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Abstract 

Exposure to environmental pollutants in everyday life is inevitable. Humans and other 
organisms are constantly exposed to a mixture of chemicals consisting of naturally present 
and anthropogenic substances. Lack of data on toxicological properties and biochemical 
interactions between different chemicals is the main limitation for efficient risk assessment.  
In this thesis, two groups of pollutants originating from distinct sources were selected and 
their cytotoxic and genotoxic potential was assessed – cyanotoxins as naturally produced 
and bisphenols as anthropogenic pollutants. Cyanotoxins are cyanobacterial metabolites 
present in waters, especially where the growth of cyanobacteria is expanded due to 
eutrophication and global warming. Adverse effects of certain known cyanotoxins are 
proven; however, numerous newly discovered cyanotoxins that are increasingly occurring 
in blooming water have been detected recently while their toxicological profiles have not 
been investigated yet. Contrary to cyanotoxins, bisphenol A and its analogues are produced 
by humans as important components in the production of plastic and epoxy materials. 
They are present in various food packagings and other products in everyday use, but due 
to the leakage from the production industry as well as plastic waste, they are nowadays 
ubiquitously present in the environment. Both groups of these pollutants include several 
substances known to be genotoxic. This thesis aims to assess genotoxic potential of 
cyanobacterial toxins and BPA congeners for which this information is missing and their 
genotoxic potential in combined exposure scenarios relevant for the environmental 
exposure. 

We provided the first data on the genotoxicity of cyanotoxins L-BMAA and 
microginins. Results showed that L-BMAA is not causing mutations and DNA damage in 
the bacterial test system, while microginins have the potential to induce DNA strand breaks 
and genomic instability in the human-derived cell line HepG2.  

Exposure of HepG2 cells to cyanobacterial extract containing different microginins and 
to the mixture of microcystin LR (MCLR) and cylindrospermopsin (CYN) revealed that 
combined genotoxic effects of these cyanotoxins are not equal to the sum of individual 
effects. The results indicate antagonistic interactions or prevalence of the effect of one 
substance. In the MCLR/CYN mixtures, the genotoxic effect CYN was shown to be 
predominant. MCLR is a well-studied cyanotoxin characterised as a possible human 
carcinogen; however, it was observed that CYN evinces even stronger genotoxic activity. 

The comparison of genotoxic activity of bisphenol A and its most common analogues, 
bisphenols (BPs) S, F, and AF, revealed that BPAF has the highest genotoxic potential, 
despite the presumption that the analogues are safer than BPA itself. The transcriptomic 
analyses demonstrated that BPA and BPAF, as well as their combinations with other 
bisphenols, induced changes in gene expression also at low, for human exposure relevant 
concentrations. Combined exposure to bisphenols and cyanotoxin CYN confirmed the 
predominant DNA damaging effect of CYN, while transcriptomic analyses indicated 
additive or synergistic interactive effects in the CYN/BPs mixtures on the expression of 
several tested genes. 



x  Abstract 

The need for reliable in vitro toxicological data for the risk assessment is rising with 
increasing production of new chemicals and the ethical issue of animal testing. The 3D 
experimental models that better represent in vivo conditions than conventional monolayer 
cell cultures are being developed to bridge the gap between in vitro and animal studies. In 
this study, we applied a novel 3D in vitro HepG2 model, which we developed for assessing 
the cytotoxicity and genotoxicity of CYN. CYN affected the growth of spheroids and 
induced cell cycle arrest. Gene transcription analyses revealed deregulation of genes 
involved in phase I and phase II metabolism, DNA damage response, cell proliferation and 
apoptosis.  

The results of the thesis provided the missing toxicological data of emerging pollutants 
- cyanotoxins and bisphenols, and contributed to better understanding of chemical 
interactions in the co-exposure. It was again confirmed that the concentration addition 
concept in mixture risk assessment is unjustified, since the experimental data indicate more 
complex interactions. Moreover, we emphasise the importance of considering the co-
exposure to chemicals of distinct sources and functions, which is often neglected in risk 
assessment.
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Povzetek 

Izpostavljenost okoljskim onesnažilom je v vsakdanjem življenju neizogibna. Ljudje in drugi 
organizmi smo nenehno izpostavljeni mešanici kemikalij, sestavljeni iz naravno prisotnih in 
antropogenih snovi. Pomanjkanje podatkov o toksikoloških lastnostih kemikalij in 
biokemijskih interakcijah med njimi je glavna omejitev za učinkovito oceno tveganja. 

V doktorskem delu je ocenjen citotoksični in genotoksični potencial izbranih onesnažil 
različnega izvora, ki smo jim v okolju lahko sočasno izpostavljeni – cianotoksinov kot 
naravno proizvedenih in bisfenolov kot antropogenih onesnažil. Cianotoksini so 
cianobakterijski sekundarni metaboliti, prisotni v vodah, zlasti tam, kjer je razmnoževanje 
cianobakterij pospešeno zaradi evtrofikacije in vplivov globalnega segrevanja. Škodljivi 
učinki nekaterih znanih cianotoksinov so dokazani, v zadnjem času pa so bili odkriti številni 
prej nepoznani cianotoksini, ki se vse pogosteje pojavljajo v cianobakterijskem cvetu, 
njihove toksične lastnosti pa še niso raziskane. V nasprotju s cianotoksini so bisfenol A in 
njegovi analogi antropogenega izvora, saj gre za pomembne surovine pri proizvodnji 
plastičnih in epoksi materialov. V različnih vrstah embalaže za živila in drugih izdelkih so 
v človekovi vsakodnevni uporabi, preko izcednih voda iz proizvodne industrije in plastičnih 
odpadkov pa so široko prisotni tudi v okolju. V obeh izbranih skupinah onesnažil je več 
snovi, za katere je znano, da so genotoksične. Namen te disertacije pa je bil oceniti 
genotoksični potencial cianobakterijskih toksinov in analogov BPA, za katere te informacije 
manjkajo, ter genotoksične učinke ob izpostavljenosti njihovim mešanicam, ki bolje 
odražajo izpostavljenost v okolju. 

Disertacija podaja prve znanstvene podatke o genotoksičnosti cianotoksinov L-BMAA 
in mikrogininov. Rezultati so pokazali, da L-BMAA ne povzroča mutacij in poškodb DNK 
v bakterijskem testnem sistemu, medtem ko mikroginini povzročajo prelome DNA in 
genomsko nestabilnost v celični liniji humanega hepatokarcinoma HepG2. 

Izpostavljenost HepG2 celic cianobakterijskim ekstraktom, ki so vsebovali mešanico 
različnih mikrogininov oz. mešanici mikrocistina LR in cilindrospermopsina, je pokazala, 
da kombinirani genotoksični učinki niso enaki vsoti učinkov posameznih cianotoksinov. 
Rezultati kažejo na verjetnost antagonističnih interakcij med cianotoksini oz. prevladujoč 
učinek enega izmed toksinov. V kombiniranih izpostavitvah se je pokazal predvsem 
dominanten učinek cilindrospermopsina.  

Kljub splošni domnevi, da so analogi varnejši od samega bisfenola A, je primerjava 
genotoksičnih učinkov BPA in njegovih najpogostejših analogov, bisfenolov S, F in AF, 
pokazala, da ima BPAF najvišji genotoksični potencial. V transkriptomskih analizah se je 
izkazalo, da BPA in BPAF ter njune kombinacije z drugimi bisfenoli povzročajo spremembe 
v izražanju izbranih genov tudi pri nizkih koncentracijah, relevantnih za človekovo 
izpostavljenost. Ob hkratni izpostavljenosti bisfenolom in cianotoksinu cilindrospermopsinu 
je bilo ponovno potrjeno, da ima cilindrospermopsin pri nastanku poškodb DNA 
prevladujoč učinek. Hkrati pa so se na podlagi transkriptomskih analiz več izbranih genov 
izkazali aditivni oz. sinergistični učinki interakcij cilindrospermopsina in bisfenolov v 
mešanicah. 



xii  Povzetek 

S povečano proizvodnjo novih kemikalij in okrepljeno zavestjo o etični vprašljivosti 
uporabe laboratorijskih živali narašča potreba po zanesljivih in vitro toksikoloških podatkih 
za oceno tveganja. Kot odgovor na to situacijo intenzivno poteka razvoj 3D in vitro 
modelov, ki v primerjavi s klasičnimi celičnimi kulturami bolje ponazarjajo stanje v tkivih 
živih organizmov. Izboljšani modeli obetajo možnost za zanesljivejše in vitro raziskave in 
zmanjšanje potrebe po poskusih na živalih.  

V raziskavi smo nov 3D in vitro model, razvit z uporabo HepG2 celic, uporabili za 
oceno citotoksičnosti in genotoksičnosti cilindrospermopsina. Rezultati so pokazali, da 
cilindrospermopsin vpliva na rast sferoidov in povzroči zaustavitev celičnega cikla. 
Transkriptomske analize so pokazale deregulacijo genov, vključenih v fazo I in fazo II 
metabolizma ksenobiotikov, odziv na poškodbe DNK, proliferacijo celic in apoptozo. 

