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Abstract 

Cytostatics, also named anticancer drugs represent a group of pharmaceuticals that is 
mainly used in cancer treatment. These drugs are essentially targeting processes leading 
to the prevention of growth and tumour cells division via interference with the genetic 
material of tumour cells. However, the most commonly used cytostatics are not specific 
enough to target only tumour cells and they affect also normal cells of exposed humans 
and other organisms. Residues of cytostatics are released after human consumption into 
the environment, where they might affect nontarget aquatic organisms and indirectly 
exposed humans even at the levels of sub- to few ng/L in particular during chronic 
exposure. Nevertheless, ecotoxicological data that would allow evaluation of the 
environmental and human health risks posed by cytostatic residues released into aquatic 
environment are scarce. In the present thesis we focused our studies on exploring 
(eco)toxicity and genotoxicity of several most consumed cytostatics (i.e. 5-fluorouracil; 5-
FU, cisplatin; CDDP, etoposide ; ET, imatinib mesilate; IM, cyclophosphamide; CP and 
ifosfamide; IF), their metabolites and transformation products towards zebrafish (Danio 
rerio) liver cells (ZFL) and human derived cells (human hepatoma HepG2 cells and 
isolated peripheral lymphocytes) in vitro as single compounds and their mixtures. The 
studies showed that 5-FU, CDDP, ET and IM induced genotoxic effects in both in vitro cell 
models which was expected for 5-FU, CDDP and ETO and is in accordance with their 
mechanism of therapeutic action. Surprisingly, also IM, which was developed as specific 
drug that acts as selective inhibitor of aberrantly expressed tyrosine kinase in certain 
types of cancer cells and is not classified as genotoxic, showed genotoxic activity towards 
nontarget cells. The analyses of the expression of DNA damage responsive genes indicated 
that its genotoxic activity is probably not due to direct interaction with DNA processing. 
This indicates that compared to other three cytostatics chronic exposure to IM probably 
represent a lower hazard for aquatic organisms and humans. Our studies also showed that 
ZFL cells are an in vitro model of choice for studying environmental pollutants. The 
studies of the mixtures of cytostatics demonstrated that in contrast to single drugs, which 
exerted genotoxic effects only at high for environment irrelevant concentrations, they 
affected ZFL cells at low, for environmental contamination relevant concentrations at 
which individual compounds are inactive. IN accordance, we showed that samples of 
hospital wastewaters that contained various cytostatics, their metabolites and 
transformation products induced ecotoxic and genotoxic effects in exposed crustaceans, 
plants and in ZFL cells. Furthermore, we demonstrated that certain metabolites and/or 
transformation products of CP and IF are even more toxic and hazardous than the parent 
compounds. To explore long-term adverse effects of 5-FU on aquatic organisms a two-
generation toxicity study with zebrafish has been performed. In addition to standard 
toxicological endpoints, the induction of genotoxic effects and a whole genome gene 
expression profiling were performed. The results demonstrated that chronic exposure to 
environmentally relevant concentration of 5-FU (10 ng/L) induces histopathological 
changes in the liver and kidney, along with the genotoxic effects and deregulation of 
several DNA-damage-responsive genes and oncogenes, while classical ecotoxicological 
endpoints, such as survival, growth, hatching and reproduction, were not affected. 
Anyways, the observed genotoxicity and degenerative changes may lead to reduced fitness 
of fish populations, which may over long-term exposure over several generations lead to 
extinction of susceptible organisms even at very low concentrations of the drugs. Taken 
together the studies showed that certain highly consumed cytostatics do represent a risk 
for the environment and humans. Due to their genotoxic mechanism of action, 
environmental risk assessment for cytostatics should be mandatory irrespective of the 
predicted environmental concentrations. In addition to parental compounds, also their 
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metabolites, transformation products and complex mixtures should be included in the 
environmental monitoring and risk assessments. 
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Povzetek 

Citostatiki (tudi protirakava zdravila ali antineoplastiki) predstavljajo skupino zdravil, ki 
se uporabljajo za zdravljenje raka. Ta zdravila v glavnem preko interakcij z genetskim 
materialom preprečujejo rast in razmnoževanje tumorskih celic. Genotoksični mehanizem 
delovanja, ki je značilen za veliko večino citostatikov, pa ni dovolj specifičen in poleg 
rakavih celic lahko ta zdravila prizadenejo tudi normalne celice pacientov in drugih 
posredno izpostavljenih ljudi ter okoljskih organizmov. Po zaužitju se ostanki citostatikov 
izločijo v okolje, kjer lahko predvsem zaradi kronične izpostavitve prizadenejo netarčne 
vodne organizme in posredno izpostavljene ljudi celo pri nizkih koncentracijah (pod 
ng/L). Kljub temu so ekotoksikološki podatki, ki omogočajo oceno tveganja za okolje in 
zdravje ljudi, pomanjkljivi. V doktorski nalogi smo se v glavnem osredotočili na 
(eko)toksičnost in genotoksičnost najpogosteje uporabljenih citostatikov (5-fluorouracil – 
5-FU, cisplatin – CDDP, etopozid – ETO, imatinib mezilat – IM, ciklofosfamid – CP in 
ifosfamid – IF), njihovih metabolitov in transformacijskih produktov, kot posamezne 
kemikalije in v kombinaciji na izbranih in vitro modelih, jetrne celice rib cebric (Danio 
rerio) (ZFL) in celice humanega izvora (humane jetrne HepG2 celice in izolirani krvni 
periferni limfociti). Rezultati raziskav so pokazali, da 5-FU, CDDP, ETO in IM povzročajo 
genotoksične učinke v izbranih in vitro modelih, kar je bilo v skladu z našimi pričakovanji 
in njihovimi terapevtskimi mehanizmi, kar velja predvsem za 5-FU, CDDP in ETO. 
Presenetljivo je tudi, da je IM pokazal genotoksično aktivnost na netarčnih celicah, čeprav 
velja za bolj tarčno zdravilo, ki deluje kot selektivni inhibitor specifičnih mutiranih tirozin 
kinaz pri določenih vrstah raka in do sedaj skoraj ni podatkov o njegovi genotoksični 
aktivnosti. Vendar analiza izražanja genov odzivnih na DNA poškodbe nakazuje, da 
genotoksičnost IM najverjetneje ni posledica direktnih interakcij z DNA procesiranjem. 
Posledično predstavlja kronična izpostavitev IM manjše tveganje za posredno 
izpostavljene okoljske organizme in ljudi kot izpostavitev 5-FU, CDDP in ETO. Rezultati 
naših študij tudi kažejo, da so ZFL celice zelo občutljive na citotoksične in genotoksične 
učinke citostatikov in predstavljajo dober in vitro model za preučevanje okoljskih 
onesnažil. Genotoksičnost je v primeru testiranja posameznih citostatikov zaznana pri 
visokih okoljsko nerelevantnih koncentracijah. Nasprotno pa kombinacija več citostatikov 
povzroči genotoksične učinke pri nizkih, za okolje relevantnih koncentracijah, pri katerih 
posamezni citostatiki ne kažejo nobene aktivnosti. V nalogi smo pokazali, da bolnišnične 
vode, v katerih so prisotni številni citostatiki, njihovi metaboliti in transformacijski 
produkti, povzročijo ekotoksične in genotoksične učinke na izpostavljenih vodnih bolhah, 
rastlinah in ZFL celicah. Na primeru CP in IF smo pokazali, da so lahko nekateri metaboliti 
in transformacijski produkti bolj toksični in nevarni kot njihove izhodiščne spojine. Ti 
rezultati potrjujejo, da ostanki citostatikov doprinesejo k genotoksičnosti odpadnih voda. 
V namen preučevanja dolgodobnih škodljivih učinkov citostatikov na okoljskih organizmih 
smo izvedli dvogeneracijsko študijo z ribami cebricami izpostavljenimi 5-FU. Poleg 
standardnih ekotoksikoloških parametrov smo spremljali tudi genotoksikološke učinke in 
izvedli analizo izražanja celotnega genoma. Rezultati so dokazali, da kronična izpostavitev 
cebric okoljsko relevantnim koncentracijam 5-FU (10 ng/L) povzroči histopatološke 
spremembe na jetrih in ledvicah, genotoksične učinke ter deregulacijo številnih 
onkogenov in genov, povezanih v odgovor na DNA poškodbe. Nasprotno pa klasični 
ekotoksikološki parametri, kot so preživetje, rast, razmnoževanje in izleganje niso bili 
spremenjeni. Čeprav preživetje in razmnoževanje cebric nista bila prizadeta, pa lahko 
opazovane genotoksične in degenerativne poškodbe vodijo do zmanjšanega fitnesa ribje 
populacije, ki lahko v primeru dolgodobne izpostavljenosti privede do izumrtja 
najobčutljivejših organizmov, tudi pri zelo nizkih okoljskih koncentracijah teh zdravil. 
Rezultati naših študij kažejo, da določeni pogosto uporabljeni citostatiki predstavljajo 
tveganje za okolje in ljudi. Glede na njihov genotoksičen mehanizem delovanja bi morala 
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biti ocena tveganja za citostatike obvezna ne glede na predvidene okoljske koncentracije. 
V okoljski monitoring in oceno tveganja pa bi poleg učinkovin (starševske spojine) morali 
biti vključeni tudi njihovi metaboliti in transformacijski produkti. 
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Chapter 1 

1 Introduction 

Pharmaceuticals are a broad group of synthetic chemicals with different mechanisms of 
action used to diagnose, treat, cure or even prevent various diseases in humans and 
animals. These biologically active substances have brought great benefits to humanity in 
terms of healthier and longer lives and improved the quality of life. Their overall 
consumption is substantial and it is increasing globally mainly due to population growth, 
aging and expiration of patents leading to less expensive and more available generics 
(Daughton, 2002; Kummerer, 2009).  

Pharmaceuticals after their use, similar as other anthropogenic compounds, may 
reach wastewaters, surface waters, ground waters and even drinking waters, where they 
have been detected at the level of sub ng/L to few µg/L (reviewed in (Heberer, 2002; 
Kummerer, 2001; Kuster and Adler, 2014; Ortiz de Garcia et al., 2013). The measured 
concentrations depend on consumption amounts, patterns of administration, legislation 
and efficiency of sewage treatment plants to remove such persistent compounds. As these 
features are more or less specific for each country, different concentrations between 
countries are expected. Nevertheless, the consumption trends of major pharmaceutical 
groups worldwide tend to be similar due to globalization of the pharmaceutical industry 
(reviewed in (Ortiz de Garcia et al., 2013)) and consequently similar pharmaceuticals are 
expected to occur in the environment across the globe.  

Despite the low environmental concentrations, effects on non-target organisms are 
possible and expected especially as these compounds are designed to retain chemical 
stability long enough after administration to induce pharmacological response in target 
organs or tissues at low concentrations and are therefore resistant against degradation in 
the environment. However, only little is known about their effects on environmental 
organisms especially under conditions of chronic exposure to low, environmentally 
relevant concentration (Dong et al., 2013).  

In addition, also humans can be unintentionally exposed to pharmaceutical residues, 
especially health care workers that handle these compounds and general population 
through contaminated drinking water. However, the data that allows human health risk 
assessment posed by pharmaceutical residues are scarce (Besse et al., 2012; Kosjek and 
Heath, 2011; Kummerer et al., 2014).  

Pharmaceuticals can be classified according to the purpose of use and biological 
activity into different groups such as: antibiotics, analgesics, cytostatics, anti 
inflammatories, estrogens and hormonal drugs, antiepileptics, cardiovascular 
pharmaceuticals, etc. (Kummerer, 2009). Since there are 3000 ⎼ 10000 different 
pharmaceuticals currently in use (Boxall et al., 2012; Dong et al., 2013), it would be 
impossible to experimentally assess the hazards and risks of all of these compounds in a 
timely manner. Therefore, different prioritization approaches have been used to identify 
those that are more likely to pose risk for the environment and need special attention 
when dealing with environmental risk (Boxall et al., 2012; Kuster and Adler, 2014). As 
such, several groups of pharmaceuticals have been identified. One such group are 
cytostatics which have been until recently constantly overlooked in risk assessments, 
mainly due to their low consumption amounts, low predicted environmental 
concentrations and scarce information regarding their occurrence in the environment 
(Besse et al., 2012; Kosjek and Heath, 2011; Kummerer et al., 2014). However, many of 
these drugs are classified as mutagenic, genotoxic, carcinogenic, embryotoxic and/or 
teratogenic. Furthermore it has been postulated that they can cause adverse effects in the 
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aquatic ecosystem and indirectly exposed humans at low concentrations (Besse et al., 
2012; Kosjek and Heath, 2011; Kummerer et al., 2014; Toolaram et al., 2014). 

