated for their impact on the enzymatic activity of human topo IIα in the cell-free 

decatenation assay. The tested substances were chosen to reflect the chemical diversity of 

secondary metabolites produced by Alternaria fungi. Besides ATX I and II, the two perylene 

quinones alterperylenol (ALP) and stemphyltoxin III (STTX III), the dibenzo-α-pyrones AOH 

and AME as well as the Alternaria metabolites pyrenophorol (PYR), tentoxin (TEN), 

altersetin (ALN) and altenusine (ALS) were examined. For comparison, five Fusarium 

metabolites were also tested for their impact on human topo IIα, deoxynivalenol (DON), 

fumonisin B1 (FB1), fusarin C (FC), moniliformin (MON) and aurofusarin (AURO). The 

results of the decatenation assay experiments show that all tested Alternaria metabolites, 

except for TEN, reduce the activity of human topo IIα, while the only active substance from 

Fusarium spp. is the naphthoquinone AURO (Jarolim et al., 2016b). To investigate whether 

the targeting of human topo IIα by the fungal metabolites is based on the homology between 

human and bacterial topo II, the compounds were tested for their impact on gyrase from E.coli 

in the cell-free gyrase supercoiling assay. The results suggest that all four tested perylene 

quinones and the two dibenzo-α-pyrones from Alternaria spp. have a dual activity towards 

both human and bacterial topo II, while the remaining Alternaria metabolites are only active 

against the human enzyme. Of the five metabolites from Fusarium spp, that were examined, 

the naphthoquinone AURO is the only active compound against human, but not bacterial topo 

II. Interestingly, AURO is the most potent inhibitor of human topo IIα of all eleven tested 

secondary metabolites.  

The observed potency of AURO in the decatenation assay made the dimeric naphthoquinone 

an interesting candidate for further investigations, since few studies about its toxicity were 

available. Hence, the toxicological profile of AURO was investigated in publication 3, in the 

adenocarcinoma cell line HT29 and in the non-transformed colon epithelial cells HCEC-1CT 

(Jarolim et al. 2018). The experiments showed that AURO is cytotoxic to both the cancer and 

the non-transformed cell line in the WST-1 and SRB assay. As a potential underlying 

mechanism, DNA-damaging properties of AURO were identified in the comet assay in HT29 
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cells, which is in accordance with an observed AURO-mediated cell cycle arrest in the G2/M 

phase and an increase of p53 in both cell lines. The genotoxicity of the compound is 

presumably partly caused by the pro-oxidative effects that were seen in the comet assay, 

where AURO induced fpg-sensitive sites. This was also observed in the 2,7-

dichlorofluorescein (DCF) assay, where an elevated level of reactive oygen species in HT29 

cells was detected after incubation with AURO. Incubation of HT29 cells with the secondary 

Fusarium metabolite also led to an increase of the cellular GSSG/GSH ratio, which indicates 

oxidative process.  

As mentioned above, AURO was shown to potently inhibit the activity of human topo IIα in 

the cell-free decatenation assay. To investigate whether the metabolite also leads to a 

stabilization of the DNA-topo II complex, the formation of these so called cleavage 

complexes was investigated in HT29 cells, using the in vivo complex of enzyme (ICE) assay. 

In this assay we could observe that an incubation with AURO caused to a mild, but not 

significant increase of topo II-DNA complexes. Many topo II-targeting substances are 

described to act as DNA intercalators (Chen and Liu 1994) and accordingly, AURO 

intercalates into calf thymus DNA in the cell-free intercalation assay. Interestingly, AURO 

increases the gene expression of cytochrome P450 1A1 (CYP1A1) in HT29 cells in q-PCR 

experiments. This was confirmed with the colorimetric 7-ethoxy-resorufin-O-deethylation 

(EROD) assay, where the activity of CYP1A1 is increased significantly after incubation with 

AURO. These two results indicate that AURO presumably acts as activator of the AhR 

pathway.  

The results of publication 3 strongly suggest that AURO is cytotoxic and genotoxic in vitro. 