Rezultati disertacije podajajo nove toksikološke podatke o vse pogosteje prisotnih 
onesnažilih – cianotoksinih in bisfenolih – ter prispevajo k boljšemu razumevanju 
biokemijskih interakcij ob sočasni izpostavljenosti. Ponovno je bilo potrjeno, da posplošena 
uporaba modela seštevanja koncentracij ali modela neodvisnega delovanja za obravnavo 
mešanic kemikalij ni upravičena, saj eksperimentalni podatki kažejo na kompleksnejše 
interakcije. Poleg tega poudarjamo pomembnost obravnave mešanic kemikalij z različnim 
izvorom in potmi izpostavitve v oceni tveganja, kar je pogosto zanemarjeno.
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Chapter 1 

1 Introduction 

1.1 Pollution and Combined Exposure 
Human activities result in the introduction of contaminants that provoke adverse change 
in the natural environment – pollution. Pollution may be in the form of energy (emission 
of light, heat, noise) or chemical substances. According to their source, chemical pollutants 
can be either naturally occurring contaminants or anthropogenic. However, also the 
production of natural pollutants can be indirectly influenced by anthropogenic activity. 
Therefore, freshwater environments (e.g. rivers, lakes and reservoirs) are the examples of 
chemical cocktails consisting of micropollutants from different sources. (Brusseau, Pepper, 
& Gerba, 2019) 

In everyday life, people are in contact with dozens of different chemical substances that 
may affect their health through various biological pathways. In case of interference of those 
pathways, the combined final effects are difficult to predict based on the toxicological data 
of a single compound since synergistic, antagonistic or potentiating effects can emerge. 
From that perspective, the present work is focused on the geno/toxic effects of two groups 
of substances that could be simultaneously present in freshwater ecosystems as naturally 
produced toxins (cyanobacterial toxins) or a consequence of anthropogenic pollution 
(bisphenols). Freshwater is one of the crucial entities in human life; thus, people can be 
exposed to water pollutants through consumption of contaminated drinking water or food 
originating from it as well as by inhalation and dermal exposure during work or recreational 
activities, showering and other hygienic tasks. Therefore, the exposure to each individual 
or a combination of water pollutants is highly plausible. Nevertheless, the combined effect 
can also be a consequence of being exposed to chemicals through different routes since they 
interact in the organism regardless of their source. 

1.2 Cyanobacterial Toxins 
Cyanobacteria are photosynthetic prokaryotes common in freshwater environments as well 
as in estuaries and marine waters. They play a significant role in the carbon, nitrogen, and 
oxygen biochemical cycle. In the last decades, global warming and water eutrophication 
led to the more abundant growth of cyanobacteria, spreading of tropical species to the 
temperate zone and stimulated the frequency, duration, and extent of cyanobacterial 
blooms (Huisman et al., 2018; Meriluoto, Spoof, & Codd, 2016). Some bloom-forming 
species of cyanobacteria produce toxic metabolites – cyanotoxins, which exhibit harmful 
effects on humans and other organisms. The number of reports on the occurrence of 
cyanotoxins and poisoning is arising worldwide (Svirčev et al., 2019) and emerging global 
concern is also recognized by health protection organizations US EPA 
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(https://www.epa.gov/cyanohabs) and EFSA (Testai et al., 2017). Moreover, toxicity 
testing of cyanobacterial cells or extracts in bioassays is continuously revealing the toxic 
effects that cannot be explained by the currently known cyanotoxins (Bernard et al., 2011; 
K. Nováková et al., 2013) and the discovery of novel cyanobacterial toxic products of 
environmental and health significance is still anticipated.  

The main route of human exposure to cyanobacterial toxins is drinking contaminated 
water (raw or insufficiently treated) and consuming foods originating from waterbodies 
with mass populations of cyanobacteria (finfish, shellfish, and prawns) or contaminated 
dietary supplements (Buratti et al., 2017; Roy-Lachapelle, Solliec, Bouchard, & Sauvé, 
2017). Cyanobacterial cells can also be consumed attached to plant leaves and vegetables 
that have been spray-irrigated with contaminated water (Meriluoto et al., 2016). Many 
drinking water treatment procedures are efficient in removing cyanobacteria and 
cyanotoxins; therefore, in developed countries, exposure via drinking raw water mostly 
occurs incidentally during recreational activities. In occupational and recreational 
situations, dermal and inhalation exposure routes may be predominant; however, their 
consequences are less understood. The most severe consequence of the exposure to 
cyanotoxins was reported in haemodialysis patients in which severe illnesses and deaths 
occurred due to the cyanobacteria-contaminated haemodialysis water (Jochimsen et al., 
1998).  

 

1.2.1 Classification of Cyanobacterial Toxins 
Cyanotoxins are structurally diverse chemicals; therefore, also the molecular mechanisms 
behind their toxic effects are different. According to their chemical structure, cyanotoxins 
belong to four main groups: cyclic peptides (microcystins and nodularins), alkaloids 
(cylindrospermopsins, anatoxin-a, anatoxin-a(s), saxitoxins, lyngbyatoxins, aplysiatoxins), 
diamino acids (BMAA and DAB) and lipopolysaccharides (Table 1) (Meriluoto et al., 
2016). 
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Table 1.1: Summary of chemical structures, examples of main producers, and modes of action 
of cyanotoxins. [Adapted from Meriluoto J, Spoof L, Codd GA (eds) (2016) Handbook of 
Cyanobacterial Monitoring and Cyanotoxin Analysis. John Wiley & Sons, Ltd, Chichester, 
UK  (Meriluoto et al., 2016) and Huisman, J., Codd, G.A., Paerl, H.W., Ibelings, B.W., 
Verspagen, J.M.H., Visser, P.M. (2018) Cyanobacterial blooms. Nat. Rev. Microbiol. 16, 471–
483 (Huisman et al., 2018)]. 

Cyanotoxin Chemical structure 
Cyanobacteria producers 

(genus) 
Modes of action 

Microcystins 

pe
pt

id
es

 

Cyclic 
heptapeptides 

Microcystis, Anabaena, 
Nostoc, Planktothrix, 

Phormidium, Oscillatoria, 
Radiocystis, Gloeotrichia, 
Anabaenopsis, Rivularia, 

Tolypothrix, Hapalosiphon, 
Plectonema 

Hepatotoxic, tumour 
promoting, inhibition of 

eukaryotic protein phosphatase 
PP1, PP2A, and 

phosphoprotein phosphatases 
PPP4, PPP5 

Nodularins 
Cyclic 

pentapeptides 
Nodularia spumigena, Nostoc 

(symbiotic) 
As for microcystins, plus weak 

carcinogenicity 

Microginins Linear peptides 
Microcystis, Anabaena, 

Woronichinia, Planktothrix, 
and Nostoc 

Inhibition of zinc 
metalloprotease enzymes 

Cylindrospermopsins 

al
ka

lo
id

s 

Tricyclic 
guanidine 
alkaloids 

Cylindrospermopsis, 
Umezakia, Anabaena, 

Oscillatoria, Raphidiopsis, 
Aphanizomenon 

Inhibition of protein synthesis, 
multiple organ toxicity, 
neurotoxic, genotoxic, 

Anatoxin‐a Bicyclic alkaloids 
Anabaena, Phormidium, 

Aphanizomenon 
Neurotoxic, binds competitively 

at acetylcholine receptors 

Anatoxin‐a(S) 
Phosphorylated 

cyclic N‐
hydroxyguanine 

Anabaena 
Neurotoxic, inhibits 

acetylcholine esterase 

Saxitoxins Tricyclic 
alkaloids 

Aphanizomenon, Anabaena, 
Lyngbya, Cylindrospermopsis, 

Planktothrix 

Neurotoxic, blocks voltage‐
gated sodium channels 

Lyngbyatoxins, 
Aplysiatoxins 

Indole alkaloids 
Lyngbya, Oscillatoria, 

Schizothrix 
Tumour‐promoting, binds to 
eukaryotic protein kinase C 

BMAA, DAB Diamino acids Many genera 
Neurotoxic, developmental 

toxin, erroneous insertion into 
proteins 

LPS Lipopolysaccharides All genera 
Inflammatory, promotion of 

cytokine secretion 
 

In this thesis, we addressed cytotoxic and genotoxic properties of freshwater cyanotoxins 
microcystin-LR (MCLR), microginins (MGs), cylindrospermopsin (CYN), and beta-N-
methyl-amino-L-alanine (L-BMAA). MCLR is one of the most studied cyanotoxins and it 
is among the most frequently detected cyanotoxins, while CYN has been identified as an 
emerging cyanotoxin in the last decade. On the other hand, the adverse toxic effects of L-
BMAA and microginins are recently being studied and not much is known on their 
mechanisms of action.  

The following description of cyanotoxins and bisphenols related to this thesis is a brief 
overview of their main chemical characteristics and known toxic and genotoxic properties, 
while the concentrations at which the toxic effects were observed are not stated, although 
we are aware of the significance of these data. 
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1.2.1.1 Microcystin-LR 

Microcystins (MCs) are a diverse group of hepatotoxic cyclic heptapeptides (Carmichael 
et al., 1988). Their general structure is cyclo[-D-Ala-L-X-D-erythro-β-methyl-Asp-L-Z-
Adda-D-Glu-Mdha] where Adda refers to unique amino acid 3-amino-9-methoxy-2,6,8-
trimethyl-l0-phenyldeca-4,6-dienoic acid. The L-amino acid residues X and Z in positions 
2 and 4 denote the most variable part and are indicated in the name of the corresponding 
MC congener as a two-letter suffix. Over 248 MCs congeners have been identified so far 
(Meriluoto et al., 2016), among which microcystin-LR (MCLR), with leucine and arginine 
in positions 2 and 4, is one of the most frequently detected and well-studied.  

MCs are mostly produced by freshwater cyanobacteria belonging to at least 47 species, 
which have been documented in 80 countries (Meriluoto et al., 2016). The studies of 
European water bodies are reporting detection of MCs in the concentration range between 
0.1 and 10 μg/L, but it also reached 2800 μg/L (Faassen & Lürling, 2013). 

MC molecules pass cell membranes by active transport through organic anion 
transporting polypeptides (OATP) (Fischer et al., 2005); therefore, the main target organ 
of MC toxicity is liver, while also the effects on gastrointestinal tract, kidney and brain 
were confirmed. The primary mechanism of MC toxicity is the inhibition of 
serine/threonine-specific protein phosphatases, including PP1 and PP2A, which are 
ubiquitously expressed and they are major regulators of protein dephosphorylation (Shi, 
2009). Therefore, irreversible inhibition of PP1 and PP2A by MCs can affect cell metabolic 
processes including glycogen synthesis, cell contractility, secretion and transmembrane 
transport, cellular division, and gene expression resulting MC intoxication symptoms such 
as gastroenteritis, irritation reactions, liver diseases (reviewed in De Figueiredo, Azeiteiro, 
Esteves, Gonçalves, & Pereira, 2004). Recently, also the evidence of the endocrine-
disrupting potential of MCLR is accumulating (Z. Liu, Tang, Li, Hu, & Wang, 2015; Su et 
al., 2016). 