1.1 Cytostatics and Their Pharmacodynamics and Pharmacokinetics 

Cytostatics (also anticancer drugs, antineoplastic drugs, chemotherapeutics) are mainly 
used in chemotherapy to fight cancer, a disease involving uncontrolled multiplication of 
the body's own cells and spreading abnormal forms within the body. In general, these 
drugs prevent or disrupt tumour cell division, by interfering with DNA, promotion of cell 
apoptosis, or more recently by targeting the key proteins required for cell division (Besse 
et al., 2012; Kosjek and Heath, 2011; Kummerer et al., 2014; Xie, 2012). As most of these 
mechanisms of action are not very specific, cytostatics affect also patient´s normal growing 
cells, which during the chemotherapy often cause side effects. Additionally, once present 
in the environment they may cause adverse effects to aquatic ecosystems and indirectly 
exposed humans even at environmental concentrations, especially under conditions of 
chronic exposure. Therefore, it was stressed out that in-depth risk assessment of these 
pharmaceuticals should be performed (Besse et al., 2012; Kosjek and Heath, 2011; 
Toolaram et al., 2014).  

Anticancer drugs belong to the Class L - Antineoplastic and Immunomodulating 
Agents (ATC, Anatomical Therapeutic Classification) with more than 260 different drugs. 
According to their mechanism, these drugs can be classified into alkylating agents, 
antimetabolites, topoisomerase inhibitors, protein kinase inhibitors etc. Drugs that belong 
to the same group or even subgroup can have different chemical structures and 
consequently different characteristics that might be manifested in different environmental 
fate and effects. Therefore, risk assessment should be performed for individual drugs and 
not for the whole class (Kummerer, 2009). 

 

1.1.1 Alkylating agents 

Alkylating agents are used in chemotherapy for more than 70 years and still present the 
chemotherapy backbones for several types of cancer. Their main mechanism of action is 
DNA alkylation (Fleming, 1997; Kelland, 2007; Xie, 2012). 

 

1.1.1.1 Nonclassical alkylating agents (platinum compounds) 

Cisplatin (CDDP) and carboplatin are two most important drugs from this class of 
anticancer drugs. CDDP reached the market in 1978 and it is still among the most potent 
cytostatics with clinical activity against a wide variety of tumours (testicular, neck, 
ovarian, non small cell lung, cervical, head and esophageal cancer) (Guainazzi and Scharer, 
2010; Kelland, 2007; Siddik, 2003).  

After intravenous administrations, CDDP enters into the cells with passive diffusion 
and active transport (gated channels, transporters CTR1), but relatively slowly due to its 
high polarity. Once located inside the cell, the drug, which is a planar molecule of Pt(II) 
with two chloride ligands in cis-position, is activated by hydrolysis of one (monofunctional 
adduct) or two (bifunctional adduct) chloride atoms (chloride atoms are replaced with 
one/two molecule of water) resulting in the formation of aquated highly reactive species 
(Guainazzi and Scharer, 2010; Kelland, 2007). These highly reactive species mainly react 
with DNA molecules (covalent bound), preferentially with purine bases (guanine and to a 
lower extent also adenine) at N7 (nucleophilic) position, resulting in the formation of 
adducts and crosslinks (Figure 1) (Guainazzi and Scharer, 2010; Jamieson and Lippard, 
1999; Kelland, 2007). In addition to genomic DNA, CDDP targets also mitochondrial DNA 
and according to some data even to a higher extent (up to 4-6 fold higher proportion of 
DNA adducts). This could be due to the absence of nucleotide excision repair in 
mitochondria, which is the main pathway for removing CDDP−induced damage in 
genomic DNA (Jamieson and Lippard, 1999). CDDP reacts also with several other cellular 
components; RNA, proteins, membrane phospholipids, and/or microfilaments but with 
lower affinity (Siddik, 2003).  
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CDDP-DNA adducts directly affect DNA integrity and block normal separation of 
DNA helix and thus indirectly inhibit DNA replication/synthesis and suppress 
transcription. Therefore, affected cells are arrested in the G2 phase of the cell cycle which 
at high concentrations of CDDP results in cell death. CDDP-DNA adducts also inhibit 
initiation and elongation of polymerase, block attaching of transcription factors and hijack 
proteins required for transcription. Polymerase can bypass to some extent platinum 
induced adducts, but during such DNA replication some additional mutations might be 
introduced. CDDP inhibits also the activity of telomerases and induce the shortening and 
degradation of telomeres (Jamieson and Lippard, 1999).  

Carboplatin is a second generation analogue of CDDP and approved by FDA in 1989. 
It has a similar mechanism of action as CDDP. However, it showed lower anticancer 
activity than CDDP and more acceptable side effects (Kelland, 2007). 

 
 

 

Figure 1: Mechanism of action of cisplatin (Kelland, 2007). 

 

1.1.1.2 Classical alkylating agents – nitrogen mustards analogues  

Classical alkylating agents have a similar structure as mustard gas and are mainly used for 
the treatment of lymphoma, leukemia, and several solid tumours. The most famous and 
widely used representatives are cyclophosphamide (CP) and ifosfamide (IF) (others: 
chlorambucil, melphalan etc.) (Besse et al., 2012; Fleming, 1997). These two drugs can be 
administrated orally or intravenously with much better bioavailability after oral 
administration (85-100 %) (Fleming, 1997). 

CP was approved by FDA (U.S. Food and Drug Administration) almost 60 years ago 
(1958) and it is still one the most effective molecules towards various cancers (Brock, 
1989; Emadi et al., 2009). IF is an isomer and substitute of CP and it entered the market 
almost 30 years later (year 1987) in order to improve its water solubility and broaden its 
anticancer activity. However, it has not been proven to be more efficient than CP in any 
type of cancer and it has an even higher toxicity compared to CP (Brock, 1989).  

CP and IF are prodrugs that need metabolic activation mainly by liver microsomal 
enzymes (hepatic and intracellular enzymes) such as CYP2B and CYP3A through several 
steps to their final active species (phosphoramide mustard and ifosfamide mustard, 
respectively) (Figure 2) that are responsible for their anticancer activity (Fleming, 1997). 
Mechanism of action is similar as for nonclassical alkylating agents: DNA alkylation of two 
guanine bases at N7 within the same or complementary DNA strands forming intrastrand 
and interstrand crosslinks. The crosslinks are strong covalent bounds that prevent DNA 
separation, interfere with DNA replication, transcription and subsequently lead to cell 
death (Emadi et al., 2009; Fleming, 1997). 
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Figure 2: The metabolic pathway of activation of cyclophosphamide to DNA reactive 
phosphoramide mustard (Emadi et al., 2009). 

 

1.1.2 Antimetabolites 

These drugs are widely used to treat lung, leukemia, pancreatic and colorectal cancers and 
are one of the oldest cytostatics (Xie, 2012). They are intentionally designed to have 
similar structures as some cell's own components; pyrimidine (pyrimidine analogues), 
purine (purine analogues) and folic acid (folic acid analogue). Nevertheless, due to their 
small but significant differences in the structure these drugs interfere also with normal 
physiological reactions in which they are involved (Kummerer et al., 2014). 

 

1.1.2.1 Folic acid analogue/Antifolates 

They are structural analogues of folates, vitamins that are essential for de novo synthesis 
of DNA and enter into the cell with the same transporter system as folates. Antifolates are 
specifically designed to target and inhibit key folate-dependent enzymes, which results in 
nucleotide biosynthesis inhibition and consequently inhibition of cell proliferation and 
further damage that in the final stage leads to cell death. In clinic around 13 different 
antifolates are used and among them Methotrexate is the most widely used (reviewed in 
(Hagner and Joerger, 2010)). 

 

1.1.2.2 Pyrimidine analogues 

The most recognizable drugs from this group are 5-fluororuracil (5-FU), capecitabine, 
gemcitabine, and cytarabine. They are structurally similar to pyrimidine bases, 
components that build DNA (Xie, 2012). 

5-FU was synthesized around 60 years ago (1957) and it is still widely used as single 
chemotherapeutic or in combination with other cytostatics for the treatment of colorectal, 
breast, aerodigestive tract, head and neck cancer. It has a similar structure as uracil, but at 
the C-5 position hydrogen atom is replaced with fluorine atom. The drug enters into the 
cells with the same transporters as uracil and once inside the cell the drug is metabolized 
to several active metabolites which cause (Figure 3):   

- inhibition of thymidylate synthase (TS), enzyme that is involved via cascade 
reactions into de novo source of thymidine, and thus it is necessary for DNA 
replication and repair. Inhibition of the enzyme leads to imbalance of other 
deoxynucleotides that severely disrupt DNA repair and synthesis, finally 
resulting in lethal DNA damage (strand breaks). 
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- Misincorporation of 5-FU metabolites (FdUTP and dUTP) into DNA. When 
cells try to repair these lesions further false nucleotide incorporations occur. 
Overall, futile cycles of misincorporation, excision and repair eventually lead 
to DNA strand breaks and cell death. 

- Incorporation of 5-FU metabolites (FUTP) into RNA, disrupts protein 
synthesis and RNAs processing  

(reviewed in (Longley et al., 2003)). 
 

 

Figure 3: Mechanism of action 5-fluorouracil (Longley et al., 2003). 

 
5-FU is rapidly degraded in the liver (up to 80 %) and thus only a small fraction of 

the drug is available to act antitumorigenic. In order to improve its poor bioavailability, 
the prodrug capecitabine has been developed. Unlike 5-FU, capecitabine is administrated 
orally and it is absorbed unchanged through the gastrointestinal wall. It is converted to 5-
FU via three-step enzymatic cascade starting in the liver. The final step occurs with 
enzymes (thymidine phosphorylase and uridine phosphorylase) that are more active in 
tumour cells than in normal, causing tumour selective activation of capecitabine to 5-FU. 
Additionally, capecitabine has fewer side effects than 5-FU (reviewed in (Longley et al., 
2003; Walko and Lindley, 2005). 

 
 

1.1.3 Topoisomerase inhibitors 

These drugs interfere with normal functions of DNA topoisomerases I and II, enzymes that 
are involved in controlling, modifying, and maintaining structures and topology of DNA. 
These processes are important during normal replication, transcription, recombination 
and translation of genetic material (reviewed in (Burden and Osheroff, 1998). 

Topoisomerase after the binding to DNA generates single (topoisomerase I) or 
double-strand breaks (topoisomerase II) in the sugar-phosphate backbone and stays 
attached (covalent bond) with two newly generated terminus, forming the structure 
known as cleavage complex. These strand breaks are in cells normally transient, at low 
concentrations, and short lived intermediates that are tolerated by the cells despite their 
potentially toxic effects. After the formation of DNA strand breaks, the DNA double helix 
can over- and under-wind, which results in resolving nucleic acid knots and tangles. After 
the DNA is relaxed, the breaks are rejoined with covalent bond and relegation favored 
cleavage (Burden and Osheroff, 1998; Pommier, 2013).  

Topoisomerase inhibitors do not cause direct DNA damage but mainly stabilize 
complex DNA-enzyme (cleavage complex) that enables religation of broken DNA. 
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Stabilized cleavage complex is present longer than usually and when certain enzymes 
(helicase, polymerase) during transcription and/or replication attempt to traverse it, the 
cleavage complex is destroyed. This convert temporary DNA strand breaks, formed by the 
enzyme, into permanent DNA strand breaks. Formed brakes then become a target of 
different repair pathways that can further damage genetic material (reviewed in 
(Pommier, 2013)). When the tolerated level of strand breaks is exceeded (critical point) 
apoptosis occur. Overall, topoisomerase inhibitors do not directly interact with DNA but 
hijack cellular enzyme that itself damages DNA (reviewed in (Burden and Osheroff, 1998; 
Pommier, 2013)). There are two types of topoisomerase inhibitors, depending on which 
type of enzyme is their primary target. 

 

1.1.3.1 Topoisomerase I inhibitors (Topotecan and irionotecan) 

These inhibitors are directed toward normal function of cell cycle specific enzyme 
topoisomerase I. The enzyme relaxes DNA supercoiling by causing single strand break and 
consequently rotation of broken DNA around the cleavage complex, followed by rejoining 
of DNA double helix independently form ATP (Figure 4) (reviewed in (Pommier, 2013). 
The first developed drug from this group is camptothecin which was removed from the 
market due to its severe side effects. Later its derivates – topotecan and irinotecan were 
developed. These drugs mainly bind to the cleavage complex with high selectivity (do not 
bind to the enzyme alone and only weakly to DNA), but with low affinity. Therefore, high 
concentrations of the drug are required in order to observe desirable pharmacological 
response. Additionally, binding to the cleavage complex is reversible with short reversing 
time after the drug is metabolized. Therefore, prolonged infusions of relatively high 
concentrations of the drug must be given in order to maintain persistent cleavage complex 
that is then converted into DNA damage (reviewed in (Pommier, 2006)). 