The findings of the cell culture experiments are even more intriguing, considering that the 

compound is rather unstable under the respective conditions, as measured by LC-MS/MS. The 

analytical experiments indicate that AURO is degraded in a light- and temperature-dependent 

manner. 

Overall, the PhD thesis investigated sixteen secondary metabolites from Alternaria and 

Fusarium fungi for potential detoxification pathways and toxicologically relevant methods of 

action. The results of the three publications demonstrate that the Nrf2/ARE-pathway plays a 

role in cellular detoxification of ATX II (Jarolim et al. 2016a). The experiments could also 

identify human topo II as target of several tested Alternaria mycotoxins with diverse chemical 
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structures and of one Fusarium metabolite, which is presumably caused by the homology 

between human and bacterial topo II (Jarolim et al. 2016b). Furthermore, a novel secondary 

metabolite from Fusarium was identified as potently toxic in cell culture experiments, the 

dimeric naphthoquinone AURO (Jarolim et al. 2018).   
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Attachment: Zusammenfassung 

Schimmelpilze, die Mykotoxine produzieren und so Lebensmittel kontaminieren, stellen ein 

Risiko für Mensch und Tier dar. Daher wurden für einige Mykotoxine Grenzwerte in 

Lebensmitteln aufgestellt, sofern ausreichend Daten über Toxizität und Verbreitung vorliegen,  

wie beispielsweise für Mykotoxine von Schimmelpilzen der Gattung Fusarium spp. Es 

existieren jedoch Sekundärmetabolite, für die zum jetzigen Zeitpunkt keine Grenzwerte 

benannt werden können, da die Datenlage nicht ausreichend ist. Dazu zählen die 

Schimmelpilze der Gattung Alternaria, welche auch als „emerging mycotoxins“ bezeichnet 

werden. Diese Dissertation hat die Untersuchung der Detoxifizierung, sowie von 

toxikologischen Mechanismen von elf ausgewählten Alternaria und fünf Fusarium 

Sekundärmetaboliten zum Ziel.   

Ein wichtiger Alternaria Metabolit ist das Perylenchinon Altertoxin II (ATX II), welches als 

genotoxische Hauptkomponente in Alternaria alternata-befallenem Reis identifiziert wurde 

(Schwarz et al., 2012). Obwohl die Toxizität von ATX II untersucht wurde, ist dessen 

Detoxifizierung in der Zelle bis dato nicht bekannt. ATX II stellt aufgrund seiner 

Epoxidgruppe in diesem Zusammenhang einen interessanten Kandidaten für die Induktion des 

Nrf2/ARE-Signalwegs war, da das Molekül über ein Epoxid verfügt. Der Einfluss des 

Mykotoxins auf diesen wichtigen zellulären Signalweg wurde daher in der ersten Publikation 

der Dissertation untersucht (Jarolim et al. 2016a). Altertoxin I (ATX I) wurde aus 

Vergleichsgründen in die Experimente eingeschlossen, aufgrund der strukturellen Ähnlichkeit 

zu ATX II, bis auf die fehlende Epoxidgruppe. In Publikation 1 wurde der Einfluss von ATX 

I und II auf den Nrf2/ARE-Signalweg und die Translokation von Nrf2 mittels Reportergen 

Assay in stabil transfizierten chinesischen Hamsterzellen (CHO), sowie mit 

Konfokalmikroskopie in der Adenokarzinom Zellinie HT29, untersucht. Die Induktion der 

Nrf2-abhängigen Gentranskription der γ-Glutamyl Cystein Ligase (γ-GCL) wurde mit qPCR 

gemessen und die Menge des enzymatischen Synthese-Produkts der γ-GCL, Glutathion 

(GSH), wurde mit dem GSH Assay ermittelt. Zusammengenommen zeigen diese Ergebnisse, 

dass ATX II den Nrf2/ARE-Signalweg induziert, während ATX I keinen Einfluss auf dessen 

Aktivität hat (Jarolim et al., 2016a). 