International Agency for Research on Cancer classified MCLR into the 2B group of 
possible human carcinogens (IARC, 2010) since it was shown to act as a tumour-promoter 
(Humpage, Hardy, et al., 2000; Nishiwaki-Matsushima et al., 1992). MCLR has been 
recognised as genotoxic, causing DNA strand breaks in vitro and in vivo at non-cytotoxic 
concentrations (for review see Žegura, 2016). The molecular mechanisms involved in its 
genotoxicity are not entirely understood, but most of the research reports strong evidence 
that MCLR induces DNA damage indirectly through increasing the production of 
intracellular reactive oxygen species (ROS) and consequent oxidation of DNA bases 
(Bouaïcha, Maatouk, Plessis, & Périn, 2005; Zegura, Lah, & Filipic, 2004; Žegura, Lah, & 
Filipič, 2006). At the same time, it compromises DNA repair mechanisms (Lankoff et al., 
2006a), which results in enhanced genomic instability. Additionally, MCLR induced 
expression of proto-oncogenes c-fos, c-jun, and c-myc in rat tissue, which might be a 
mechanism of its tumour-promoting activity (H. Li, Xie, Li, Hao, & Xiong, 2009). 

 
 

1.2.1.2 Microginins 

Microginins (MGs) are linear peptides composed of α-hydroxy-β-amino decanoic acid 
derivate (Ahda) at the N-terminal end extended by three to five additional amino acids at 
the C-terminal end (Ishida, Kato, Murakami, Watanabe, & Watanabe, 2000). The group 
consists of about 40 congeners and the number is rising with new identifications (Lodin-
Friedman & Carmeli, 2018; Riba et al., 2019; Stewart, Ravindra, Van Wagoner, & Wright, 
2018). Variants with chlorinated or methylated Ahda have been reported as well as 
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derivatives containing a modified octanoic acid moiety instead (Gesner-Apter & Carmeli, 
2008; Ishida et al., 2000; Kodani, Suzuki, Ishida, & Murakami, 1999; Lifshits, Zafrir-Ilan, 
Raveh, & Carmeli, 2011; Lodin-Friedman & Carmeli, 2018). 

MGs are predominantly produced by Microcystis spp. but also species from the genus 
Anabaena, Woronichinia, Planktothrix, and Nostoc were found to produce MG congeners 
(Meriluoto et al., 2016). There are several reports about the detection and identification of 
MGs, while only a few quantified the number of metabolites in samples (reviewed in 
Janssen, 2019). Up to date, the highest reported environmental concentration of MGs from 
cyanobacterial blooms in eutrophic lakes was 2.2 μg/L (Beversdorf, Weirich, Bartlett, & 
Miller, 2017).  

The biological activity of MGs is not well understood. Due to the binding of Ahda 
moiety to the active site of zinc metalloprotease enzymes, MGs act as their inhibitors at 
nanomolar or micromolar concentrations (Ishida et al., 2000; Kraft, Schleberger, Weckesser, 
& Schulz, 2006; Lodin-Friedman & Carmeli, 2018). Many of them exhibit inhibition of the 
angiotensin-converting enzyme (ACE). ACE inhibitors play a role in human medicine as 
blood pressure-lowering agents and thus, MGs may serve as lead compounds in the 
discovery of novel antihypertensive drugs (US7846686B2, 2010).  

The data about the potential toxicity of MGs are scarce. Recently, three studies 
reported evidence demonstrating toxic activity towards model aquatic organisms; the 
crustaceans Thamnocephalus platyurus (Bober & Bialczyk, 2017), nematode Caenorhabditis 
elegans (Lenz, Miller, & Ma, 2019) and fish Astyanax altiparanae larvae (Fernandes et al., 
2019). The first findings about the potential genotoxic effects of microginins are a part of 
this thesis. 
 

1.2.1.3 Cylindrospermopsin 

Cylindrospermopsin (CYN) is structurally a polyketide-derived alkaloid with a tricyclic 
carbon skeleton containing a guanidine functional moiety combined with 
hydroxymethyluracil attached to it (Ohtani, Moore, & Runnegar, 1992). Currently, five 
CYN analogues are known. It has been detected worldwide, produced by more than 12 
species of cyanobacteria. The main CYN producers Cylindrospermopsis raciborskii and 
Anabaena ovalisporum are invading several subtropical and temperate water reservoirs and 
lakes, expanding its occurrence (Sukenik, Hadas, Kaplan, & Quesada, 2012). Usually, CYN 
is detected in concentrations between 1 and 10  μg/L, while up to 126  μg/L has been 
detected in an Italian lake (de la Cruz et al., 2013).  

CYN is a highly water-soluble zwitterionic molecule that can be transported to cells by 
simple passive diffusion through membranes; however, the transport through the bile acid 
transport system is more efficient (Chong, Wong, Lam, Shaw, & Seawright, 2002). Toxic 
effects of CYN depend on its metabolic activation, but the exact metabolic pathway 
remains unclear. A lot of indirect evidence shows that various isoforms of cytochrome P450 
(CYP450) family are involved in its metabolic activation (Bazin, Mourot, Humpage, & 
Fessard, 2010; Suzanne M. Froscio, Humpage, Burcham, & Falconer, 2003; Hercog et al., 
2017; Humpage, Fontaine, Froscio, Burcham, & Falconer, 2005; Kittler, Hurtaud-Pessel, 
Maul, Kolrep, & Fessard, 2016; Štraser, Filipič, Gorenc, & Žegura, 2013; Štraser, Filipič, 
& Žegura, 2011, 2013; Žegura, Gajski, Štraser, & Garaj-Vrhovac, 2011), while the research 
on the role of phase II enzymes in metabolism of CYN is scarce. Based on its metabolism, 
primary target organs of CYN are the liver and kidney; however, also spleen, thymus, lung, 
heart, and lymphocytes might be affected (Falconer & Humpage, 2006). Its primary 
mechanism of toxicity is irreversible inhibition of protein synthesis (S M Froscio, Humpage, 
Burcham, & Falconer, 2001; M. T. Runnegar et al., 2002; Terao et al., 1994). The molecular 
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mechanism of CYN toxicity is not fully understood yet, but it appears an interplay between 
the uracil, hydroxyl and guanidine groups might be the key (Evans et al., 2019). Toxic 
effects of CYN are mainly observed in liver; however, developmentally toxic (Berry, Gibbs, 
Schmale, & Saker, 2009), immunotoxic (Moosova et al., 2019; Poniedziałek, Rzymski, & 
Wiktorowicz, 2014), neurotoxic (Hinojosa et al., 2019), endocrine disrupting (J. Liu, 
Hernández, Swift, & Singhal, 2018; Young, Micklem, & Humpage, 2008) and genotoxic 
activities have also been identified. 

The exposure to CYN is causing the inhibition of glutathione synthesis (Maria 
Runnegar, Berndt, & Kaplowitz, 1995; MT Runnegar, Kong, & Zhong, 1994) and lipid 
peroxidation (Evans et al., 2019; Liebel et al., 2011; Poniedziałek, Rzymski, & Karczewski, 
2015) which results in oxidative stress. In metabolically competent cells, it is causing 
genotoxic effects in the form of DNA strand breaks (Humpage et al., 2005; Sieroslawska & 
Rymuszka, 2015; Štraser, Filipič, Gorenc, et al., 2013; Štraser, Filipič, Novak, & Žegura, 
2013; Žegura, Gajski, et al., 2011) and chromosomal damage (Bazin et al., 2010; Hercog et 
al., 2017; Humpage, Fenech, Thomas, & Falconer, 2000; Sieroslawska & Rymuszka, 2015; 
Štraser et al., 2011; Žegura, Gajski, et al., 2011). There are some preliminary indices of its 
tumour-initiating activities (Falconer and Humpage, 2000). 

1.2.1.4 β -N-methylamino-L-alanine 

 β-N-methylamino-L-alanine (L-BMAA) is a non-protein amino acid with three natural 
isomers (L-DAB, AEG, and BAMA). It has been identified first in the seeds of a cycad 
tree (Cycas micronesica) (Vega & Bell, 1967) and thought to be its product; however, it 
has later been discovered that L-BMAA is produced by symbiotic cyanobacteria (Nostoc 
sp.) in roots of cycad trees, transferred to the plant and accumulated in the seeds (Cox et 
al., 2005). Since the cycad fruits and seeds are an important source of food, the toxin 
spreads through the food chain. Chamorro residents of Guam island were exposed via flour 
made from the seeds and consuming meat of animals which fed on cycad fruits and 
accumulate BMAA in the tissues (especially flying foxes), as well as through the use of 
cycad in traditional medicine (Spencer et al., 1987). Looking for the cause of extremely 
high incidence of a neurodegenerative disorder called Lou Gehrig’s disease (amyotrophic 
lateral sclerosis⁄Parkinsonism dementia complex (ALS/PDC)) among inhabitants of 
Marianas islands Guam and Rota (Murch, Cox, & Banack, 2004) led to the discovery of 
BMAA in the first place.  

Nowadays, it is known that BMAA is produced by a broad spectrum of different 
cyanobacteria (Cox et al., 2005) as well as some diatoms (Jiang et al., 2014) all around the 
world. Since the two groups of organisms play a significant role of primary producers in 
water ecosystems, BMAA is widely spread and biomagnified in higher trophic levels (Cox, 
Banack, & Murch, 2003) providing a route for potential poisoning of humans consuming 
contaminated organisms such as molluscs, crustaceans and fish (Brand, Pablo, Compton, 
Hammerschlag, & Mash, 2010). The presence of the toxin in water used for agriculture 
represents another concern for food safety (Main et al., 2018). 