 

1.1.3.2 Topoisomerase II inhibitors 

This group of cytostatics mainly targets topoisomerase II, an ATP dependent enzyme that 
modulates DNA topology (resolving knots and tangles) by forming transient double 
stranded breaks (DSBs) (Figure 4) (Burden and Osheroff, 1998; Pommier, 2013). 

Among topoisomerase II inhibitors the most widely used is etoposide (ETO) which 
is one of the most active chemotherapeutics used as single agents in the fight against small 
cell lung cancer and it is also effective towards testicular cancers, lymphoma and Kaposis 
sarcoma (Pommier, 2013; Xie, 2012). In addition to stabilizing the cleavage complex, ETO 
can also bind to topoisomerase II in the absence of DNA and it enters into cleavage 
complex mainly through interactions with topoisomerase (reviewed in (Burden and 
Osheroff, 1998)).  

Other important drugs from the group are doxorubicin and daunorubicin that are 
used in the treatment of leukemia, breast, small cell lung and ovarian cancer. In addition to 
stabilization of cleavage complex, these drugs also generate free radicals, intercalate 
between base pair of DNA, and hinder the process of strand separation, by targeting 
nuclear helicase (reviewed in (Pommier, 2013)). 
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Figure 4: Mechanism of action of topoisomerase inhibitors (Pommier, 2013). 

 

1.1.3.3 Targeted Therapies 

Targeted therapy presents a new era in chemotherapy with a more personalized approach 
that appeared approximately 20 years ago and completely revolutionized the cancer 
treatment. The idea behind this revolutionary therapy is to attack cancer cells with higher 
selectivity on one side and to minimize damage/death of normal cells with fewer 
undesirable side effects on the other side. Due to their clinical success, cancer treatment 
moved away from the use of nonspecific conventional anticancer drugs (mainly with 
genotoxic activity) that do not discriminate between cancer and normal cells usually with 
severe side effects towards application of more targeted molecular therapies. Among all 
FDA approved anticancer drugs between year 2000 and 2014 79% belong to the group of 
targeted therapies (reviewed in (Perez-Herrero and Fernandez-Medarde, 2015)).  

These drugs are developed to interact with cancer cells through different 
mechanisms such as stimulation of immune system, selective blocking of the signals that 
drive tumour cells to grow and divide uncontrollably, or targeted delivery of the  drug to 
cancer cells only (reviewed in (Perez-Herrero and Fernandez-Medarde, 2015)) (Sawyers 
2004M). According to these mechanisms of action, they can be subdivided into protein 
kinase inhibitors (PKIs), monoclonal antibodies, antibody drug conjugates, immune 
checkpoint inhibitors and hormonal agents. 

 

1.1.3.4 Tyrosine kinase inhibitors (TKIs) 

Tyrosine kinase inhibitors (TKIs) are the biggest group of drugs among targeted therapies 
and their number has been in the last ten years doubled, however currently they target 
only a small fraction of different cancer types (Levitzki, 2012). These drugs are designed 
to selectively target tyrosine kinases that are mutated and abnormally expressed in 
certain types of cancers (Arora and Scholar, 2005).  

Protein tyrosine kinases (PTKs) are ATP-consuming enzymes that are activated by 
extracellular (transmembrane receptor; EGFR, PDGFR, VEGFR) or intracellular signals 
(intracellular nonreceptor ABL, SRC). After the activation, they catalyze the transfer of the 
phosphate group from ATP to target proteins, usually tyrosine residues. Protein 
phosphorylation by kinases is an important mechanism in signal transduction and 
regulates the majority of cellular pathways (such as cell division, cell growth, migration, 
differentiation, and death). Therefore, for normal cellular regulatory processes it is 
essential that their enzymatic activity is under tight control. In some cases PTKs can be 
deregulated by: 
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- constant autophosphorylation of PTKs in the absence of the ligand; 
- specific mutations in the kinase domain (deletions, point mutations) that disrupt       

autoregulation of the kinase and increased sensitivity of the receptor to its ligand 
- and increased or aberrant expression of receptor, ligand, or both. 

           This can lead to enhanced and persistent stimulation of the signal that results in 
cancer development, increased tumour cell growth, antiapoptotic effects, metastasis 
and/or promoted angiogenesis (reviewed in (Arora and Scholar, 2005)). With this, PTKs 
present attractive targets in chemotherapy. Most of TKIs are designed to inhibit catalytic 
activity of the enzyme by interfering with the ATP binding (Levitzki, 2012; Levitzki and 
Mishani, 2006).  

First tyrosine kinase inhibitor, IM, was approved in year 2001 and was developed 
for treatment of chronic myeloid leukemia (CML), a disease that is a result of a reciprocal 
translocation of chromosome 9 and 22, cytogenetically visible as a shortened chromosome 
22 (so-called Philadelphia chromosome). This translocation forms BCR-ABL fusion gene 
the product of which is constantly activated tyrosine kinase. This kinase results in 
deregulation of intracellular signaling and consequently in increased proliferation and 
reduced apoptosis. IM selectively and with high specificity inhibits BCR-ABL tyrosine 
kinase (Figure 5) and completely revolutionized outcome of this disease. As BCR-ABL 
kinases are absent in normal cells, IM is generally well tolerated with minimal side effects 
(minimally harmful to normal cells) (Druker, 2010). In addition, IM inhibits also mutated 
c-KIT and PDGFR kinases that play the role of gastrointestinal stromal tumor (GIST). 
Nevertheless, it has been shown that IM might block also PDGFR, c-KIT and c-ABL tyrosine 
kinase of normal cells, where these kinases play important roles, but when this happens 
normal cells utilize alternative pathways. Meanwhile survival of CML cells is mainly 
dependent on BCR-ABL, thus these cells will die when its activity is blocked (Levitzki, 
2012; Levitzki and Mishani, 2006). 

 
 

 

Figure 5: Mechanism of action of imatinib mesylate (Mughal and Schrieber, 2010). 

 

1.2 Consumption Amounts and Trends 

High consumption amounts of cytostatics have been reported for some countries. 
However, at the moment detailed data regarding the consumption amounts of all 
cytostatics present on the market at a national scale across a longer period that allow 
monitoring of trends are rare and absent for most countries with few exceptions (England, 
Germany, France and Spain) (Besse et al., 2012; Booker et al., 2014; Franquet-Griell et al., 
2015; Kummerer et al., 2014). On the contrary, there is more available consumption data 
of only few cytostatics on a more local level (hospital, region) (Buerge et al., 2006; Johnson 
et al., 2013; Kovalova et al., 2009; Kummerer and Al-Ahmad, 2010; Martin et al., 2011; 
Nussbaumer et al., 2011). Surveys of cytostatics consumption are performed mainly in 
Europe, meanwhile there is almost no data for consumption outside of Europe (Yin et al., 
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2010). Nevertheless, available consumption data are essential for identification of those 
drugs that are currently most likely entering into the aquatic environment (Besse et al., 
2012).  

The most consumed group of cytostatics by far are antimetabolites, followed by, 
alkylating agents, tyrosine kinase inhibitors and drugs with endocrine activity. The 
consumption of most classes is increasing at the local and national scale (Besse et al., 
2012; Booker et al., 2014; Kummerer et al., 2014). Furthermore, it is expected that the 
consumption of all anticancer drugs will increase per around 10 % per year mainly due to: 

- increased prevalence of new cancer cases (70 % increase of new cases over the     
next 2 decades, according to world health organization); 

- longer chemotherapy that correlates with increased survival time in average 
and fewer unwanted side effects; 

- improvement in cancer therapy that allows administrations of higher doses 
and treatment of patients that were untreated before; 

- better and earlier diagnose of cancer;  
- usage of cytostatics for treatment of some other diseases and 
- usage of cytostatics in veterinary purposes (reviewed in (Besse et al., 2012; 

Booker et al., 2014; Johnson et al., 2008; Toolaram et al., 2014) 
(http://www.who.int/mediacentre/factsheets/fs297/en/ 08.02.2017).  

Consumption trends for individual drugs are not so uniform and for some 
cytostatics also a decrease in consumption has been observed, or some even completely 
disappeared from the use in clinic. Such cytostatics are usually replaced with new ones, 
probably more efficient and/or with fewer side effects (Besse et al., 2012). However, the 
total number of cytostatics used in chemotherapy is increasing (Besse et al., 2012; 
Kummerer et al., 2014). In Germany 32 new cytostatics entered the market in period of 
only 6 years (from year 2006 to 2012) to altogether 102 (Kummerer et al., 2014). 
Interestingly, the majority of new drugs that entered the market are for target therapies 
(TKIs), which are already a few years after their introduction to clinical use among the 
most consumed cytostatics (Besse et al., 2012; Kummerer et al., 2014).   

Consumption trends reveal big differences in the use of cytostatics between 
different countries or even more locally (regions), although rates of different cancer types 
are similar. For example, the grates variation was observed for 5-FU with 28-fold 
difference between minimum and maximum consumption. Consumption of CP is very low 
in Austria and Denmark and the highest in Sweden with 15-fold difference compared to 
European mean value. Carboplatin is almost three times more often used in the Czech 
Republic as is the European average (Johnson et al., 2013). Nevertheless, there are also 
some similarities in the use of certain drugs across Europe. For example in Germany and 
France the same cytostatics have been identified as top four the most consumed 
cytostatics in the same order;  hydroxycarbamide, capecitabine, 5-FU and IM (Besse et al., 
2012; Kummerer et al., 2014). 

Additionally, consumption trends revealed a strong shift towards oral application 
carried out outside of hospitals for almost all classes of cytostatics. This shift has been 
observed at a national and local level and was linked with improving patients' comfort 
(Besse et al., 2012; Kosjek and Heath, 2011). In the period of just four years (2004 to 
2008) the consumption of cytostatics in hospitals decreased from 82 % to about 35 %. The 
main classes used in hospitals are antimetabolites and alkylating agents, meanwhile TKIs 
are predominantly used outside the hospitals (Besse et al., 2012). Furthermore, 
approximately 75 % of oncology patients after the infusion of injection leave the hospital 
(Besse et al., 2012). All these trends strongly influence the possible entry routes of 
cytostatics into the environment. 
 
 

1.3 Source of Cytostatics into the Environment 

The majority of cytostatics are incompletely metabolized and thus a certain amount of 
unchanged parent compound is excreted together with various pharmacologically active 
and inactive metabolites (Besse et al., 2012; Xie, 2012). The excretion rates of unchanged 
parent molecules among drugs vary over the wide range from just a few % to 90 %. 
Additionally, differences in excretion rates are observed also for the same cytostatic and 
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depend on the dosage, type of administration, co-medications, and inter-patients variation 
(age, metabolism rate, and health) (Booker et al., 2014; Johnson et al., 2013; Kummerer et 
al., 2014). Therefore, it is hard to define the exact excretion value for a drug. Furthermore, 
often data about excretion rates and metabolites are completely missing (Kummerer et al., 
2014).  

The most important source of cytostatics in the environment is human consumption 
(Kummerer et al., 2014). After administration, cytostatic residues are largely excreted via 
urine and/or feces into hospital and/or municipal effluents (Figure 6). Their 
concentrations in effluents vary on local and national levels and strongly correlate with 
consumption amounts, patterns and trends, excretion rates and dilution factors (Besse et 
al., 2012; Kummerer et al., 2014; Zhang et al., 2013).  

The first monitoring studies of cytostatic residues were focused on hospitals 
effluents, as it was a common impression that these compounds enter into the 
environment almost exclusively from hospital applications (Kovalova et al., 2012; 
Kümmerer and Al-Ahmad, 1997; Mahnik et al., 2007; Steger-Hartmann et al., 1997; 
Zounkova et al., 2007). Since hospital effluents are rarely pre-treated prior entering into 
the public sewer system (Verlicchi et al., 2012; Yin et al., 2010), they become an important 
point source of cytostatic residues into the aquatic environment (Kosjek and Heath, 2011; 
Zhang et al., 2013). Therefore, quantification of cytostatic residues in hospital effluents 
may serve as a starting point to individualize the magnitude of putative pollution 
problems (Mahnik et al., 2007; Yin et al., 2010).  