Wie oben erwähnt, wurde das Alternaria Mykotoxin ATX II als mutagen und genotoxisch 

beschrieben. Als möglicher zu Gründe liegender Mechanismus, wurde die Reduzierung der 
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Aktivität eines  essentiellen Enzyms durch ATX II diskutiert, welches in die 

Aufrechterhaltung der DNA Topologie involviert ist, humane Topoisomerase II (Topo II) 

(Schwarz et al. 2012; Stack and Prival 1986; Tiessen et al. 2013). Interessanterweise wurde 

diese Inhibition ebenfalls für andere Alterneria Metabolite beobachtet, für  Alternariol (AOH) 

und Alternariolmonomethylether (AME) (Fehr et al. 2009; Tiessen et al. 2016). Diese 

Beobachtung brachte die Frage auf, ob weitere Sekundärmetabolite von Alternaria 

Schimmelpilzen gegen Topo II gerichtet sind, was in Publikation 2 der Dissertation untersucht 

wurde (Jarolim et al. 2016b). Zu diesem Zweck wurden elf Alternaria Sekundärmetabolite auf 

ihren Einfluss auf die enzymatische Aktivität der humanen Topo IIα im zellfreien 

Dekatenierungs Assay untersucht. Die getesteten Substanzen wurden gewählt, um die 

breitgefächerte strukturelle Heterogenität der sekundären Alternaria Metabolite zu 

reflektieren. Daher wurden neben ATX I und II die beiden Perylenchinone Alterperylenol 

(ALP) und Stemphyltoxin III (STTX III), die Dibenzo-α-pyrone AOH und AME, sowie vier 

weitere Alternaria Metabolite Pyrenophorol (PYR), Tentoxin (TEN), Altersetin (ALN) und 

Altenusin (ALS) untersucht. Aus Vergleichsgründen wurden auch fünf Sekundärmetabolite 

von Fusarium Pilzen inkludiert, Deoxynivalenol (DON), Fumonisin B1 (FB1), Fusarin C 

(FC), Moniliformin (MON) und Aurofusarin (AURO).  

Die Ergebnisse der Publikation 2 lassen darauf schließen, dass alle getesteten Alternaria 

Metabolite, außer TEN, sowie der Fusarium Metabolit AURO, die Aktivität der humanen 

Topo IIα reduzieren (Jarolim et al, 2016b). Um zu untersuchen, ob die Substanzen gegen die 

humane Topo IIα gerichtet sind, da diese strukturell der bakteriellen Topo II ähnelt, wurden 

die Sekundärmetabolite ebenfalls auf eine potentielle Wirkung auf Gyrase aus E. coli getestet, 

auch im zellfreien System. Die Ergebnisse des Gyrase Supercoling Assay zeigen, dass alle 

vier getesteten Perylenchinone und die zwei Dibenzo-α-Pyrone eine duale Inhibition der 

humanen und der bakteriellen Topo II verursachen, während die übrigen Alternaria 

Metabolite, außer TEN, nur gegen die humane Form aktiv waren. Dies unterstützte die These 

der dualen Inhibition der humanen und bakteriellen Topo II durch die Schimmelpilz 

Metabolite aufgrund der strukturellen Verwandtschaft der Enzyme. Von den fünf Fusarium 

Sekundärmetaboliten führte nur AURO zu einer Reduktion der Aktivität der humanen Topo 

IIα, aber nicht der Gyrase. Interessanterweise erwies sich AURO als der potenteste Inhibitor 

aller getesteten Sekundärmetabolite gegen humane Topo IIα. 

Die beobachtete Topo II-Hemmung von AURO im Dekatenierungs Assay machte das dimere 
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Naphthochinon zu einem interessanten Kandidaten für weitere Untersuchungen, da wenige 

Studien zu dessen Toxizität  existierten. Daher wurden toxikologische Mechanismen von 

AURO in Publikation 3 in der Krebszelllinie HT29 sowie in der nicht-transformierten Kolon 

Epithelzelllinie HCEC-1CT untersucht (Jarolim et al., 2018). Diese Experimente zeigten, dass 