The neurotoxicity of BMAA has been confirmed in numerous studies reviewed in 
Karamyan & Speth, 2008. It is a significant environmental risk in the development of 
neurodegenerative disorders (for review see Cox, Kostrzewa, & Guillemin, 2018) such as 
Alzheimer’s disease (Pablo et al., 2009), amyotrophic lateral sclerosis (Bradley & Mash, 
2009), and the amyotrophic lateral sclerosis/ parkinsonism-dementia complex (ALS-PDC) 
(Holtcamp, 2012). The mechanism underlying the pathology of neurodegenerative disorders 
is still not fully understood and there are various hypotheses discussing the involvement of 
different pathways that may also coexist (reviewed in Delcourt, Claudepierre, Maignien, 
Arnich, & Mattei, 2018). The chemical structure of L-BMAA is very similar to glutamate 
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(Cucchiaroni et al., 2010); therefore, BMAA binds to its receptors at a glutamatergic 
synapse, which is causing an over-stimulation of postsynaptic neurons leading to ER stress 
and cell apoptosis, a phenomenon termed excitotoxicity (Van Den Bosch, Van Damme, 
Bogaert, & Robberecht, 2006). Another BMAA toxicity mechanism is related to its ability 
to bind to the amino acid tRNA synthetase, which leads to a misincorporation of BMAA 
into the protein in place of L-serine (Dunlop, Cox, Banack, & Rodgers, 2013). However, 
BMAA can also inhibit enzyme activity and strongly interfere with protein folding in the 
absence of de novo protein synthesis, which may constitute another mechanism of toxicity 
(van Onselen & Downing, 2018).  

The current state of knowledge recognizes L-BMAA as neurotoxic, while the first data 
about the potential genotoxicity of BMAA was a part of this thesis. The results of the 
OECD standardised Ames test showed that L-BMAA is not mutagenic for bacteria (Novak, 
Hercog, & Žegura, 2016). Afterwards, nitrosated BMAA (N-BMAA) has been shown to act 
as an alkylating agent and cause DNA strand breaks in vitro (Potjewyd, Day, Shangula, 
Margison, & Povey, 2017) and the induction of DNA strand breaks was observed in 
immune cells of freshwater mussels after exposure to BMAA (Lepoutre et al., 2018). Recent 
study on human peripheral blood cells reported the formation of micronuclei and 
nucleoplasmic bridges corresponding to clastogenic potential, while markers of oxidative 
damage were not affected (Gerić et al., 2019). 
 

1.3 Bisphenols 
Bisphenols (BPs) are a group of synthetic compounds, among which bisphenol-A (BPA) is 
the most abundant. Chemically they are diphenylmethanes, which contain two benzene 
rings, separated by bridge element, usually with the 4-OH substituent on both benzene 
rings. Bisphenols are used as a primary raw material for the production of polymers, 
especially polycarbonate plastic and epoxy resins – materials that form a wide variety of 
products for consumers' everyday use, such as beverage bottles, food packaging, metal can 
linings, baby bottles and toys, water pipes, medical tubings, dental sealants, eyeglass lenses, 
thermal paper and other paper products, lacquers, etc. Due to their massive production 
and a wide variety of applications, consequential constant human exposure and disposal of 
bisphenols into the environment are inevitable.  

Due to the enormous manufacture of BPs, they are ubiquitous in the environment. The 
origin of environmental pollution is of i) preconsumer sources related to effluents from 
manufacturing BPs and BPs-products, their transport and processing; and ii) postconsumer 
sources associated with disposal of waste including effluent discharge from municipal 
wastewater treatment plants, leaching from landfills, combustion of domestic waste, and 
degradation of plastics in the environment (Corrales et al., 2015). The average 
concentrations of BPA measured in surface waters are usually around 100 ng/L, but they 
depend importantly on location. In Asian industrial regions, concentrations of up to 
44 μg/L were recorded (Corrales et al., 2015). The data about the presence of BPA 
analogues in the environment are more scarce, but the existing measurements are mostly 
in the range between 1 and 100 ng/L. Again, in regions near industrial effluents, even 100-
fold higher concentrations were measured, and different BPs were simultaneously detected 
in the same samples (Z. Huang et al., 2020; Yamazaki et al., 2015).  

Several studies reported detection of BPA in more than 90% of tested samples of human 
urine with concentrations ranging between 0.5-20 ng/mL (reviewed in R. ping Huang et 
al., 2018; Vandenberg, Hauser, Marcus, Olea, & Welshons, 2007), while its uptake is 
estimated to 50-60 ng/kg bw/day (R. ping Huang et al., 2018). The main route of human 
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exposure to bisphenols is the consumption of food and drinks contaminated via leaching of 
BPs from their plastic containers or cans. Dermal exposure to thermal paper and recycled 
paper products, inhalation of indoor dust and dental sealants are also important sources of 
human exposure to BPs (Björnsdotter, de Boer, & Ballesteros-Gómez, 2017; Vandenberg 
et al., 2007). BPA analogues are detected in urine less frequently and in lower 
concentrations (below 1 ng/mL); however, they occur simultaneously in the same samples 
(Chen et al., 2016; R. ping Huang et al., 2018; Yang, Lu, et al., 2014; Ye et al., 2015). 
 

1.3.1 Bisphenol -A 
Bisphenol-A (BPA, 2,2-bis(4-hydroxydiphenyl)propane) was the first bisphenol widely used 
in the industry. The first commercial epoxy resin was synthesized from BPA in the 1940s 
and in 1957, a hard plastic called polycarbonate was discovered by polymerization of BPA 
(Vogel, 2009), although its estrogenic activity had been known before (Dodds & Lawson, 
1936). Since then, the global yearly BPA production increased to around 8 million metric 
tons in 2016 and is projected to exceed 10.5 million tons by 2022 (Lehmler, Liu, Gadogbe, 
& Bao, 2018). During that time, it was revealed that BPA is leaching out of polycarbonate 
products (Krishnan, Stathis, Permuth, Tokes, & Feldman, 1993) and an enormous amount 
of scientific reports evidencing its harmful effects on human health and other organisms 
have accumulated, especially emphasizing its endocrine disrupting activity. 

BPA has been considered as a very weak environmental estrogen as its structure enables 
it to bind to the estrogen receptors (ERs), but the binding affinity of BPA to ERα  and 
ERβ  is 10,000 times lower than 17 β-estradiol (Kuiper et al., 1998; Matthews, Twomey, & 
Zacharewski, 2001). Early research suggested that BPA would have little to no effect in 
the human body due to its rapid metabolism and thus, low bioavailability (Völkel, Colnot, 
Csanády, Filser, & Dekant, 2002). However, more recent studies of molecular mechanisms 
of BPA action have revealed a variety of pathways through which BPA can stimulate 
cellular responses as high as estradiol at very low (pico and nanomolar) concentrations 
(Gould et al., 1998; Wozniak, Bulayeva, & Watson, 2005; reviewed in Wetherill et al., 
2007). BPA binds to many other nuclear endocrine receptors such as androgen receptor, 
estrogen-related receptor γ, thyroid hormone receptor, peroxisome proliferator-activated 
receptors, and human pregnane X receptor, and activates them at concentrations lower 
than those needed to activate ERα and ERβ  (reviewed in Acconcia, Pallottini, & Marino, 
2015; Wetherill et al., 2007). BPA also binds to the membrane-bound form of ERα and 
transmembrane ER (G protein-coupled receptor 30) and induces non-genomic changes 
(Mileva, Baker, Konkle, & Bielajew, 2014). Moreover, BPA induces changes in hormone 
metabolism and epigenetic changes through DNA methylation (reviewed in Acconcia et 
al., 2015). Taken together, BPA is an endocrine-disrupting compound in the broad sense 
of the definition (Wetherill et al., 2007).  

The literature data are evidencing BPA genotoxic effects while the underlying 
mechanisms have not been fully explained. BPA does not exhibit mutagenic properties in 
bacterial (Anja Fic, Žegura, Gramec, & Mašič, 2014; Schweikl, Schmalz, & Rackebrandt, 
1998; Tiwari et al., 2012; L. Xin et al., 2015) or mammalian cell models in vitro (Schweikl 
et al., 1998; Tsutsui et al., 1998), while the induction of DNA damage and reduced 
chromosomal integrity have been reported. BPA as well as its metabolites have been shown 
to induce DNA strand breaks in vitro (A. Fic, Žegura, Sollner Dolenc, Filipič, & Peterlin 
Mašič, 2013; García-Córcoles et al., 2018; X. Li, Yin, & Zhao, 2017; Ramos et al., 2019; F. 
Xin et al., 2014; L. Xin et al., 2015) and in vivo (Tiwari et al., 2012), induce DNA adducts 
formation in vitro (Kolšek, Mavri, & Sollner Dolenc, 2012; Tsutsui et al., 1998; Wu et al., 
2017; L. Xin et al., 2015) and in vivo (Izzotti, Kanitz, D’Agostini, Camoirano, & De Flora, 
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2009), and lead to structural and numerical chromosomal aberrations in vitro 
(Aghajanpour-Mir et al., 2016; Ramos et al., 2019; Santovito, Cannarsa, Schleicherova, & 
Cervella, 2018; L. Xin et al., 2015) and in vivo (Tiwari et al., 2012).  

BPA clearly represents a threat to human health; therefore, its use is being gradually 
limited and restricted by international agencies and different government organizations 
starting with the ban in child care and feeding products and thermal paper (Buka, Osornio-
Vargas, & Walker, 2009; EC, 2011; Lehmler et al., 2018; US FDA, 2014). Based on new 
scientific data EFSA lowered the tolerable daily intake from previous 50 μg/kg bw/day to 
4 μg/kg bw/day in 2015 and consequentially the specific migration limit for BPA in food 
contact materials was lowered to 0.05 mg/kg of food (EFSA, 2015). Since 2017, BPA is 
also included on the Candidate List of substances of very high concern by the European 
Chemical Agency (ECHA). However, the US Food and Drug Administration continues to 
support the safety of BPA for the currently approved uses in food containers and packaging 
and the existing NOAEL for oral exposure (5 mg/kg bw/day) (US FDA, 2014).  