As the consumption trends changed over time from in-patients to out-patients (the 
patient shortly after receiving the drug left the hospital) and oral consumption at home, 
household effluents became an important source as well with high environmental concern 
(Besse et al., 2012; Kosjek and Heath, 2011; Kummerer et al., 2014; Zhang et al., 2013). 
Consequently, in hospital effluents only 1.1 to 13.8 % of all consumed cytostatics are found 
and therefore these effluents are not considered any more as the main entry route of 
cytostatics into the aquatic environment (Besse et al., 2012; Ferrando-Climent et al., 2014; 
Kummerer and Al-Ahmad, 2010). In contrast to hospital effluents, municipal effluents 
have been scarcely investigated, and studies are usually limited to determinations of the 
most consumed cytostatics (Zhang et al., 2013). The measured concentrations are 
generally lower than those detected in hospital effluents (Kosjek and Heath, 2011; Martin 
et al., 2011). With increasing consumption at home, the introduction of cytostatics into 
environment became more diffuse.  

Overall, the type of hospitalization strongly influences the entry routes of cytostatics 
into the sewage system (Besse et al., 2012). As it is expected that an increased level of 
cytostatics into the environment will be released in the future, it is necessary to continue 
surveying their presence in effluents. 

 

1.4 Predicted Behaviour in Sewage Treatment Plants and in the 
Aquatic System 

Usually effluents, prior entering into the environment, pass through sewage treatment 
plants (STPs) where the processes of removing pollutants with physical, chemical and 
biological processes occur. Their fate and distribution in STPs depend on the used 
treatment processes and physicochemical profiles of each pollutant. Furthermore, 
elimination processes are not related only to STPs, but to a lower extent they occur also in 
the environment (Kosjek and Heath, 2011). 

A key factor that controls cycling of cytostatics in the aquatic media is their sorption 
to sewage sludge (biomass) (reviewed in (Kosjek and Heath, 2011)). However, many 
cytostatics are highly hydrophilic compounds with high aqueous solubility and low 
octanol-water partition coefficient (KOW values i.e. <log 2). Due to these characteristics 
they will remain distributed in the water phase rather than eliminated from wastewaters 
by either sorption onto sewage sludge or volatilization (Booker et al., 2014; Kosjek and 
Heath, 2011; Zhang et al., 2013). Additionally, some cytostatics also show high mobility in 
sediment (Koc 8) and high potential for bioaccumulation in aquatic organisms. 
Nevertheless, a few cytostatics showed a potential for sorption onto sewage sludge and 
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sediment, but as they are poorly biodegraded they are only displaced into another 
compartment (Kosjek and Heath, 2011).  

Another important elimination process of pollutants is their biodegradation by 
microorganisms (aerobic or anaerobic). Most of cytostatics have a low biodegradability or 
they are biodegradable only to some extent (Booker et al., 2014; Kosjek and Heath, 2011; 
Zhang et al., 2013). In some cases results for biodegradation are inconsistent. For example, 
5-FU is classified as nonbiodegradable to almost completely biodegradable (Kosjek and 
Heath, 2011). Discrepancies are mainly due to different drug concentrations and the 
duration of exposure. At high concentrations, the drug may be cytotoxic to the 
microorganisms that may potentially lead to false negative results. In some studies 
degradation occurs only after a much longer exposure time (up to 14 days) that cannot be 
used in conventional STP, where the retention time (the time in which bacteria are 
exposed to the test compound) is between 2 and 8 h (Mahnik et al., 2007). It has been 
reported that after a short retention time (2h) that is typical for most STPs 11 out of 16 
cytostatics remain in the effluents, meanwhile after 8 h, only 7 compounds remained in the 
effluent with concentrations between 10-80% of the initial concentration (Franquet-Griell 
et al., 2015).  

The concentration of cytostatic residues can be modulated also by photo-
transformation and hydrolysis, which might be at the same time also the source of new 
transformation products. These processes are more pronounced in surface waters than in 
STPs. There are only a few cytostatics that exhibit significant light absorption (direct 
photolysis) within the solar light spectrum or UV range (Booker et al., 2014; Kosjek and 
Heath, 2011). For some cytostatics indirect photolysis with photochemically derived 
species like the aqueous hydroxyl radical (OH•) is even more important (Booker et al., 
2014; Buerge et al., 2006). On the other hand, hydrolysis is of a minor importance for 
degradation of majority cytostatics. Only those drugs that contain ester and amide 
functional groups may be susceptible to degradation via hydrolysis (Booker et al., 2014).   

 

1.5 Cytostatics in the Environment 

Since cytostatics are not completely removed in conventional STPs, they may remain in 
the dissolved phase in the aqueous effluents and leave STPs only in partly reduced or even 
in unchanged concentrations (Kosjek and Heath, 2011; Zhang et al., 2013). Consequently 
STPs became an important direct source of cytostatics into the aquatic environment. 
However, for the majority of cytostatics the environmental burden is unknown, mainly 
because they have been ignored due to their low concentrations and absence of enough 
sensitive analytical techniques to detect such low concentrations in complex 
environmental matrices. 

 

1.5.1 Measured concentrations of cytostatics in aquatic environment  

Limited occurrence data show ubiquity presence of several cytostatics in the aquatic 
environment. The most studied drugs are those that are present on the market for a longer 
period and/or are consumed in higher amounts. For example, one of the most frequently 
detected cytostatics in European surface waters are CP and IF with range from sub-ng/L 
up to 20 ng/L (Buerge et al., 2006; Ferrando-Climent et al., 2014; Franquet-Griell et al., 
2015; Zuccato et al., 2000). CP has been detected also in Thailand (Chao Phraja river, 
Bangkok) at 100-fold higher concentration, 1907 ng/L (Usawanuwat et al., 2014) which is 
the highest measured concentration of any cytostatics in the aquatic environment. High 
concentrations are also reported for hydroxycarbamide, mycophenolic acid and 5-FU; 788, 
656 and 578 ng/L, respectively (Usawanuwat et al., 2014)(Franquet-Grill et al., 2016). 
Also tamoxifen (up to 38 ng/L), cytarabine (13 ng/L), ciprofloxacin (up to 102 ng/L), and 
bleomycin (17 ng/L) have been found in aquatic environment at relatively high 
concentrations (above 10ng/L) (Aherne et al., 1990; Ferrando-Climent et al., 2014; Martin 
et al., 2011). On the contrary, in some studies authors were unable to detect cytostatics in 
environmental samples which could be due to: 

- insufficient analytical techniques; 
- efficient waste water treatment procedure; 
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- low consumption amounts; 
- inappropriate sampling;  
- time of sampling; (reviewed in (Booker et al., 2014; Ferrando-Climent et al., 2014; 

Kosjek and Heath, 2011; Kummerer et al., 2014). 
 

1.5.2 Predicted environmental concentrations (PECs) 

As the experimental data regarding the occurrence of cytostatics in surface waters is 
limited, different approaches to evaluate their approximate concentrations using the best 
available information have been developed. These calculated values, predicted 
environmental concentrations (PECs), present the expected fraction of the drug in surface 
waters once discharged and diluted. This approach presents an effective way to roughly 
identify target compounds most likely to be detected in water, before any field sampling is 
undertaken. However, PECs usually do not take into account the local specificities and 
possible hot spots and thus provide only a rough overview on a national or regional scale 
(Zhang et al., 2013). The accuracy of PEC values depends on the quality of data that are 
used in calculations, such as consumption amounts, dilution factors, excretion rates, and 
removal efficiency of STPs. But as each authors use slightly different values for these 
parameters, differences among PECs for the same cytostatic are possible (Besse et al., 
2012; Franquet-Griell et al., 2015). For example, Besse and co-workers (Besse et al., 2012) 
calculated PECs for cytostatics used in France but they did not take into account the 
removal rates in STPs, as the data at the time of performing the study were scarce. Later 
on, research data accumulated and Franquet-Griell with co-workers (Franquet-Griell et al., 
2015) recalculated PECs of relevant cytostatics considering the newest data regarding 
removal efficiencies of STPs and dilution factors which resulted in slightly lower PECs 
values.  

The majority of cytostatics have PEC values much lower than 10 ng/L but for some 
of them also higher values have been calculated: 5-FU (30 ng/L), IM (13 ng/L), IF (12 
ng/L), CP (10 ng/L), capecitabine (60 ng/L), mycophenolic acid (77.4 ng/L), bicalutamide 
(10.84 ng/L), gemcitabine (10 ng/L) and ciprofloxacine (51.4 ng/L) (Besse et al., 2012; 
Franquet-Griell et al., 2015; Gomez-Canela et al., 2014; Johnson et al., 2013; Kummerer 
and Al-Ahmad, 2010; Kummerer et al., 2014; Martin et al., 2014; Ortiz de Garcia et al., 
2013; Rowney et al., 2009). PEC for all cytostatics, regardless of their mechanism of action 
can be as high as 630 ng/L (Kummerer et al., 2014). This theoretical approach has been 
validated by comparing the calculated values with measured environmental values and 
good agreement has been observed for certain cytostatics (Martin et al., 2014). However, a 
complete validation is at the moment difficult mainly due to limited data on the measured 
environmental concentrations. Nevertheless, PEC values are useful tool to prioritize 
cytostatics and estimate their concentration in the aquatic environment. 

 
 

1.6 Effects of Cytostatic Drug Residues 

The effects of cytostatics are not selective enough, and in addition to tumour cells, these 
drugs affect also the patient’s normal growing cells and tissues, which often cause 
undesirable side effects, either during the therapy or even later in the lifetime, which 
raises concern about the health risk to occupational exposed people handling with these 
drugs and indirectly exposed population through drinking water (Kosjek and Heath, 2011; 
Kummerer et al., 2014).  

Furthermore, as cytostatic residues are ubiquitously present in the environment, 
environmental organisms can also be affected by these compounds. Environmental 
organisms might exhibit the same targets as humans, causing similar pharmaco-dynamic 
effects as in humans (Bound and Voulvoulis, 2004; Kummerer et al., 2014; Toolaram et al., 
2014) or some other targets that do not exist in humans causing some other secondary 
unexpected effects that are not pharmacologically important in the treatment of humans 
(Lutterbeck et al., 2015; Pichler et al., 2014; Seiler, 2002). Often specific modes of actions 
of cytostatics are not well known or even different modes of action occurred 
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simultaneously, which makes specific toxicity analysis in animals difficult to perform (Fent 
et al., 2006; Pichler et al., 2014).  

Although the measured and predicted environmental concentrations of cytostatics 
are much lower (for several magnets of order) than therapeutically effective doses, their 
constant presence in the environment pose a risk to unintentionally exposed humans and 
environmental organisms, especially due to their highly reactive nature, low specificity 
and a wide-range of action (Besse et al., 2012; Kummerer et al., 2014). Many of these 
drugs are classified as genotoxic, mutagenic, carcinogenic, teratogenic, and/or 
embryotoxic (Besse et al., 2012; Kummerer et al., 2014; Parrella et al., 2015; Toolaram et 
al., 2014; Xie, 2012).  

Overall, the presence of cytostatics residues in the environment may lead to 
systemic environmental effects that in the worst case could lead to the extinction of 
susceptible organisms, while in exposed humans increased cancer incidence and 
reproductive defects may occur. Thus, ecotoxicological data is needed to reliably assess 
the potential risks and introduce appropriate risk management. 

 
 

1.6.1 Ecotoxicological potency (ecotoxicity) of cytostatics 

Data on the potentially toxic effects of cytostatics towards aquatic organisms are scarce, 
poorly investigated and available mainly for those cytostatics that are consumed in high 
amounts and/or have been present on the market for many years (Booker et al., 2014; 
Kummerer et al., 2014). 

To predict possible effects of pollutants on natural aquatic population different 
ecotoxicity tests are available. The principle of these tests is exposure of model aquatic 
organisms to increased concentrations usually of single compound for a shorter or longer 
period in order to evaluate the toxicity in controlled environment. The standard model 
organisms for aquatic effects assessment are: algae and/or cyanobacteria as primary 
producers, daphnids as primary consumers and fish as the vertebrate model and 
representative secondary consumers in the freshwater aquatic food chain (Figure 6). 

 

 

Figure 6: Algae (a, foto Dr. Tina Eleršek), daphnia (b, foto Dr. Sara Novak) zebrafish adult 
(c) and embryo (d, foto Matjaž Novak). 

The most popular and best-described fish model species in ecotoxicology are 
zebrafish (Danio rerio). They have a number of unique features that have contributed to 
their popularity, such as; easy maintenance in the laboratory, small body, short generation 
cycle and a large number of offspring (Scholz et al., 2008). Since the exposed fish may 
suffer stress and pain, which is currently in conflict with animal welfare and animal right 
legislation, different alternatives have been developed. An example of popular alternative 
are experiments in which adult animals (acute fish toxicity test) are replaced with 
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embryos (fish embryo toxicity test). Fish embryos are not protected under various 
governmental definitions and it is assumed that they do not suffer such pain as adults due 
to less developed nervous and sensory systems. Experiments with zebrafish embryos are 
defined as in vitro test. The zebrafish embryo combines the advantages of cell cultures; 
easy handling and absence of animals used in the test on one side and on the other it 
presents a complex test system with different cell types. Zebrafish embryos develop 
outside the female body, they are completely transparent until 48 hours post fertilization, 
in five days majority organs are developed, embryonic development is very rapid and 
females are spawning throughout the year. Toxicity data obtained with fish embryos 
showed good correlation with adults and represent an attractive model for environmental 
risk assessment of chemicals since they offer the possibility to perform small-scale high-
throughput analyses (Scholz et al., 2008).  