AURO in beiden Zelllinien zytotoxisch im WST-1 und im SRB Assay ist. Ein potentiell 

zugrundeliegender Mechanismus könnte die DNA-schädigende Wirkung von AURO sein, die 

im Comet Assay in HT29 Zellen identifiziert wurde. Diese Beobachtung stimmt überein mit 

einem Zellzyklus Arrest in der G2/M-Phase durch das Naphthochinon, sowie einem Anstieg 

von p53 in beiden Zelllinien. Vermutlich ist die Genotoxizität von AURO bedingt durch 

dessen pro-oxidative Effekte, die ebenfalls im Comet Assay ersichtlich sind, da die 

Testsubstanz fpg-sensitive Stellen induziert. Das pro-oxidative Potential von AURO konnte 

auch im 2,7-Dichlorofluorescein (DCF) Assay nachgewiesen werden, wo eine erhöhte Menge 

an reaktiven Sauerstoffspezies (ROS) in HT29 gemessen wurden. Zusätzlich führt die 

Inkubation mit AURO zu einer Zunahme des GSSG/GSH Verhältnisses in HT29 Zellen.  

Wie oben erwähnt, wurde AURO als potentieller Inhibitor der humanen Topo IIα im zell-

freien Dekatenierungsassay identifiziert. Um zu untersuchen, ob die Substanz in der Zelle zu 

einer Stabilisierung des DNA-Topo II-Komplexes führte, wurde die Stabilisierung dieses 

sogenannten Cleavage Komplexes in HT29 Zellen mit dem „in vivo Complex of Enzyme“ 

(ICE) Assay untersucht. Die Inkubation mit AURO führt in den Experimenten zu einer 

leichten, wenn auch nicht signifikanten Zunahme der DNA-Topo II-Komplexe. Viele 

Substanzen, die Topo II hemmen, wurden als DNA-Interkalatoren identifiziert (Chen und Liu 

1994). Der zellfreie Interkalationsassay konnte dementsprechend auch für AURO eine 

Interkalation in Kalbsthymus DNA demonstrieren. Unerwarteterweise induziert AURO die 

Genexpression von CYP1A1 in HT29 Zellen in der q-PCR, was auch mittels Ethoxyresorufin 

(EROD) Assay bestätigt wurde, der zeigt, dass die Aktivität des Enzyms CYP1A1 nach 

Inkubation mit AURO erhöht ist. Diese beiden Ergebnisse sind ein Hinweis darauf, dass 

AURO als Aktivator des Arylhydrokarbonrezeptor (AhR) Signalwegs wirken könnte.  

Die Resultate der LC-MS/MS Experimente zeigten, dass der Metabolit Licht- und 

Temperatur-empfindlich ist, weshalb die Zellkulturbedingungen vermutlich zu dessen 

Degradierung beigetragen haben. Trotz der Instabilität der Testsubstanz unter den 

experimentellen Bedingungen  können die Ergebnisse aus Publikation 3 zeigen, dass AURO 

eine Reihe toxischer Effekte in Zellkultur verursacht. Die Messungen können daher als 
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Hinweis darauf betrachtet werden, dass der Fusarium Sekundärmetabolit AURO als 

vollwertiges Mykotoxin klassifiziert werden könnte, wenn weitere unterstützende Messungen 

durchgeführt werden. 

Zusammengefasst wurden im Rahmen dieser Dissertation in Summe sechzehn 

Sekundärmetabolite, die von Pilzen der Gattungen Alternaria und Fusarium produziert 

werden, auf deren potentielle Detoxifizierung und toxikologische Wirkungen. Die Ergebnisse 

aus den drei Publikationen zeigen, dass der Detoxifizierungsweg Nrf2/ARE ein Ziel des 

Alternaria Mykotoxins ATX II darstellt. Die Experimente demonstrieren auch, dass humane 

Topoisomerase II ebenfalls ein Ziel für einige der getesteten Alternaria und Fusarium 

Mykotoxine darstellt, was vermutlich durch die Homologie zur bakteriellen Topo II bedingt 

ist. Weiters wurde ein neuer sekundärer Fusarium Metabolit identifiziert, der sich aufgrund 

seiner Toxizität in Zellkulturtests als interessant für weitere zukünftige Erforschung heraus 

kristallisiert hat. 

 

 

 

 

 