The restrictions provided an inducement for replacing BPA in the industry with its 
presumably safer analogues. That resulted in an increased presence of various bisphenols 
in the environment and increased human exposure. Due to their structural similarity with 
BPA, the safety of these analogues is questionable and research data have shown them to 
possess very similar or even higher endocrine-disrupting and toxic potential as BPA 
(Rochester & Bolden, 2015; Siracusa, Yin, Measel, Liang, & Yu, 2018; Usman & Ahmad, 
2016). Nowadays, there are sixteen BPA analogues used in the industry, among which 
bisphenols S, F and AF are the most abundant (Chen et al., 2016). 
 

1.3.2 Bisphenol-A Analogues  

 
In this thesis, we focused on adverse cytotoxic and genotoxic effects of BPA and its three 
analogues: bisphenol-S (BPS), bisphenol-F (BPF) and bisphenol-AF (BPAF). 

BPA analogues are less studied than BPA; however, up to date many biological 
activities comparable to BPA were confirmed (Table 2) (Chen et al., 2016; Rochester & 
Bolden, 2015; Usman & Ahmad, 2016).  
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Table 1.2: Toxic effects of bisphenol A analogues BPS, BPF and BPAF confirmed in 
previous studies. [Adopted from Chen, D., Kannan, K., Tan, H., Zheng, Z., Feng, Y. L., 
Wu, Y., & Widelka, M. (2016). Bisphenol Analogues Other Than BPA: Environmental 
Occurrence, Human Exposure, and Toxicity - A Review. Environmental Science and 
Technology, 50(11), 5438–5453 (Chen et al., 2016) and updated.] 

 BPS BPF BPAF 
Estrogenic + + + 
Androgenic + + / 
Anti-estrogenic + + + 
Anti-androgenic + + + 
Cytotoxicity + + + 
Genotoxicity + + + 
Reproductive toxicity + + +c 
Teratogenicityb  + + + 
Neurotoxicity + + +d 
Oxidative toxicitya  + + + 
Acute toxicity + + +b 

 

a(Maćczak, Cyrkler, Bukowska, & Michałowicz, 2017), b(Moreman et al., 2017), c(Siracusa et al., 
2018), d(Lee, Kim, Shin, & Kim, 2013), /- no data 

1.3.2.1 Bisphenol-S 

BPS (bis(4-hydroxyphenyl)sulfone) possesses two phenol rings linked through the sulfonyl 
group. It is one of the most frequent substitutes for BPA in a variety of industrial 
applications due to its heat and light resistance comparable to BPA (Qiu et al., 2019). 
Therefore, it is found as an anticorrosive agents in epoxy resins used in food containers 
inside linings, it is present in all thermal paper samples and finally, it is the main substitute 
of BPA in baby bottles, child equipment, and other BPA-free consumer products. BPS 
occurrence in the environment is ubiquitous. The highest concentrations in surface waters 
and sediments have been detected in China, India, and Japan, corresponding to locations 
of the primary manufacturing plants (Qiu et al., 2019). Due to its presence in thermal 
paper, dermal contact and indoor dust inhalation are among important routes of human 
exposure to BPS (Björnsdotter et al., 2017). However, contaminated food remains to be 
the main source of human intake. BPS has been detected in canned food and beverages, 
cereal products, meat, seafood, milk, and other food products from all over the world (Qiu 
et al., 2019).  

There is evidence of BPS acute toxicity, endocrine disrupting activity, neurotoxicity 
and immunotoxicity (Qiu et al., 2019). BPS has been shown to cause developmental and 
reproductive toxic effects in rats, zebrafish and chicken models in vivo (Crump, Chiu, & 
Williams, 2016; Ji, Hong, Kho, & Choi, 2013; Naderi, Wong, & Gholami, 2014; Yamasaki, 
Noda, Imatanaka, & Yakabe, 2004). Its estrogenic activity has been proven in several 
studies (reviewed in Qiu et al., 2019; Rochester & Bolden, 2015). Additionally, weak 
antiandrogenic (Kitamura et al., 2005), antiestrogenic (Stossi et al., 2014) and androgenic 
(Molina-Molina et al., 2013) effects have been reported. BPS poses comparable or lower 
endocrine disruption potential than BPA.  

The data on the genotoxicity of BPS is very limited. BPS does not cause mutations in 
the bacteria-based assay (Anja Fic, Žegura, Sollner Dolenc, Filipič, & Peterlin Mašič, 2013). 
It is inducing ROS formation followed by oxidation of purines (Mokra, Woźniak, 
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Bukowska, Sicińska, & Michałowicz, 2018). Increased formation of DNA strand breaks 
after exposure to BPS has been detected in HepG2 cells (A. Fic et al., 2013) as well as in 
blood monocytes (Mokra, Kuźmińska-Surowaniec, Woźniak, & Michałowicz, 2017). 
However, in experiments testing different bisphenol analogues, BPS usually exhibited the 
lowest genotoxic potency. 
 

1.3.2.2 Bisphenol-F 

BPF (bis(4-hydroxyphenyl) methane), possesses two phenol rings which are linked through 
methylene. The main technical advantages of BPF are its low viscosity and better 
resistance of its epoxy resins to solvents. It is increasingly used as a BPA replacement in 
the production of epoxy resins and polycarbonates found in food packaging, water pipes 
linings, dental sealants, industrial floors, grouts, electrical equipment, coatings, lacquers 
(Rochester & Bolden, 2015). BPF is a predominant bisphenol contaminant in prepacked 
meat and personal care products (Lu et al., 2018). It was also detected in canned drinks 
and food, paper products, commercial milk, etc. (Usman, Ikhlas, & Ahmad, 2019).  

BPF causes liver toxicity (Higashihara et al., 2007), developmental toxicity and 
oxidative stress (reviewed in Usman et al., 2019. The endocrine-disrupting potential of 
BPF is comparable to BPA (reviewed in Rochester & Bolden, 2015; Usman et al., 2019). 
BPF has estrogenic (Goldinger et al., 2015; Lei, Huang, et al., 2018), progesteronic (Feng 
et al., 2016) and anti-androgenic (Roelofs, Berg, Bovee, Piersma, & Duursen, 2015) 
properties. The data about the interaction with the glucocorticoid receptor are not 
conclusive, but the endocrine disturbing potential is confirmed (Kolšek, Gobec, Mlinarič 
Raščan, & Sollner Dolenc, 2015; Roelofs et al., 2015). BPF also acts as a potent disruptor 
of thyroid hormonal regulation (Y. F. Zhang et al., 2018). It has been demonstrated that 
BPF poses the risk of estrogen-dependant cancer progression to a similar extent as BPA 
(Kim et al., 2017). 

BPF does not act as a bacterial mutagen (Cabaton et al., 2009; A. Fic et al., 2013), 
but it exhibits genotoxic potential in eukaryotic cells. In different human in vitro models, 
BPF and its metabolites have been shown to cause DNA strand breaks (Audebert, Dolo, 
Perdu, Cravedi, & Zalko, 2011; Cabaton et al., 2009; Hercog et al., 2019; Mokra et al., 
2017) most probably related to oxidative stress (Mokra et al., 2018), while no micronucleus 
formation corresponding to chromosomal aberrations has been observed (Cabaton et al., 
2009).  

1.3.2.3 Bisphenol-AF 

BPAF (4,40-(hexa fiuoroisopropylidene)diphenol) is a structural analogue of BPA in which 
the two methyl groups on the central carbon are replaced by trifluoromethyl groups. BPAF 
has especially good technical characteristics and is used as a high-performance monomer in 
specialty polymers as well as a cross-linker in fluoropolymers and fluoroelastomers. 
Therefore, it is found in optical fibres, waveguides, and electronic devices, but is also 
present in food contact packaging and other plastic applications. BPAF has been detected 
in indoor dust, surface water as well as solid sediment and sludge (Yang, Lu, et al., 2014), 
generally in low concentrations, but also elevated up to 15.3  μg/L near the industrial 
plants in Asia (Chen et al., 2016). It is strongly persistent in the environment, with half 
time approximately three times longer than the majority of bisphenols (Chen et al., 2016). 
Human exposure to BPAF is lower compared to BPA, however, together with its metabolic 
products, it has been detected in urine and bile samples (Yang, Guan, Yin, Shao, & Li, 
2014; Ye et al., 2015). 
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Toxicity data on BPAF is even more limited than on BPS and BPF. It significantly 
decreases cell viability and increases ROS levels and lipid peroxidation to a higher extent 
than any other compared bisphenol compound (Lei, Sun, et al., 2018; Maćczak et al., 2017; 
Michałowicz, Mokra, & Bak, 2015; Mokra et al., 2018). The endocrine-disrupting activity 
of BPAF is estimated to be 2.81 to 12.6-fold higher compared to BPA (Chen et al., 2016). 
It exhibits high potential for binding to estrogenic receptors with preferred affinity to ER  
(Kitamura et al., 2005). Its antagonistic potency against 17-estradiol activity is 47.6 times 
higher than of BPA (Matsushima, Liu, Okada, Shimohigashi, & Shimohigashi, 2010). 
Besides anti/estrogenic, it exhibits antiandrogenic potency (Kitamura et al., 2005). It has 
been reported that BPAF is highly developmentally toxic to zebrafish (Moreman et al., 
2017). BPAF was even shown to induce an increase of multinucleated germ cells in testis 
associated with testicular germ cell cancer in humans (Ferrara et al., 2006). A recent review 
on the reproductive and developmental toxicity of common BPA analogues recognised 
BPAF as the highest concern (Siracusa et al., 2018).  