Another popular and important alternative for the identification of potential 
toxicological hazards to aquatic organisms are in vitro experiments with fish cell lines that 
are even less time-consuming  and costly than the embryo model and do not require 
animals at all. The justification of their use comes from the fact that the first interaction of 
a toxicant with an organism happens at the cellular level which may be then translated to 
higher levels of organization that can finally impact the whole organism (Fent, 2001). 
Depending on the nature of the study different cell lines isolated from various organs can 
be used. It was stressed out by several authors that fish cell lines, such as zebrafish liver 
(ZFL) cells, can be considered relevant for the identification of toxicological hazard to 
aquatic organisms (Pomati et al., 2007).  

For assessing toxic properties of chemicals also different computer based 
techniques are available. These in silico toxicity predictions usually present the first step 
in gaining more general knowledge on toxicity of a certain chemical. Quantitative structure 
activity relationships (QSAR) based expert systems consist of a knowledge base comprised 
of structural alerts that are statistically or mechanistically related to the toxicity. The basic 
assumptions in QSAR modeling are that molecules with similar structure exhibit similar 
properties and that structural properties and/or physiochemical properties of a molecule 
can be used for predicting the biological activity of structurally related compounds 
(Kruhlak et al., 2012). QSAR modeling has nowadays been used also as a tool for 
prioritizing ecotoxicological impact assessments of pharmaceuticals. This approach 
showed good correlation with real experimentally derived results for some cytostatics (CP 
and IF). Nevertheless, it cannot fully replace data obtained with real experiments 
(reviewed in (Booker et al., 2014; Zounkova et al., 2007). 
 

 

1.6.1.1 Acute toxicity 

Acute toxicity describes the adverse effects of a compound towards experimental 
organisms that result from exposure in a short period of time (usually from 24 to 96 
hours) to high for environment non-relevant concentrations of a compound. The most 
important endpoint evaluated with acute toxicity tests is survival rate (Brezovsek et al., 
2014; Kovacs et al., 2015; Misik et al., 2014; Parrella et al., 2014; Zounkova et al., 2007), 
which enables evaluation of various parameters:  

- lethal concentration 50 (LC50), the concentration that causes 50 % death of a test   
group organisms, 

- the half maximal effective concentration (EC50), the concentration of a drug, 
which   induces as an adverse response halfway between baseline and maximum, 

- the no observed effect concentration (NOEC), the highest tested concentration that 
does not cause an effect that is statistically significantly different from control, 

- the lowest observed effect concentration (LOEC), it represents the lowest 
concentration  that provokes a statistically significant effect on the exposed 
population of the test  organisms if compared to the untreated controls (Walker et 
al., 2001). 

According to EC50 values, a compound can be classified as very toxic (EC50 < 
1mg/L), toxic (EC50 1–10 mg/L), harmful to aquatic organisms’ (EC50 10–100 mg/L) or 
those with EC50 above 100 mg/L as not classified (EU-Directives 93/67/ECC 
(Commission of the European Communities, 1996). Majority of cytostatics have low EC50 
values and can be classified as toxic and/or harmful to aquatic organisms (Brezovsek et al., 
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2014; Parrella et al., 2014; Zounkova et al., 2007) and only few as non harmful to aquatic 
organisms (EC50 values above 1000 mg/L) (Zounkova et al., 2007) (reviewed in 
(Ferrando-Climent et al., 2014)).  

Acute toxicity values for the same drug can span over several orders of magnitude 
between different organisms. For example, 5-FU is very toxic to algae and cyanobacteria 
with low EC50 values (0.027 – 1.2 mg/L) (Brezovsek et al., 2014; Zounkova et al., 2007) 
and almost non toxic to daphnia and rotifers (Parrella et al., 2014). Low toxicity (EC50 
2441.6 mg/L) of 5-FU was observed also in zebrafish embryos and adults (Kovacs et al., 
2015). Thus, for risk assessment it is essential to study toxicity towards different 
organisms, since it is impossible to conclude which organisms will be the most sensitive. 
Additionally, the data also vary within the same species among different research groups, 
mainly due to different laboratory performances and the sensitivity of used clones 
(Brezovsek et al., 2014; Fent et al., 2006; Zounkova et al., 2007).  

Acute toxicity usually occurs at much higher concentrations of cytostatics (100 – 
1000 times) from those found or expected in the aquatic environment (Besse et al., 2012; 
Kummerer et al., 2014). However, acute toxicity experiments do not allow prediction of 
adverse effects that may occur during the chronic life-cycle exposure or some drug-
specific side effects. Therefore, on the basis of acute toxicity data alone it could be falsely 
concluded that these drugs do not present risk to the environment. 

 
 

1.6.1.2 Chronic toxicity 

Organisms in the environment are exposed to low concentrations of pharmaceutical 
residues usually over a longer period of time, their entire life cycle or even through 
multiple generations as these drugs are released and present in the environment 
continuously. Long-term exposure to low environmentally relevant concentrations is 
unlikely to cause acute toxic effects, but it may cause subtle effects that finally impact on 
growth, fertility, sex ratios or reproductive behavior of exposed organisms (Crane et al., 
2006).  

Existing ecotoxicological data for most of cytostatics are often based merely on the 
evaluation of only acute toxicity, meanwhile there is virtually no data on their potential 
chronic effects in particular transgeneration and population studies are completely absent. 
Nevertheless, due to their specific mechanisms of action (interaction with DNA) it is 
expected that cytostatics under conditions of chronic exposure might induce a number of 
unexpected effects even at very low concentrations (Kosjek and Heath, 2011; Kummerer 
et al., 2014). Furthermore, available data show that long-term toxicity in crustaceans 
occurs at much lower concentration of the drug (close to those expected in the 
environment) than after short exposure (Parrella et al., 2014). Thus, data from chronic 
exposure toxicity studies are relevant for evaluating the real ecological risk of these drugs 
(Besse et al., 2012; Toolaram et al., 2014). 

 
 

1.6.1.3 Genotoxicity of cytostatics 

Genotoxic compounds have the ability to damage genetic material and in aquatic 
organisms that live in environment polluted with genotoxic contaminants different DNA 
lesions (i.e., DNA damage, micronuclei, mutations) have been observed. Furthermore, 
chronic exposure to genotoxicants through environment might cause in aquatic organisms 
increased frequency of tumours, reduction of the fertility, abnormal development, gamete 
loss, changes in genetic diversity and might even affect the stability of ecosystems 
(reviewed in Jha, 2004; Pinkney et al., 2011). Genotoxic compounds may also induce 
cancer and/or heritable defects in exposed humans (EMA, 2006). A general concern with 
genotoxic and carcinogenic compounds is that a cancer risk may exist at any level of 
exposure, i.e., that there is no threshold (Webb et al., 2003). 

Since many cytostatics interact directly or indirectly with DNA, genotoxic effects are 
expected to occur also in environmentally exposed organisms (Kosjek and Heath, 2011). 
Therefore, in addition to standard ecotoxicological endpoints obtained with acute or 
chronic test (lethal and sublethal effects) hazard identification with respect to more 
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specific endpoints such as DNA integrity, genomic stability, and gene expression would be 
an important toxicological criterion given the inherent properties of cytostatics. 
Nevertheless, there is limited data available on using aquatic organisms for eco-
genotoxicity testing and this research gap needs to be urgently filled. Only after filling 
these gaps, more reliable environmental risk assessments with much lower uncertainty 
can be performed. 

 
 

1.6.1.3.1 Bacterial assays 
Ecogenotoxicity of cytostatics was assessed mostly using different bacterial assays (UmuC 
test, SOS chromotest and Ames assay) where most of tested cytostatics showed high 
genotoxic potential (Toolaram et al., 2014; Xie, 2012). These in vitro micro-scale tests are 
cheap, fast and provide the possibility to perform a preliminary screening of compounds 
of interest. Furthermore, there is a strong correlation between observed genotoxicity in 
bacteria and potential genotoxicity in animals.  

SOS/umuC assay has been developed and standardized to detect the genotoxicity of 
native, unconcentrated water samples (ISO 13829), and has been proposed as a screening 
test for monitoring the toxicity and genotoxicity of surface and wastewater samples in 
many countries (Zegura et al., 2009). The Ames test is a widely employed method that 
uses bacteria to test whether a given chemical can cause mutations in the DNA of the test 
organism by measuring reverse mutations from histidine auxotrophy to wild type (Maron 
and Ames, 1983). Another popular bacterial test is a SOS chromotest in which the 
expression of genes involved in SOS response induced by genotoxic agents in Escherichia 
coli is determined. 

 
 

1.6.1.3.2 DNA strand breaks and genomic instability 
DNA strand breaks and genomic instability are important genotoxic biomarkers and are 
evaluated by comet and micronucleus assay, respectively (Figure 7). Both assays play an 
important role in the detection of ecogenotoxicological effects in environmentally exposed 
humans and organisms. Additionally, both assays are also popular in different in vitro 
(mechanistic studies) and in vivo studies for the evaluation of genotoxic potential towards 
various model systems (Araldi et al., 2015). 

Comet assay is a sensitive method for the detection of a broad spectrum of DNA 
damage such as single, double strand breaks, alkali labile sites, DNA-DNA and DNA-protein 
crosslinks on the level of single cells. Detection is based on the measurement of migration 
of denatured DNA during electrophoresis; damaged and fragmented DNA travels a longer 
distance than non-damaged DNA resulting in the comet shape of nuclei. A high level of 
breaks detected by the comet assay in cells exposed to a compound indicates either major 
DNA damage or efficient repair of DNA damage (Singh et al., 1988). In contrast to comet 
assay, which measures primary DNA damage, micronucleus assay reflects irreparable 
lesions that result from the non-repaired or inappropriately repaired primary DNA 
damage, which are likely to be inherited by subsequent generations of cells. With the 
micronucleus assay DNA damage is determined at the chromosomal level through the 
detection of micronuclei (MN), nuclear plasmic bridge (NPB; a biomarker of dicentric 
chromosomes resulting from telomere endfusions or DNA misrepair) and nuclear plasmic 
buds (NBUD, a biomarker to detect gene amplification and altered gene dosage events) 
(Fenech, 2006). Increased chromosomal damage is associated with early events in 
carcinogenesis (Ellinger-Ziegelbauer et al., 2009; Bonassi et al., 2011).  

Furthermore, genotoxic potential of a compound can be evaluated also through 
detection of γH2AX foci (phosphorylated H2AX histone), a marker of double DNA strand 
breaks (DSBs) which are the most detrimental DNA lesions. This method is in general 
more sensitive with a lower detection limit than comet and micronucleus assays. 
Therefore, γ-H2AX foci assay has a great potential for application in environmental 
toxicology (Smart et al., 2011).  

Overall, for some cytostatics it has been shown that they induce genotoxic effects in 
different nontarget organisms and usually at lower concentrations than those causing 
acute effects. Cytostatics induce DNA damage in daphnids, oligochaeta and mussels, 
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genomic instability in higher plants and even affect the fertility of higher plants (Gacic et 
al., 2014; Kračun-Kolarević et al., 2015; Misik et al., 2014; Parrella et al., 2015). 
Surprisingly, also certain targeted cytostatics (such as TKIs) that do not express genotoxic 
mechanism of action showed genotoxic effects in some higher plants (Pichler et al., 2014) 
and daphnids (Parella et al., 2015). 

 

 

Figure 7: The image of damaged nuclei (comet assay) and binucleated cells with 
micronucleus, nucleoplasmic bridge and nuclear buds (micronucleus assay) (foto Assist. 
Prof. Bojana Žegura). 

 

1.6.1.3.3 Toxicogenomic analysis 
First interaction of a compound with a biological system occurs on a subcellular molecular 
level, therefore changes in gene expression may serve potentially as early warning 
indicators for adverse effects and as a sensitive and specific ecotoxicological endpoint 
where classical toxicological endpoints show no obvious adverse effects. Alteration in 
expression of targeted or selected series of genes can be evaluated using quantitative real-
time polymerase chain reactions (qRT-PCR). Overall, ecotoxicogenomics focus on the 
lowest rather than the highest levels of biological organization.  