The studies so far show that BPAF possesses higher genotoxic potential than BPA and 
other analogues. Similarly as described for other BPs, it is not a bacterial mutagen (A. Fic 
et al., 2013; Tsutsui et al., 2000), while it is a potent inducer of DNA strand breaks, 
particularly those associated with oxidative stress in human hepatoma cells (A. Fic et al., 
2013), peripheral blood mononuclear cells (Mokra et al., 2017, 2018) and breast cancer cells 
(Lei, Sun, et al., 2018). Furthermore, BPAF caused numerical chromosomal abnormality 
(Tsutsui et al., 2000), disruption of microtubule complex and micronuclei formation 
(Pfeiffer, Rosenberg, Deuschel, & Metzler, 1997) in hamster cells. 
 

1.4 Combined Exposure to Different Chemicals 
Organisms in the environment are exposed to a mixture of chemicals of different sources 
rather than to individual entities. A series of challenges for human and environmental risk 
assessment arise from this fact, starting with the identification of contaminants and their 
concentrations in each exposure scenario, assessing their individual bioactive properties 
and risks and finally assessing the effects of combined exposure. Currently, risk assessment 
required for regulatory purposes mostly relies on the assessment of an individual chemical 
or the exposure to multiple chemicals is considered within one legislative framework (e.g. 
plant protection products and chemicals) excluding all other plausible combined exposure 
scenarios. Recently, a lot of effort is devoted to establishing a consistent harmonised 
approach for mixture’s risk assessment and management across different regulatory sectors 
(Bopp et al., 2018; More et al., 2019). 

1.4.1 Mixture Risk Assessment Approaches 
A series of theoretical methods to anticipate the combined effects based on the chemical 
structure and biological effects of individual compounds have been proposed (reviewed in 
Kienzler et al., 2014). The basic mathematical models assume that the components of the 
mixture either possess the same mode of action (concentration addition concept) or their 
modes of action are independent (response addition concept). Thus, the discrepancy 
between the calculated assessments and the adverse effects observed in organisms or cell 
models occurs regularly resulting from either neglected contaminants in the field or 
interactions of compounds in mixtures. Biological interactions may occur i) at the 
toxicokinetic level, as chemicals might affect the uptake, distribution, metabolism and 
excretion pathways of each other; or ii) at the toxicodynamic level, through interactions 
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with receptors or cellular target or organs. Interference results in the final effect less than 
additive (antagonistic, inhibitive, masking) or greater than additive (synergistic, 
potentiating) (Klaassen, 1991). If there is evidence of biological interaction of different 
chemicals, the case of coexposure should be addressed differently, considering the 
interactions between chemicals. Development of mathematical models which would 
describe and predict the mixture effect as well as possible is the focus of numerous recent 
studies (More et al., 2019). Since the data on bioactive and toxic properties of individual 
substances is missing, which is especially often in the case of recently emerging or 
discovered chemicals, it is impossible to predict the effect of combined exposure. To fill 
that knowledge gap, there is a strong need for research on toxic effects and the underlined 
molecular mechanisms as well as the identification of chemical and biological interactions 
of chemicals to which humans and other organisms are simultaneously exposed. 

1.4.2 Combined Exposure to Cyanotoxins  
 
Cyanobacterial blooms generally consist of different toxin-producing and non-toxic species; 
therefore, alterations in species composition can induce important changes in toxin 
occurrence and concentrations. The mixture of different cyanotoxins in a bloom is more 
probable than a single one. Moreover, the production of toxins alters among the strains of 
the same species and is influenced by environmental factors. Thus, it is not possible to 
predict the composition of toxins in cyanobacterial blooms based on species abundance 
(reviewed in Huisman et al., 2018). Many studies evaluated the toxic effects of whole 
cyanobacterial extracts from the environment since the studies of cyanotoxin mixtures with 
the known composition are rare. However, there are indications that combined effects might 
exceed the additivity concept (Martin, Stallrich, & Bereman, 2019). 
 

The number of publications reporting simultaneous occurrence of MCLR and CYN in 
cyanobacterial blooms (Brient, Lengronne, Bormans, & Fastner, 2009; Jančula, Straková, 
Sadílek, Maršálek, & Babica, 2014; Oehrle, Southwell, & Westrick, 2010), as well as co-
occurrence of their producers (Bláhová et al., 2009; Kokociński et al., 2009; Miller & 
Mcmahon, 2011) is arising. Therefore, the risk of co-exposure to both cyanotoxins is highly 
plausible. They are both hepatotoxins inducing DNA damage (Buratti et al., 2017; Žegura, 
Štraser, & Filipič, 2011), while the underlying molecular mechanisms are not clear, which 
makes the usage of computational modelling for assessment of their combined effects 
unreliable. Recently discovered cyanotoxins like microginins with only scarce toxicological 
profiles can also be present in the same bloom affecting the final risk of toxic consequences. 
Thus, there is a colossal need for identification of bloom composition and research on their 
individual as well as combined toxicity.  

There are only few studies addressing interactions between cyanotoxins with other 
chemicals in coexposure and they differ markedly. Combined exposure to cyanobacteria, 
lead and immunological challenge has been studied as an oxidative stress inducer in birds 
(Paskova et al., 2011). Co-exposure to cyanobacterial extracts has been shown to enhance 
biomarker affiliated with tumour promotion process of known carcinogens in vitro, while 
pure CYN and MCLR did not induce any change (Kateřina Nováková, Bláha, & Babica, 
2012). Another group reported a compound named CAEP, which in co-exposure attenuated 
the toxicity of microcystin-LR in OATP1B-expressing cells (Komatsu et al., 2013). There 
was also a study on combined genotoxic effects of MCLR and a drinking-water disinfection 
by-product 3-chloro-4-dichloro-methyl-5-hydroxy-2(5H)-furanone describing enhanced 
mutagenicity and oxidative stress-induced DNA damage to an extent greater than those 
expected for additivity (Wang et al., 2013). 
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1.4.3 Combined Exposure to Bisphenols 
 
Since the expansion of reports evidencing the adverse effects of BPA and the following 
restrictions, the production of structural analogues increased. In some products, they are 
the replacements of BPA but for their specific properties, they are also used in other 
applications. Different bisphenols have been simultaneously detected in numerous 
environmental as well as human blood and urine samples. The concentration of an 
individual congener depends on its applications and the time since it has been introduced 
to the industry. Together with the still-increasing production of BPA and its analogues, 
the probability of combined exposure is ascending. The products containing bisphenols are 
associated with everyday life in modern human civilization, thus combined exposure is 
inevitable. A recent study on endocrine-disrupting chemicals, including bisphenols, found 
in eutrophic lake water showed higher estrogenic potency of the environmental extract 
than predicted from individual estrogenic potencies of detected chemicals (Jia et al., 2019). 

 

1.4.4 Cyanotoxins and Bisphenols in Combined Exposure 
 

Recently, the importance of studies on BPA co-exposure with other chemicals and 
environmental stressors that appear together in real-life situations has been emphasized for 
assessment of combined effects on human health (Sonavane & Gassman, 2019). The 
amount of plastic waste released into the environment is enormous. According to 
estimations, it will exceed 12.000 million metric tons by 2050 (Geyer, Jambeck, & Law, 
2017). Its degradation is causing the constituents of plastic to become ubiquitously present 
pollutants of water environments (Yamazaki et al., 2015). Freshwater lakes function as 
assembly points for various pollutants leaching from the catchment area and resulting in a 
mixture of nutrients and waste chemicals. The consequential eutrophic conditions support 
blooming of cyanobacteria and potential production of cyanotoxins, while at the same time, 
chemical pollution remains leading to inevitable co-exposure. A recent study suggested that 
cyanobacterial blooms could act as a sink for organic pollutants including bisphenols via 
cellular uptake and biomagnification through phytoplankton (Jia et al., 2019). 

 

1.5 In vitro Models in Genetic Toxicology 
Testing of chemicals and products for potentially harmful side effects is crucial for human 
health and environment protection. Current legislation dictates that genotoxicity testing 
is obligatory for all new chemicals and products such as drugs, cosmetics, food and feed 
additives, pesticides etc. According to international regulations and guidelines, a battery 
of in vitro tests with bacteria and mammalian cells is required as the first step; however, 
in the cases of positive results, further follow-up in vivo experiments with laboratory 
rodents are needed to assess the human health risk, which raise ethical concerns. In the 
last decades, the initiative for the reduction of animal testing has been transferred into 
international legislation (Directive on the protection of animals used for scientific purposes 
(2010/63) (EU, 2010)). However, aiming to fulfil the requirements of the European 
chemical safety legislation REACH program, there is an increasing need for toxicity testing, 
which enhances the problem of reduction of laboratory animals. The main strategy to 
improve the safety assessment of chemicals and to obtain less false positive results proposed 
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by the European Union Reference Laboratory for Alternatives to Animal Testing is to 
enhance the performance of the in vitro testing battery and to develop improved in vitro 
experimental models so that fewer in vivo follow-up studies are necessary (Corvi & Madia, 
2017).  

The development of alternative three-dimensional (3D) cell models represent a very 
promising tool in achieving physiologically more relevant in vitro models to reduce the use 
of animals in toxicity testing. Compared to the traditional two dimensional (2D) cell 
cultures, cell line-derived hepatospheres more closely represent in vivo cellular functions 
due to their improved cell-cell and cell-matrix interactions, resulting in higher cell 
differentiation as well as cell morphology and cytoskeleton architecture that more closely 
resemble the in vivo situation (Fey & Wrzesinski, 2012; Godoy et al., 2013; Y. Zhang et 
al., 2016). Primary human cells are considered to be the best approximation to live human 
tissue situation. However, their source is limited, the donor-to-donor variability is high, 
they are hard to maintain and they do not proliferate in laboratory conditions, which limit 
their use in routine toxicity testing. Spheroids constructed from immortal human 
hepatocytes appear equally useful for the determination of cytotoxic effects in vitro as 
primary human hepatocytes, while the classical 2D culture techniques show significantly 
lower correlation (Fey & Wrzesinski, 2012). Another advantage of 3D cell models is that 
they allow prolonged exposures due to their higher stability as they retain cell viability, 
morphology, and functionality for several weeks (Bell et al., 2016). Misleading toxicology 
data from in vitro testing due to false-positive results cause either a ban of potentially 
promising chemicals or unnecessary follow-up animal testing. Therefore, the development 
and improvement of in vitro systems for more reliable toxicological data as well as their 
application are crucial future steps in pursuing the two goals – the reduction of animal 
testing and efficient risk assessment. 
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1.6 Research Aims and Hypothesis of this Thesis  
The overall goal of (genetic)toxicology is to support appropriate risk assessment by 
providing toxicological data – by identification of potentially harmful chemicals, testing 
their toxic effects and elucidating the underlying mechanisms. Additionally, in order to 
better approximate the theoretical estimations to the real-life situation of human and 
environmental health threat, the questions of interactions and co-exposure must be 
addressed. Moreover, development of new in vitro methods and experimental models in 
toxicology is of great importance in the movement towards the reduction of animal testing 
and improvement of the reliability of the results.  

Microginins and L-BMAA are recently identified cyanobacterial metabolites for which 
the mutagenic and genotoxic potential has been completely unknown at the time of our 
research. After their identification, their prevalence was intensively studied, which revealed 
their widespread occurrence and high probability of human exposure. Missing data on their 
adverse effects preclude the risk assessment and safety measures. Mutagenic potential in 
bacteria is one of the basic characteristics required for safety valuation of chemicals. 
Therefore, the first aim of this thesis was to provide the data on mutagenicity and 
genotoxicity of L-BMAA with bacterial Salmonella/microsomal reverse mutation assay 
(Ames test) performed according to OECD guidelines and SOS/umuC assay performed 
according to standard ISO/CD 13829. 

Most of the analysed cyanotoxins, including microcystins, exhibit no mutagenic or 
genotoxic potential in bacterial models but they cause DNA damage in eukaryotic cells 
(Žegura, Štraser, et al., 2011). Microginins are a group of cyanotoxins consisting of about 
40 congeners which are structurally very similar to microcystins. Since the data of their 
toxicity is very limited, the second aim of the thesis was to test the genotoxic potential 
of four different microginins, which were identified in the cyanobacteria extract prepared 
from the Lake Balaton bloom sample (Hungary) and the whole extract representing the 
naturally occurring mixture of microginins. The induction of DNA damage was tested in a 
human hepatocellular carcinoma cell line HepG2 at the level of single strand breaks with 
alkaline version of comet assay, double strand breaks with γH2AX assay, and chromosomal 
instability with cytokinesis-block micronucleus assay. To cover immediate and prolonged 
effects, several exposure times were included.  

Using up-to-date analytical techniques, recent studies are more and more frequently 
confirming the mixture of cyanotoxins present in natural blooms. There are data of 
genotoxic potential of individual most researched toxins while their possible interactions 
were not investigated at the time of our research. Therefore, the third aim of this thesis 
was to elucidate the combined genotoxic effects of microcystin-LR and cylindrospermopsin, 
which can simultaneously be present in several freshwater lakes, and to compare the 
obtained effects to those of single compounds. DNA damage was evaluated with comet 
assay and cytokinesis-block micronucleus assay after short and prolonged treatment time. 
Additionally, the changes in the expression of genes involved in the metabolism of 
xenobiotics, early response signalling and DNA damage response were analysed on the 
transcriptomic level with the qPCR method. 

The composition of chemical mixtures to which humans are exposed is influenced by 
natural as well as anthropogenic pollutants. In the time of massive use of plastics, the 
production, leakage and degradation of plastic waste is an important source of bisphenols 
in the environment and human food (Usman & Ahmad, 2016). Increased use of BPA 
analogues, which are not well characterized in terms of (geno)toxicity, led us to provide 
data on individual and combined genotoxic potential of BPA and its most abundant 
analogues which are simultaneously detected in the environment and human body samples 
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as the fourth aim of this thesis. To explore the genotoxic activity and mechanisms of 
action, the studies were performed at concentrations that did not significantly reduce cell 
viability as well as at concentrations recently reported in the environment, which are more 
relevant for human exposure. The genotoxic activity was determined using γH2AX assay 
that detects the induction of DNA double strand breaks and qPCR technique was applied 
to analyse the alterations in the amount of transcripts of selected genes involved in the 
metabolism of xenobiotics or response to oxidative stress and DNA damage. 

From the existing literature it is evident that combined exposure to chemicals from 
various sources and legislative frameworks is almost completely missing. Since the scenario 
of simultaneous exposure to bisphenols and cyanotoxins is highly plausible in the cases of 
eutrophic water bodies, the fifth aim of this thesis was to investigate the potential 
(geno)toxic effects of combined exposure to the most abundant bisphenols and 
cyanobacterial toxin cylindrospermopsin, which all cause DNA damage by itself. Also for 
this study, we used γH2AX assay to detect the induction of DNA double strand breaks 
and qPCR technique to analyse the alterations in the amount of transcripts of selected 
genes involved in the metabolism of xenobiotics or response to oxidative stress and DNA 
damage.  

To improve the quality and reliability of in vitro toxicological results and reduce the 
number of experimental animals, the use of new models that better represent the in vivo 
physiological processes is crucial. Pro-genotoxins, among which also cyanotoxin 
cylindrospermopsin, are chemicals that exhibit their genotoxic effect only after being 
modified in metabolic processes. Thus, it is of great importance that in vitro cell models 
mimic the expression and inducibility of metabolic enzymes as much as possible to liver 
organ in vivo. Therefore, the sixth aim of the thesis was to investigate the (geno)toxic 
effects of cylindrospermopsin in 3D spheroids obtained from HepG2 cells – in vitro model 
that was shown to better express the genes encoding enzymes involved in the metabolism 
of xenobiotics compared to the HepG2 2D cell model (Štampar, Tomc, Filipič, & Žegura, 
2019). At the same time, it was the first application of the newly established method on a 
3D cell model. Additionally, a broad list of genes involved in xenobiotic metabolism, DNA 
damage response, apoptosis and oxidative stress was studied for the alterations in their 
transcriptomes to elucidate the potential mechanisms of CYN biological activity. 

 
To achieve the main aims of the thesis, the following hypotheses are proposed in the 

doctoral dissertation: 
  
 
1. Cyanobacterial extracts usually exert higher genotoxic potential than expected 

from the genotoxic potential of single cyanobacterial toxins. Five different microginin 
congeners were identified in the examined cyanobacterial extract for which genotoxicity 
data is not available. We hypothesize that: 

a) Microginins are genotoxic and contribute to the genotoxicity of the cyanobacterial 
extract.  

b) The cyanobacterial extract containing a mixture of microginins exhibits stronger 
genotoxic potential than individual pure microginins.  

 
2. MCLR and CYN are both hepatotoxic and genotoxic, but their mechanisms of 

toxicity differ. We hypothesize that: 
a) Combined genotoxic effects MCLR and CYN in HepG2 cells are more pronounced 

than the effects of a single toxin and the analyses of the transcriptomic profiles of exposure 
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to single cyanotoxins and combination will enable identification of the mechanism of their 
interactions. 

 
 
3. Recently, BPA analogues have been shown to exhibit similar or even stronger toxic 

effects than BPA. We hypothesize that: 
a) BPA and its analogues BPS, BPF and BPAF have different potentials to induce   

DNA strand break and the effects of combined exposure are more pronounced than the 
effects expected based on the potential of single compounds.  

b) The changes at the transcriptional level present the most sensitive marker to 
observe the adverse effects of combined exposure to BPA and its analogues at 
environmentally relevant concentrations. 

 
4. CYN and bisphenols are expected to be simultaneously present in many areas of 

polluted aquatic environment. We hypothesize that:  
Combined exposure to CYN and bisphenols induces DNA damaging effects that are 

more pronounced than induced by exposure to individual compounds and the 
transcriptomic analyses will unravel the pathways involved in the interactions of the 
studied pollutants. 

 
5. The 3D cell models exhibit higher physiological relevance compared to 2D cell 

models and better express the enzymes involved in the metabolism of xenobiotics. We 
hypothesize that: 

a) CYN negatively influences the viability of cells and causes genotoxic effects in HepG2 
spheroids. 

b) The transcriptomic study will elucidate the involvement of phase I and phase II 
enzymes in the metabolism of CYN. 

c) 3D models are suitable for the evaluation of (geno)toxic effects in vitro. 
 

 

1.7 Publications Included and Candidate' s Contributions 
 

The first manuscript ‘Assessment of the mutagenic and genotoxic activity of 
cyanobacterial toxin beta-N-methyl-amino-L-alanine in Salmonella typhimurium’ provides 
the data on L-BMAA bacterial mutagenicity and genotoxicity. It is the first published 
study of L-BMAA genotoxic activity and represents important information for the 
preparation of appropriate risk assessment documentation. The PhD candidate is a co-
author of this publication. Together with the other authors, she designed and performed 
the experiments for testing bacterial mutagenicity with the Ames tests and analysed and 
interpreted the data. 

For the second manuscript ‘The cyanobacterial oligopeptides microginins induce 
DNA damage in the human hepatocellular carcinoma (HepG2) cell line’ the preparation 
and characterization of the environmental sample was done by Hungarian co-authors, while 
the testing of cytotoxicity and genotoxicity of four microginins and the cyanobacterial 
extract was performed at NIB. This paper is the first published evidence of genotoxic 
potential of microginins. The PhD candidate is the co-author of this publication. She 
introduced the flow cytometry methods to the first author, collaborated in experimental 
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design and supported the first author at experimental work as well as analysis and 
interpretation of the data. 

The third manuscript ‘Genotoxic potential of the binary mixture of cyanotoxins 
microcystin-LR and cylindrospermopsin’ reports the combined effects of two common 
cyanotoxins on DNA single strand breaks formation and genomic instability in HepG2 
cells. Furthermore, the potential interactions were studied at transcriptomic level via the 
changes in the expression of biomarker genes. The PhD candidate is the first author of this 
publication. She designed and performed all the in vitro experiments using well-established 
techniques – MTS assay, alkaline comet assay, cytokinesis-block micronucleus assay and 
qPCR. She also analysed and interpreted the data and prepared the manuscript. 