The recent progress in molecular technologies and science led to the development of 
a more global approach, where instead of measuring just a few genes it is possible to 
measure changes in the expression of almost all genes in response to a toxic agent 
(microarrays or sequencing). This approach allows identifying and describing a pattern of 
expressional changes that is typical for a toxicant with a given mode of action. A 
comparison between the expressional profiles and the fingerprints of known model 
compounds can be used for identifying compounds with a similar mode of action (Fent 
and Sumpter, 2011). Nevertheless, toxicogenomic data with cytostatics are almost 
completely absent. 

 
 

1.6.1.4 Toxicity of complex mixtures, metabolites and transformation products 

Most research on the effects of cytostatics on environmental organisms has been 
conducted so far using only single drugs. However, organisms in the environment are not 
exposed to single cytostatics but rather continuously to complex mixtures of different 
cytostatics (parent compounds), their human metabolites and/or transformation products 
(TPs) that are formed during water treatment or under environmental conditions. In 
general, the knowledge about their toxicological effects is rather limited (Booker et al., 
2014; Kosjek and Heath, 2011; Kummerer et al., 2014a; Xie, 2012). Nevertheless, the 
assessment of the toxicity of cytostatic mixtures is both a great challenge and an urgent 
need to achieve more progressive and proactive risk assessment.  
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Between compounds in mixtures different interactions are possible and they depend 
on the selected cytostatic, concentration of the individual drug and the applied bioassay 
(Brezovsek et al., 2014; Elersek et al., 2016; Kundi et al., 2015; Misik et al., 2015; Parrella 
et al., 2014a): 

- synergistic, the toxicity of a mixture is higher than the sum of effects of individual 
components;  

- antagonistic, the toxicity of a mixture is lower than the sum of effects of individual 
components;  

- additive, the toxicity of a mixture is equal to the sum of the effects of each 
individual component. 

Existing literature data show that the mixture of cytostatics may exhibit synergistic 
effects. Due to these effects cytostatic residues when they occur in mixtures induce toxicity 
at low, for environmental contamination relevant concentrations at which individual 
compounds are inactive (Brezovsek et al., 2014; Elersek et al., 2016; Kundi et al., 2015; 
Mater et al., 2014). These examples show that simultaneous presence of several 
cytostatics in the environment might result in greater toxicity to non-target organisms, 
than predicted based on individual active substances. Thus, environmental risk 
assessment that is based on ecotoxicological data for single substances can lead to 
underestimation of the real environmental impact of these drugs which can result in the 
incorrect assumption of absence of risk (Kummerer et al., 2014a).  

In addition to real experiments, toxicity of cytostatic mixture can also be evaluated 
by using different models. For compounds with the same mode and biological site of action 
Concentration Addition (CA, Loewe additivity) approach can be used. On the other hand, 
compounds with an independent mechanism and/or different biological sites could act in 
the mixture according to the model of Independent Action (IA, Bliss independence) 
(Katsnelson et al., 2011). However, as most cytostatics have different modes of action, it is 
difficult to predict their interaction in mixtures. 

In contrast to simple mixtures, which consist of a relatively small number of 
chemicals (e.g. ten or less), the complex mixtures comprise in addition to cytostatic 
residues also tens, hundreds or thousands other chemicals, the composition of which is 
qualitatively and quantitatively not fully known. Such complex mixtures are real 
environmental samples (effluents, surface waters), which are the most representative 
since they represent the media in which aquatic organisms live. Even though some 
cytostatics have been found in these samples, toxic response cannot be attributed 
specifically to these drugs (Ferk et al., 2009) as many other compounds have been 
identified in the samples and probably there are a lot of non identified. 

On the other hand, ecotoxicity studies with metabolites and transformation 
products are even scarcer. Some cytostatic metabolites and TPs are less biodegradable, 
more polar, with a higher mobility in the aquatic cycle, more persistent and even more 
toxic than the parent compounds (Besse et al., 2012). Therefore, for a complete 
environmental risk characterization it is essential to investigate also the toxicity of the 
transformation products and metabolites. 

 
 

1.6.1.5 Environmental risk assessment (ERA) of cytostatics 

Environmental risk assessment (ERA) is a systematic procedure of predicting whether 
there may be a risk of adverse effects on the environment caused by a certain pollutant. In 
this approach predicted or measured environmental concentrations of a pollutant are 
compared NOECs for different environmental compartments and organisms.  

For ERA of human pharmaceuticals different guidelines are available; in Europe 
EMA (European Medicines Agency) guideline and in the United States guideline Food and 
Drug Administration (FDA). Both guidelines recommend toxicity testing with aquatic 
species of different trophic levels, i.e. representative of algae, invertebrates and fish. The 
EMA guideline requires environmental assessment only for newly authorized 
pharmaceuticals (after year 2006), therefore most cytostatics have not been submitted to 
such a procedure (Besse et al., 2012). Nevertheless, the environmental impact does not 
provide sufficient grounds for a refusal of a drug.  

ERA is a step-wise procedure consisting of two phases. In Phase I (pre-screening 
assessment), the environmental exposure to the drug or its metabolites is estimated based 
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on PEC values, irrespective of its route of administration, metabolism, pharmaceutical 
form and excretion rate. If the PEC is below trigger value of 0.01 µg/L no phase II in-depth 
risk assessment is necessary and it is assumed that the compound is unlikely to represent 
a risk for the environment (EMA, 2006). The FDA guideline sets a threshold of 1 µg/L. If 
the PEC value of a drug is equal or higher than the trigger value, then a Phase II should be 
performed where fate and effects are studied. Therefore Phase II is further subdivided into 
two parts; Tier A, in which an initial prediction of risk are performed based on relevant 
environmental measurements and refined PEC values (Phase II Tier A); and Tier B which 
focuses on the effects on fauna and flora within environmental compartments that are 
likely to be affected (EMA 2006). Directive 2004/27/EC also requires environmental risk 
assessment for human metabolites with excretion rate exceeding 10% of the total dose. 
Contrary, transformation products are not included in these refinements.  

In some cases the action limit may not be applicable since some drugs affect the 
environmental organisms in concentrations lower than EMA trigger limit of 0.01 μg/L. 
Such drugs are those with endocrine activity and for them a tailored ERA has to be carried 
out due to their low effect thresholds and importance of biological functions in which they 
are involved (EMA, 2006). Similarly also cytostatics, especially those that interact with 
genetic material possess high activity, even at low environmental relevant concentrations 
(Kummerer et al., 2014). In addition, for genotoxic and carcinogenic compounds a safe 
threshold concentration with no effects cannot be given since a cancer risk may exist at 
any level of exposure (Webb et al., 2003). There are some proposals to exclude cytostatics 
from the action limit set up by EMA and FDA for the ERA (reviewed in (Kummerer et al., 
2014a)). Since it is impossible to set up the safe level for genotoxic and mutagenic 
chemicals, it is important to get knowledge of possible overseen risk associated to their 
introduction into environment.  

Required information for conduction of ERA is scarce and mostly available only for 
the most commonly-used cytostatics today. Nevertheless, available data indicate no acute 
adverse effects on the environment or human health because the concentrations required 
for observing such effects are at least three orders of magnitude higher from those 
measured at the moment in the environment or effluents. Therefore, their presence in the 
environment has been classified by several authors as low risk (Martin et al., 2014). 
However, the current risk assessment strategies, which are based on standard ecotoxicity 
tests alone, have several important limitations; 

- the chronic effects (e.g. life-cycle or partial life-cycle fish tests); 
- testing of sediment phase; 
- drug specific side effects (genotoxicity); 
- effects of metabolites and transformation products; 
- effects of combined effect of complex mixtures are not taken into account (Boxall, 

2004; Crane et al., 2006; Daughton and Ternes, 1999). 
 
 

1.6.2 Human health issues 

Cytostatic residues may present a certain risk also to indirectly exposed human 
population. Possible exposure routes for humans are through contaminated drinking 
water and occupational exposure. Possible risk to humans from exposure through 
consumption of contaminated drinking water containing low ng/L concentration of 
cytostatics as measured in surface waters is for a great majority of cytostatics completely 
unknown. On the other hand, more data is available regarding indirect exposure of health 
care workers. 

 
 

1.6.2.1 Exposure from drinking water 

Surface water is in some countries an important source of drinking water. In these 
countries drinking water is extracted from rivers or lakes, stored in reservoirs, purified, 
and then distributed to the community. There is a high probability that purification 
procedures might remove cytostatic residues that are present in surface waters, however 
for a great majority of cytostatics no definitive data exist yet to confirm this (Franquet-
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Griell et al., 2016; Johnson et al., 2008; Rowney et al., 2009). Therefore, the possibility of 
cytostatics entering drinking water particularly in urbanized areas with high population 
density and with small rivers providing limited dilution cannot be entirely ruled out yet 
and drinking water becomes at risk.  

One of the first attempts to assess health risk for chronic exposure to cytostatic 
residues present in drinking water and/or surface waters was conducted already 15 years 
ago (Schulman et al., 2002). The authors concluded that CP at the detected concentrations 
does not present appreciable risk to humans, as the measured concentrations are far 
below the derived safe limit (Schulman et al., 2002). Relative risk of secondary bladder 
cancer due to maximum possible intake by drinking water is lower than 10−3 (IF) and 
10−5 (CP) compared to intake by therapy (Kummerer and Al-Ahmad, 2010). However the 
risk assessment based on only few published local measured concentrations of CP in water 
at that time and did not consider local specificities and possible hot spots. Later on more 
comprehensive risk assessment has been conducted with 13 different cytostatics 
considering concentrations under low flow conditions. Even in the case of no removal 
during drinking water purification it has been concluded that risk to healthy adults from 
this exposure is low (Rowney et al., 2009).  

Although the risks may be negligible for healthy adults, more concern may be 
associated with some special subgroup populations, such as pregnant women, fetuses, 
breast-fed infants, babies, toddlers, children, and elderly people (reviewed in (Kummerer 
et al., 2014a; Rowney et al., 2009). Nevertheless, for compounds that directly react with 
the DNA, a safe threshold concentration cannot be established, thus a risk for cancer exists 
at any level of exposure. Additionally, consumption of cytostatics is increasing, some of 
them have been detected in higher concentrations than used in these risk assessments and 
it has not been considered that they are present in complex mixtures. 

 
 

1.6.2.2 Occupational exposure 

Indirect exposure to subtherapeutic concentrations of cytostatic residues can occur also in 
hospitals and hospital pharmacies where these drugs are prepared, administrated or 
treated patients are nursed. In addition to healthcare workers that handle with these 
drugs, also cleaners, laundry and housekeeping workers may come in contact with these 
drugs via the patient’s excreta during their day-to-day duties. The intake mainly occurs 
through inhalation of aerosols, droplets and particulates and skin (dermal) absorption of 
spills during preparation, administration or disposal of drugs and the patient’s body fluids 
(urine, feces and vomiting) containing these drugs (Suspiro and Prista, 2011; Villarini et 
al., 2016; Vyas et al., 2014). Since cytostatics are continuously administrated over a long 
period of time and in out-patients even at home, the risk of exposure exists also for the 
patient's family members that are exposed to cytostatics via the patient’s excreta (Yuki et 
al., 2012).  

Environmental monitoring studies performed in many hospitals showed widespread 
contamination of working environments and workers with a detectable level of cytostatics 
in the air, on surfaces, gloves, and on different body parts. Since dermal exposure was 
identified as the most important route of exposure, surface monitoring of cytostatics 
contamination may be used as a reliable indicator of occupational exposure to these drugs. 
In order to minimize the risk of occupational exposure (as low as reasonably achievable) 
different guidelines for handling cytostatics and protective measures, such as personal 
protective equipment (gloves, masks, caps, and protective eyewear) and even preparation 
of drugs in biological safety cabinets are required. However, this does not guarantee 
absolute protection of health care workers from occupational exposures and cytostatics 
have been detected in their urine and blood even up to concentrations of a few µg/L (up to 
50 µg/L) (reviewed in (Villarini et al., 2016).  

Numerous studies show direct correlations between occupational exposure to 
cytostatics and increased frequency of several genotoxic biomarkers of effect; sister 
chromatide exchange, micronucleus assay, comet assay and chromosomal aberrations 
(Suspiro and Prista, 2011; Vyas et al., 2014). Some of these biomarkers of effect are 
associated with early events in carcinogenesis and therefore justify the concern (Suspiro 
and Prista, 2011). Furthermore, in exposed healthcare workers several acute adverse 
effects, such as skin rash, light-headedness, hair loss and delayed effects on the 
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reproduction have been observed. Furthermore, even of greater risk are pregnant workers 
due to teratogenicity of several cytostatics. Overall, occupational exposure to cytostatics, 
despite the implication of safety measures represents a serious health risk. Therefore, 
further efforts to reduce indirect exposure in the working environment are recommended. 
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Chapter 2 

2 Aims and Hypotheses 

The cytostatic drug residues are of concern due to their potential cytotoxic, genotoxic, 
mutagenic, carcinogenic and teratogenic effects and might have severe consequences in 
non-target aquatic organisms and unintentionally exposed humans even at the level of 
some ng/L. Ecotoxicological data for cytostatics are limited, despite their continuous 
presence in the effluents and consequently in the environment. Current evidence remains 
inadequate to support definitive conclusions on the environmental and human risk posed 
by cytostatics, especially on their long-term effects in non-target organisms and humans. 