In the fourth manuscript ‘Genotoxic activity of bisphenol A and its analogues 
bisphenol S, bisphenol F and bisphenol AF and their mixtures in human hepatocellular 
carcinoma (HepG2) cells’ cytotoxic and genotoxic potential of individual bisphenols is 
assessed after two exposure times. Moreover, the combined effects of bisphenol A and the 
three common analogues are studied at concentrations relevant for human exposure. The 
PhD candidate is the first author of this publication. She designed and prepared all the 
experiments and supervised the work of MSc student, a co-author who performed MTT 
assays and prepared the cells for flow cytometry. The candidate performed the qPCR 
experiments, analysed and interpreted all the data, and drafted the manuscript. 

The fifth manuscript ‘Plastics in Cyanobacterial Blooms - Genotoxic Effects of 
Binary Mixtures of Cylindrospermopsin and Bisphenols in HepG2 Cells’ describes genotoxic 
effects induced by co-exposure to the emerging cyanotoxin cylindrospermopsin and four 
most abundant bisphenols in HepG2 cells after 24 and 72h of exposure. The cytotoxicity 
was evaluated with the MTS assay, genotoxicity with the H2AX assay and deregulation 
of selected genes was assessed using q-PCR. The PhD candidate designed and performed 
all the experiments as well as analysed the results and prepared them for the manuscript. 

The sixth manuscript ‘Application of advanced HepG2 3D cell model for studying 
genotoxicity of cylindrospermopsin’ presents the influence of exposure to 
cylindrospermopsin on HepG2 cells in 3D spheroids. Cell viability was evaluated with MTS 
assay and life-dead staining and imaging of whole spheroids. Proliferation, cell cycle 
progression, yH2AX formation was simultaneously studied using flow cytometry, while 
gene expression was appraised by qPCR on microarrays. The PhD candidate designed the 
study, prepared the spheroids and performed all the in vitro experiments except confocal 
microscopy. She also collaborated in design and validation of the applied flow cytometry 
method for simultaneous analysis of proliferation, cell cycle progression, yH2AX formation. 
The candidate analysed and interpreted the obtained results, and prepared the manuscript. 
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Salmonella Typhimurium 
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Chapter 3 

3 Conclusions 

Climate change and water eutrophication resulted in increased occurrence and expansion 
of cyanobacterial blooms. Cyanobacteria are producing a wide variety of toxic secondary 
metabolites – cyanotoxins, which are consequently present in the blooming water. In the 
same period, the production of man-made chemicals and their release into the environment 
expanded, among which plastics and their ingredients are of top concern. Despite their 
different sources and functions, after ending up in the common water environment, they 
represent the constituents of the mixture of pollutants to which humans and other 
organisms are simultaneously exposed. Our research focused on two distinct groups of 
ubiquitous pollutants – naturally produced cyanotoxins and anthropogenic bisphenols, 
identifying their individual as well as combined cytotoxic and genotoxic effects and 
mechanisms of action.  

A non-protein amino acid β-N-methylamino-L-alanine (L-BMAA) is a globally present 
cyanobacterial product with known neurotoxic properties, while other toxicity data are 
scarce. Our study was the first addressing its genotoxic potential and has shown that L-
BMAA is not a bacterial mutagen. This information is essential for the risk assessment; 
however, recently, there are some indications that L-BMAA exhibit genotoxic effects in 
eukaryotic cells. Therefore, for proper human risk assessment, it needs to be further 
elucidated whether the neurotoxin L-BMAA could also induce adverse effects like DNA 
damage in cells other than neurons and what are the mechanisms involved in its genotoxic 
activity. 

Microginins (MGs) are another group of emerging cyanotoxins with no data on genetic 
toxicity. We identified various microginin congeners in cyanobacterial extract isolated from 
an environmental sample of eutrophic Lake Balaton and revealed their DNA-damaging 
potential. It can be concluded that MGs represent a genotoxic hazard for aquatic organisms 
and humans, which has not been recognised before, and it confirms our hypothesis. The 
cyanobacterial extract containing the mixture of microginins induced a higher amount of 
DNA strand breaks than the individual congeners. However, microginin GH787 and 
cyanostatin B were more potent in inducing genomic instability than the cyanobacterial 
extract. Therefore, the second part of the hypothesis cannot be confirmed as some MGs 
exhibited stronger genotoxic potential than the extract B-14-01. Moreover, despite their 
structural similarities, combined exposure to MGs cannot be ascribed neither to the 
concentration addition nor the independent action concept; thus, the underlying 
interactions between simultaneously occurring congeners need to be further examined.  

MCLR and CYN are hepatotoxic cyanotoxins, which both exhibit genotoxic effects, but 
their mechanisms of toxicity differ. They often occur together in cyanobacterial blooms, 
thus combined exposure is plausible. The binary mixture of MCLR and CYN induced DNA 
strand breaks in HepG2 cells after 4 and 24 h exposure. The levels of DNA strand breaks 
induced by the mixture were lower from those induced by a single toxin, indicating an 
antagonistic interaction, whereas the induction of genomic instability by combined 
exposure was not significantly different from that induced by CYN alone. Also, the pattern 
of the alterations in the expression of genes involved in xenobiotic metabolism, immediate 
or early response/signalling and DNA damage responsive genes induced by the mixture 
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was the same as that induced by CYN alone. Altogether, MCLR/CYN combined effect 
was comparable to the effect of CYN alone. Therefore, our hypothesis expecting that the 
MCLR/CYN mixture will exhibit more pronounced genotoxic effects than the individual 
toxins was rejected. MCLR is a well-known cyanotoxin characterised as a possible human 
carcinogen; however, from our results, it can be concluded that CYN evinces even stronger 
genotoxic activity.  

The use of bisphenol A and its analogues F, S and AF in the industry is increasing, and 
consequentially their release into the environment is rising. The comparison of their 
(geno)toxic effects emphasized BPAF as the most potent, while BPS showed the weakest 
genotoxic potential. At concentrations detected in environmental water samples or human 
body liquids, bisphenols and their combinations caused no DNA damage or changes in the 
transcription of selected genes involved in DNA damage response. However, the genes 
encoding xenobiotic metabolic enzymes were upregulated by BPA, BPAF and 
combinations even at very low concentrations, which demonstrates that at current exposure 
conditions they are capable of affecting the metabolism of xenobiotics, which may affect 
their disposition. Our results support the hypothesis that the DNA damaging potential of 
selected BPA analogues differs and that the transcriptomic analysis is the most sensitive 
method to identify the effects of bisphenols at low concentrations. The effects of combined 
and individual exposure cannot be compared while no induction of DNA damage was 
detected at tested concentrations.  

Combined exposure to environmental pollutants from different sources closer represents 
the real-life situation than the exposure to one individual chemical. Continental eutrophic 
waters are the juncture of cyanotoxins and bisphenols, which result in probable co-exposure 
of organisms. At the same time, consuming contaminated food and water may lead to a 
similar effect. The exposure of HepG2 cells to cyanotoxin CYN alone and its combinations 
with most abundant bisphenols (BPA, BPF, BPS and BPAF) significantly reduced the 
viability of HepG2 cells and increased the formation of DNA DSBs. The BPs alone did not 
affect cell viability and had no effect on DNA DSB induction at applied concentrations. 
Generally, in co-exposure, the effect of CYN prevailed, which has also been observed in 
combination with MCLR. However, CYN/BPA combination induced slightly less DNA 
DSB compared to the induction by CYN alone, indicating an antagonistic effect. At the 
same time, in CYN/BPA treated cells, the expression of CYP1A1 was increased in 
synergistic manner; therefore. an interaction at the level of metabolic activation of CYN 
may be expected. The results suggest that CYN is a toxin with a predominant genotoxic 
effect; thus, the hypothesis expecting combined exposure to exhibit stronger genotoxic 
potential than exposure to a single compound cannot be accepted. On the other hand, 
hypothesizing that gene expression analysis can elucidate the potential levels of interactions 
between CYN and the BPs was proven correct; however, the details of underlying molecular 
mechanisms remain unknown. 

To better elucidate the molecular mechanisms of CYN toxicity, it was investigated in 
an advanced in vitro 3D cell model. Metabolic transformation and bile acid transmembrane 
transport play an important role in CYN bioactivity. 3D spheroids resemble these functions 
better than cells cultured in monolayer; therefore, they represent a more suitable model for 
studying its toxic effects. CYN abated the growth of spheroids, while the viability of cells 
was not significantly affected. Although no induction of DNA double-strand breaks was 
observed, cell cycle arrest and gene expression analysis demonstrated DNA damaging 
activity accompanied by increased markers of apoptosis and reduced proliferation. CYN 
upregulated the expression of several phase I as well as phase II metabolic enzymes, 
indicating their potential involvement in the biotransformation of CYN. These results 
confirmed our hypotheses. The study importantly contributes to the data on CYN toxicity, 
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and at the same time represents an example of the application of the 3D model in 
toxicological research demonstrating the proof of concept. 

The results of this thesis provide missing toxicity and genotoxicity data needed for 
reliable environmental and human health risk assessment of newly identified and 
emerging cyanobacterial toxins as well as BPA analogues that are generally considered 
as less harmful than BPA. Special attention has been devoted to the studies of their 
combined effects in mixtures, which are relevant for environmental and human 
exposure through the contaminated water and have not been studied so far. Moreover, 
the methodological approach applied in the doctoral dissertation is novel to the field 
of genetic toxicology and indicates the potential possibilities of further development of 
3D in vitro models in assessment of genotoxic effects and the underlying mechanisms 
of action. 

The results related to this doctoral dissertation were presented in six scientific 
papers published in SCI international journals and in 10 national and international 
scientific conference contributions. 
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