The overall goal of this thesis was to provide reliable ecotoxicological data that are 
relevant for the environmental hazard and risk assessment of selected cytostatics with 
different mechanisms of action. The compounds studied were 5-fluorouracil (5-FU), 
cisplatin (CDDP), etoposide (ET) and imatinib mesylate (IM). 

The specific goals of the thesis were:  
- to determine the effects of the selected cytostatics in vitro in fish model (ZFL cells) 

and human models (HepG2 cells and HPBLs) at the level of cyto- and geno-toxic 
responses and at the level of gene expressions with the aim to assess the relative 
genotoxic potency of the tested drugs, relative susceptibility of different cell 
models, and to elucidate the mechanisms of their genotoxicity.  

- To determine the relationship between transcript signature in liver of zebrafish 
chronically exposed to 5-FU and observed toxicological effects to identify 
molecular markers (transcript signatures) of delayed and irreversible effects. 

- To assess the cyto- and geno-toxic effects of single cytostatics and their mixtures at 
low, for environmental contamination relevant, concentrations to identify possible 
combined effects (synergistic or antagonistic) in complex mixtures. 

- To evaluate cytotoxic and genotoxic activity of real environmental samples on ZFL 
cells and correlate observed toxicity to detected cytostatics and their 
concentrations in the sample. 

 
Within the present doctoral dissertation, the following hypotheses were tested in 

order to achieve the proposed aims: 
 H1: Cytostatics with different mechanisms of chemotherapeutic action exert 

different cytotoxic and genotoxic potential in non-target fish and human cells.  
 H2: Certain cytostatics can induce upon chronic exposure in aquatic organisms 

adverse effects at low environmentally relevant concentrations.   
 H3:  At low environmentally relevant concentrations the mixtures of cytostatics 

show higher toxicity and genotoxicity than single compounds at the same 
concentrations. 
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Chapter 3 

3 Publications 

3.1 Genotoxic Potential of Selected Cytostatic Drugs in Human and 
Zebrafish Cells 

Goran Gajski, Marko Gerić, Bojana Žegura, Matjaž Novak, Jana Nunić, Džejla Bajrektarević, 
Vera Garaj-Vrhovac, Metka Filipič. 
 
Environmental Science and Pollution Research, 2016, 23(15): 14739-50, doi: 
10.1007/s11356-015-4592-6 

 
In  this study a comparative in vitro toxicological characterization of three commonly used 
cytostatics with different mechanisms of action (5-fluorouracil [5-FU], cisplatin [CDDP] 
and etoposide [ET]) towards zebrafish liver (ZFL) cell line, human hepatoma (HepG2) 
cells and human peripheral blood lymphocytes (HPBLs). Cytotoxicity was determined 
with the tetrazolium-based colorimetric assay (MTT assay) and genotoxicity with the 
comet assay and cytokinesis block micronucleus (CBMN) assay. 

The results showed different toxic and genotoxic potential of different cytostatics as 
well as different susceptibility of fish-derived ZFL cells compared to human-derived 
HepG2 cells and HPBLs to cytotoxic and genotoxic effects of selected cytostatics. ZFL cells 
were the most susceptible, which raises the question of a negative impact of these 
pharmaceuticals on fish if discharged into aquatic environments excessively. The high 
sensitivity of non-target ZFL cells also indicates that these cells could be a good model for 
testing the genotoxic potential of pharmaceuticals as well as other aquatic pollutants and 
could serve as an alternative to animal testing in preliminary ecotoxicological studies. 

The PhD candidate performed the MTT assay, comet assay and CBMN assay on ZFL 
cells exposed to selected cytostatics including data analyses. He also contributed to the 
preparation of the manuscript.    
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3.2 Assessment of the Gentoxicity of the Tyrosine Kinase Inhibitor 
Imatinib Mesylate in Cultured Fish and Human Cells 

Matjaž Novak, Bojana Žegura, Jana Nunić, Goran Gajski, Marko Gerić, Vera Garaj-Vrhovac, 
Metka Filipič.   
 
Mutation Research/Genetic Toxicology and Environmental Mutagenesis, 2017, 814, 14-21,   
https://doi.org/10.1016/j.mrgentox.2016.12.002 
 
 
Imatinib mesylate (IM) is a widely used anticancer drug with high specificity to tumour 
cells and lower toxicity to normal cells causing fewer side effects. It does not target DNA, 
but selectively inhibits specific tyrosine kinases that are mutated in certain cancer types. 
Only a few studies are available that address genotoxicity of IM in nontarget 
environmental organisms.  

In the present study cytotoxicity and genotoxicity of IM was evaluated in three 
different in vitro models that are relevant for the identification of hazard to aquatic 
organisms (ZFL cells) and humans (HepG2 cells and HPBLs). Additionally, the 
mutagenicity of IM was determined using the Salmonella typhimurium reverse mutation 
assay (Ames assay).  

As expected, the results showed that IM was not mutagenic in the AMES assay. In all 
three cell types, dose- and time- dependent cytotoxicity of IM was observed, with ZFL cells 
being the most sensitive. Although ZFL cells and HPBLs are not target cells, they showed a 
higher sensitivity to IM cytotoxicity than cancer HepG2 cells. Surprisingly, IM induced 
genotoxic effects in non-target fish- and human-derived cells. DNA strand breaks were 
observed only in exposed ZFL and HepG2 cells. Additionally, we demonstrated for the first 
time that IM induces genomic instability in ZFL and HPBL cells.  

 High susceptibility of ZFL cells indicates that fish as non-target organisms might be 
affected by exposure to IM residues. Although the IM concentrations that affect ZFL cells 
are much higher than predicted environmental concentrations, a certain risk for 
environmental organisms cannot be excluded as for genotoxic compounds risk may exist 
at any level of exposure. In addition, considering genotoxicity of IM, an increased risk for 
humans at chronic exposure to low concentrations cannot be completely excluded.  

The PhD candidate performed Salmonella typhimurium reverse mutation assay, 
MTT, comet and micronucleus assay on ZFL cells. He performed statistical analysis of all 
data and drafted the manuscript. 
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3.3 Influence of Selected Anti-cancer Drugs on the Induction of DNA 
Double-Strand Breaks and Changes in Gene Expression in Human 
Hepatoma HepG2 Cells 

 
Matjaž Novak, Bojana Žegura, Špela Baebler, Alja Štern, Ana Rotter, Katja Stare, Metka 
Filipič 

 
Environmental Science and Pollution Research, 2016, 23(15):14751-61. doi: 
10.1007/s11356-015-5420-8.  
 
In the present study the genotoxic potential of four widely used cytostatics (5-fluorouracil 
(5-FU), etoposide (ETO), cisplatin (CDDP) and imatinib mesylate (IM)) has been evaluated 
in terms of induction of double strand breaks (DSBs) and analysis of the changes in the 
expression of genes involved in the response to DNA damage (CDKN1A, GADD45A, 
MDM2), apoptosis (BAX, BCL2) and oncogenesis (MYC, JUN) in an experimental model 
with human hepatoma HepG2 cells. 

After 24 h of exposure all four cytostatics at non-cytotoxic concentrations induced a 
significant increase in the formation of DNA double strand breaks (DSBs), with IM being 
the least effective. The analysis of the changes in the gene expressions showed that 5-FU, 
CDDP and ET upregulated the genes involved in DNA damage response, which is in line 
with their mechanism of action. On the contrary, IM did not change the mRNA level of the 
studied genes, showing a different mechanism of action that probably does not involve 
direct interaction with DNA processing. 

Concentrations that caused genotoxic effects in nontarget HepG2 cells are close to 
those measured in treated patients during the therapy, therefore increased risk for 
development of delayed adverse effects in patients cannot be completely excluded. 
Because IM is not likely to directly interact with genetic material, exposure to IM during 
chemotherapy represents lower risk for delayed effects such as secondary cancer, 
reproductive effects and heritable diseases then chemotherapy with 5-FU, ET and CDDP.   

The PhD candidate performed MTT assay and DSB detection with the gamma-H2AX 
assay. He also performed all cell treatments and mRNA expression analyses. He drafted 
the manuscript. 
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3.4 Ecotoxicity and Genotoxicity of Cyclophosphamide, Ifosfamide, 
Their Metabolites/Transformation Products and Their Mixtures 

Marjeta Česen, Tina Eleršek, Matjaž Novak, Bojana Žegura, Tina Kosjek, Metka Filipič, Ester 
Heath. 

 
Journal of Environmental Pollution, 2016, 210; 192-201, 
https://doi.org/10.1016/j.envpol.2015.12.017 
 

Ecotoxicity data of human metabolites and transformation products is scarce and for 
most cytostatics almost completely absent. Furthermore, they occur in the environment as 
a complex mixture. Therefore, ecotoxicity and genotoxicity of two commonly used 
cytostatics, cyclophosphamide (CP) and ifosfamide (IF) and their human 
metabolites/transformation products (TPs), carboxy-cyclophosphamide (CPCOOH), keto- 
cyclophosphamide (ketoCP) and N-dechloroethyl-cyclophosphamide (NdCP) was 
evaluated as individual compounds and as a complex mixture. Ecotoxicity was studied in 
terms of growth inhibition of primary producers, alga Pseudokirchneriella subcapitata and 
cyanobacterium Synecococcus leopoliensis. Among the investigated compounds only 
CPCOOH revealed significant ecotoxicity (S. leopoliensis EC50 = 17.1 mg/L) and according 
to EU Directive 93/67/EEC it can be classified as harmful to aquatic organisms (EC50 10–
100 mg/L). Meanwhile all other compounds can be classified as non-toxic towards both 
phytoplankton species (LC50 >320 mg/L). The mixture showed higher growth inhibition 
of S. leopoliensis (EC50 = 11.5 mg/L) than predicted by the concentration addition model 
(EC50 = 21.1 mg/L) which indicates the potentiating effects of the CPCOOH toxicity. 

Genotoxic activity of the investigated compounds and their mixture has been 
evaluated with SOS/Umu assay with Salmonella typhimurium. The results confirmed the 
genotoxicity of CP in the presence of external metabolic activation, whereas CPCOOH 
showed genotoxic activity (320 mg/L) also without metabolic activation indicating that 
this compound is a direct acting genotoxin. Such genotoxicants can directly interact with 
DNA of environmental organisms and can also be a responsible mechanism for observed 
toxicity of CPCOOH to S. leopoliensis. Genotoxic activity was observed also for a complex 
mixture in the presence of metabolic activation, however at approximately ten-fold lower 
concentrations than after exposure to CPCOOH. 

To our knowledge, this is the first study describing the ecotoxicity and genotoxicity 
of the commonly used cytostatics CP and IF, their known metabolites/TPs and their 
mixture. The results point out to the importance of toxicological evaluation and 
monitoring of drug metabolites as they may be for certain aquatic species more hazardous 
than parent compounds. 

The PhD candidate collaborated in performing genotoxicity assays and data evaluation 
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3.5 Cytotoxicity and Genotoxicity of Anticancer Drug Residues and 
Their Mixtures in Experimental Model With Zebrafish Liver Cells  

Matjaž Novak, Bojana Žegura, Barbara Modic, Ester Heath, Metka Filipič 
 

Science of the Total Environment, 2017, 601-602; 293–300, 
https://doi.org/10.1016/j.scitotenv.2017.05.115 
 
Hospital effluents present a major source of cytostatic residues into the environment and 
the occurrence of these drugs in hospital effluents can serve as a starting point to monitor 
their fate in the environment and to individualise the magnitude of putative pollution 
problems. The concentrations of cytostatic residues in effluents depend on consumption 
amounts, patients pharmacokinetic and dilution factor. Usually cytostatic residues occur in 
the environment at low doses, however as complex mixtures with possible unwanted 
synergistic effects.  

In the present study, we demonstrated that two widely used cytostatics CP and IF 
induced DNA strand breaks (comet assay) and genomic stability (CBMN) in exposed 
zebrafish liver (ZFL) cells, however at relatively high concentrations that are not relevant 
for the aquatic contamination. DNA strand breaks showed to be a more sensitive endpoint 
than the micronuclei formation with lower observed effect concentrations. 

The complex mixture that consisted of four cytostatics (CP, IF, CDDP and 5-FU) at 
their maximal detected concentrations in the effluents of the Oncological Ward in Slovenia 
increased the formation of DNA strand breaks in exposed zebrafish liver (ZFL) cells. The 
mixture induced the formation of DNA strand breaks at concentrations of individual 
compounds that were lower than those that were effective when tested as individual 
compounds. Contrary to the individual drugs, the mixture did not induce the micronuclei 
formation. 

The results of the present study indicate that cytostatic residues when they occur in 
a mixture may pose a threat to aquatic organisms even at low environmentally relevant 
concentrations and contribute to the accumulating evidence that it is not always possible 
to predict adverse effects of complex mixtures based on the toxicological data for 
individual compounds. 

 The PhD candidate performed the MTS (3-(4,5-dimethylthiazol-2yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)(cytotoxicity), comet and 
CBMN assay with cyclophosphamide (CP) and ifosfamide (IF). He also supervised student 
Barbara Modic who performed the experiments with the mixtures. He analysed raw data 
and drafted the manuscript. 
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Hospital and Municipal Wastewaters From Slovenia and Spain 

Isidori Marina, Lavorgna Margherita, Russo Chiara, Kundi Michael, Žegura Bojana, Novak 
Matjaž, Filipič Metka, Mišík Miroslav, Knasmüeller Siegfried, Lopez de Alda Miren, Barceló 
Damià, Žonja Božo, Česen Marjeta, Ščančar Janez, Kosjek Tina, Heath Ester.  
 
Environmental pollution, 2016, 219; 275-287 10.1016/j.envpol.2016.10.039 
 
In the present study samples of hospital effluents and influents/-effluents from waste 
water treatment plants (WWTPs) from Slovenia and Spain in two different sampling 
campaigns (January and June) were analyzed for the presence of twenty-two selected 
cytostatics, their metabolites and transformation products. Acute and chronic toxicity 
tests were performed on the crustacean Ceriodaphnia dubia, genotoxicity with 
micronucleus (MN) assay with Tradescantia and Allium cepa and in vitro comet assay with 
zebrafish (Danio rerio) liver cell line (ZFL cells).  

The results showed widespread presence of cytostatic residues in various 
wastewaters with higher measured concentrations in Slovenian wastewaters. The most 
frequently detected cytostatics are platinum-based compounds and among individual 
drugs erlotinib, cyclophosphamide, tamoxifen and methotrexate.  

The effluent samples were toxic to C. dubia after acute exposure, reduced 
reproduction after chronic exposure, increased MN frequencies in Tradescantia and 
induced DNA strand breaks in ZFL cells. These results demonstrated that effluents could 
be harmful to aquatic organisms. A statistical correlation between toxicity data and the 
presence of some of the identified drugs has been found.  However, observed toxicity did 
not correlate with the total burden of the samples and the residues of cytostatics 
indicating, that other unidentified pollutants contributed to these differences.  

Basically, the effluents from the WWTPs investigated should be diluted by more 
than 90% to obtain no observed toxic effects as shown by no observed effect 
concentration values. The possible presence of different pollutants in complex mixtures 
makes it difficult to comprehend the actual ecological risk posed by the targeted 
compounds. Thus, a chemical characterisation closely linked to an eco/genotoxicological 
approach, as used in this study, should be applied for better understanding of the 
environmental toxic/genotoxic impact of xenobiotic mixtures. 

The PhD candidate performed the MTS and comet assay with ZFL cells and analysed 
data. He contributed in preparing the manuscript. 
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3.7 Assessment of Toxicity and Genotoxicity of Low Doses of 5-
Fluorouracil in Zebrafish (Danio Rerio) Two-Generation Study 

 Kovács Róbert, Csenki Zsolt, Bakos Katalin, Urbányi Béla, Horvath Akos, Garaj-Vrhovac 
Vera, Gajski Goran, Gerić Marko, Negreira Noelia, Lopez de Alda Miren, Barceló Damià, 
Heath Ester, Kosjek Tina, Žegura Bojana, Novak Matjaž, Zajc Irena, Baebler Špela, Rotter 
Ana, Ramšak Živa, Filipič Metka.     
 
Water research, 2015, 77; 201-212, doi: 10.1016/j.watres.2015.03.025.  
 
Chronic exposure to genotoxic contaminants might cause in environmental organisms 
gamete loss, decreased reproductive success, embryonic mortality, abnormal 
development, and changes in genetic diversity. Therefore, in the present paper long-term 
effects of environmentally relevant concentrations of 5-flourouracil (5-FU) through two 
subsequent zebrafish generations has been studied. 

5-FU did not affect classical toxicological endpoints such as survival, growth and 
reproduction of the fish. On the other hand, 5-FU induced histopathological changes in the 
liver and kidney, along with genotoxic effects. Increases in DNA damage determined using 
the comet assay were significant in the liver and blood cells, but not in the gills and 
gonads. In erythrocytes, a significant, dose-dependent increase in the frequency of 
micronuclei was observed at all 5-FU concentrations. Whole genome transcriptomic 
analysis of liver samples of F1 generation zebrafish exposed to 0.01 µg/L and 1 µg/L 5-FU 
revealed dose-dependent increases in the number of differentially expressed genes, 
including up-regulation of several DNA-damage-responsive genes and oncogenes (i.e., jun, 
myca).  

Our study demonstrated for the first time that chronic two-generation exposure of 
zebrafish to 5-FU at concentrations that are relevant for environmental exposure impairs 
their DNA integrity and induced massive whole-transcriptome changes. Although chronic 
exposure to 5-FU at these low concentrations did not affect the reproduction of the 
exposed zebrafish, it cannot be excluded that 5-FU can lead to degenerative changes, 
including cancers, which over long-term exposure of several generations might affect fish 
populations. The results suggest that for the prediction of the adverse effects of genotoxic 
cytostatic drugs to aquatic vertebrate, long-term, multiple generation studies that include 
detection of genotoxic effect and transcriptomic changes are warranted. However, to 
enable environmental risk assessment, more data on the occurrence of cytostatic drugs in 
surface waters are needed. 

The PhD candidate contributed to the analysis of microarray data and preparing 
manuscript. 
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Chapter 4 

4 Conclusions 

Cytostatics, due to their mechanism of action, are highly hazardous chemicals. However, 
very little is known about potential risks for environmental and human health of their 
residues when released into the environment. In this study we performed in vitro and in 
vivo toxicity and genotoxicity studies of selected highly consumed cytostatics (5-FU, CDDP, 
ET and IM) and their mixtures, which provided valuable new data relevant for 
environmental and human hazard and risk and risk assessment.  

The in vitro genotoxicity studies of 5-FU, CDP and ET with human (human hepatoma 
HepG2 cells, human peripheral blood lymphocytes; HPBLs) and fish (zebrafish (Danio 
rerio) liver (ZFL) cells) derived in vitro cell models demonstrated a different toxic and 
genotoxic potential of different cytostatics as well as a different susceptibility of fish-
derived ZFL cells compared to human-derived HepG2 cells and HPBLs to cytotoxic and 
genotoxic effects of selected cytostatics. ZFL cells were the most susceptible, which raises 
the question of a negative impact of these pharmaceuticals on fish populations if 
discharged into aquatic environments excessively. The high sensitivity of non-target ZFL 
cells also indicates that these cells could be a good model for testing the genotoxic 
potential of pharmaceuticals as well as other aquatic pollutants and could serve as an 
alternative to animal testing in preliminary ecotoxicological studies and for environmental 
screening. 

Surprisingly we discovered that IM induced DNA strand breaks and micronuclei 
formation in fish and human cells despite its different mechanism of therapeutic action, 
which involves inhibition of mutated tyrosine kinases in certain types of cancer and not 
direct interaction with DNA. Comparing the effects of IM, 5-FU, CDDP and ET on the 
expression of genes that are typically deregulated by exposure to genotoxic compounds 
(genes involved in apoptosis, DNA damage response and oncogenes) revealed that 5-FU, 
CDDP and ET, but not IM deregulated the expression of these genes. This confirms the 
indirect mechanism of genotoxic action of IM, which most probably does not involve a 
direct interaction with DNA. Nevertheless, considering genotoxicity of IM, an increased 
risk for humans and aquatic organisms at chronic exposure to low concentrations cannot 
be completely excluded. On the other hand, because IM is not likely to directly interact 
with the genetic material, exposure to IM during the cancer treatment represents for the 
patients a lower risk for delayed effects such as secondary cancer, reproductive effects and 
heritable disease than cancer treatment with 5-FU, CDDP or ET. 

In wastewaters and in the aquatic environment the residues of different cytostatics 
as well as their metabolites and transformation products are present simultaneously in 
complex mixtures in which different interactions may occur leading to additive, 
synergistic, antagonistic or potentiating effects. This is particularly relevant in cases of 
combined exposure to the residues of cytostatics, which are, in cancer treatment regimens, 
very often used in combinations to obtain improved efficiency of the treatments. The 
results of the cytotoxicity and genotoxicity testing of a complex mixture that consisted of 
four cytostatics (CP, IF, CDDP and 5-FU) at their maximal detected concentrations in the 
effluents of the Oncological Ward induced the increased formation of DNA strand breaks 
in exposed ZFL cells. The concentrations of the individual compounds were in the mixture 
much lower than the effective concentrations when tested as individual compounds. The 
results very clearly demonstrated that cytostatic residues, when they occur in a mixture, 
may pose a threat to aquatic organisms even at low environmentally relevant 
concentrations and contribute to the accumulating evidence that it is not always possible 
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to predict adverse effects of complex mixtures based on the toxicological data for 
individual compounds. 

 On the other hand, information regarding toxicity of metabolites and 
transformation products (TPs), especially their mixtures with parent compounds, is 
almost completely missing. We showed that certain metabolites/TP of CP and IF exhibit 
higher ecotoxicity and genotoxicity than the parent compounds. These results indicate the 
importance of toxicological evaluation and monitoring of metabolites and TPs as some of 
them may be for certain aquatic organisms more hazardous than the parent compounds.  

 In the study of the chemical and toxicological characterization of cytostatics in the 
hospital and municipal wastewaters we confirmed that their residues typically occur as 
complex mixtures of parent compounds, their metabolites and TPs. Even though the 
measured concentrations of an individual compound were low, eco/genotoxic effects of 
the samples were observed in daphnids, higher plants and in vitro in ZFL cells. A statistical 
correlation between the results of toxicity tests and the concentration of identified single 
drug in the sample was found, however the total concentration of the residues within the 
sample did not correlate with their toxicities. The observed toxic effects could be due to 
specific interactions between the cytostatic residues and their TPs as well as due to the 
presence of other pollutants that not been chemically characterized. These findings 
underline the importance of control of the release of the cytostatics and the need for 
adequate removal by waste water treatment. 

 In order to explore whether cytostatics at chronic exposure to low concentrations 
that are relevant for environmental contamination induce adverse effects in vertebrate we 
performed a chronic two-generation exposure study of 5-FU in zebrafish. To the best of 
our knowledge this is the first such study with cytostatics. The results demonstrated 5-FU 
induced histopathological changes in the liver and kidney, genotoxic effects in liver and 
blood cells and massive deregulation of whole transcriptome including up-regulation of 
several DNA-damage-responsive genes and oncogenes at exposure concentrations that are 
in the range of predicted or measured environmental concentrations. The up-regulation of 
several onco-genes after chronic exposure of zebrafish to 5-FU indicates oncogenic 
potential of this compound that can be expected also in humans after chronic exposure 
(i.e. occupational exposure). Thus, these findings are not relevant only for the risks 
assessment for aquatic environment but also for humans.   

 The results of this thesis filled important knowledge gaps and contributed to a 
better understanding of the mechanisms of action and potential adverse effects of 
cytostatic residues to aquatic organisms as well as humans. It can be concluded that 
certain highly consumed cytostatics do represent a risk for the environment and humans. 
Of particular importance are genotoxic effects induced by these compounds, which are 
important parameters in the human risk assessment where the subject of protection are 
individuals. On the contrary, in the environmental risk assessment the subject of 
protection are populations of aquatic organisms, therefore the significance of this 
parameter is not clear. Nevertheless, because genotoxic effects lead to severe 
consequences, our opinion is that genotoxic endpoint should not be neglected in 
environmental risk assessment, however further studies are needed to clarify the 
significance. Moreover, for genotoxic compounds it is not possible to establish safe limits, 
therefore within the current legislation it should be considered to exclude genotoxic 
cytostatics from the action limit (i.e. EMA, 2006: 10 ng/L) and make ERA for these 
chemicals obligatory. In addition to standard toxicological endpoints also genotoxicity as 
well as relevant transcriptomic endpoints should be included in ERA.  

 The work presented in this thesis was reported in 7 scientific papers, published in 
SCI international journals, and presented at 9 national and international conferences. 
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