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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



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 preprecujejo rast in razmnoZevanje tumorskih celic. Genotoksi¢ni mehanizem
delovanja, ki je znacilen za veliko vecino citostatikov, pa ni dovolj specificen in poleg
rakavih celic lahko ta zdravila prizadenejo tudi normalne celice pacientov in drugih
posredno izpostavljenih ljudi ter okoljskih organizmov. Po zauZitju se ostanki citostatikov
izlo¢ijo v okolje, kjer lahko predvsem zaradi kroni¢ne izpostavitve prizadenejo netaréne
vodne organizme in posredno izpostavljene ljudi celo pri nizkih koncentracijah (pod
ng/L). Kljub temu so ekotoksikoloski podatki, ki omogocajo oceno tveganja za okolje in
zdravje ljudi, pomanjkljivi. V doktorski nalogi smo se v glavnem osredotocili na
(eko)toksic¢nost in genotoksi¢nost 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 7in 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 povzrocajo
genotoksicne ulinke v izbranih in vitro modelih, kar je bilo v skladu z nasimi pri¢akovanji
in njihovimi terapevtskimi mehanizmi, kar velja predvsem za 5-FU, CDDP in ETO.
Presenetljivo je tudi, da je IM pokazal genotoksi¢no aktivnost na netarcnih celicah, ¢eprav
velja za bolj tar¢no zdravilo, ki deluje kot selektivni inhibitor specificnih mutiranih tirozin
kinaz pri dolocenih vrstah raka in do sedaj skoraj ni podatkov o njegovi genotoksi¢ni
aktivnosti. Vendar analiza izraZanja genov odzivnih na DNA poSkodbe nakazuje, da
genotoksicnost IM najverjetneje ni posledica direktnih interakcij z DNA procesiranjem.
Posledicno predstavlja kroni¢na izpostavitev IM manjSe tveganje za posredno
izpostavljene okoljske organizme in ljudi kot izpostavitev 5-FU, CDDP in ETO. Rezultati
nasih Studij tudi kaZejo, da so ZFL celice zelo obcutljive na citotoksi¢ne in genotoksicne
ucinke citostatikov in predstavljajo dober in vitro model za preucevanje okoljskih
onesnazil. Genotoksi¢nost je v primeru testiranja posameznih citostatikov zaznana pri
visokih okoljsko nerelevantnih koncentracijah. Nasprotno pa kombinacija vec citostatikov
povzroci genotoksi¢ne ucinke pri nizkih, za okolje relevantnih koncentracijah, pri katerih
posamezni citostatiki ne kaZejo nobene aktivnosti. V nalogi smo pokazali, da bolni$ni¢ne
vode, v katerih so prisotni Stevilni citostatiki, njihovi metaboliti in transformacijski
produkti, povzrocijo ekotoksicne in genotoksi¢ne ucinke na izpostavljenih vodnih bolhah,
rastlinah in ZFL celicah. Na primeru CP in IF smo pokazali, da so lahko nekateri metaboliti
in transformacijski produkti bolj toksi¢ni in nevarni kot njihove izhodi$¢ne spojine. Ti
rezultati potrjujejo, da ostanki citostatikov doprinesejo k genotoksi¢nosti odpadnih voda.
V namen preucevanja dolgodobnih skodljivih u¢inkov citostatikov na okoljskih organizmih
smo izvedli dvogeneracijsko Studijo z ribami cebricami izpostavljenimi 5-FU. Poleg
standardnih ekotoksikoloSkih parametrov smo spremljali tudi genotoksikoloske ucinke in
izvedli analizo izraZanja celotnega genoma. Rezultati so dokazali, da kroni¢na izpostavitev
cebric okoljsko relevantnim koncentracijam 5-FU (10 ng/L) povzroli histopatoloske
spremembe na jetrih in ledvicah, genotoksitne ucinke ter deregulacijo Stevilnih
onkogenov in genov, povezanih v odgovor na DNA poskodbe. Nasprotno pa klasi¢ni
ekotoksikoloski parametri, kot so preZivetje, rast, razmnoZevanje in izleganje niso bili
spremenjeni. Ceprav preZivetje in razmnozevanje cebric nista bila prizadeta, pa lahko
opazovane genotoksi¢ne in degenerativne poSkodbe vodijo do zmanjSanega fitnesa ribje
populacije, ki lahko v primeru dolgodobne izpostavljenosti privede do izumrtja
najobcutljivejsih organizmov, tudi pri zelo nizkih okoljskih koncentracijah teh zdravil.
Rezultati naSih Studij kaZejo, da doloceni pogosto uporabljeni citostatiki predstavljajo
tveganje za okolje in ljudi. Glede na njihov genotoksi¢en mehanizem delovanja bi morala



Xii

biti ocena tveganja za citostatike obvezna ne glede na predvidene okoljske koncentracije.
V okoljski monitoring in oceno tveganja pa bi poleg uinkovin (starSevske spojine) morali
biti vkljuceni tudi njihovi metaboliti in transformacijski produkti.
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Chapter 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 pg/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).

111  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).

1111  Nondassical 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).

Guanine N’ position
H

N-H o M
NH; ., cl c .-'G I
It N H-N —
NH Y H.O ‘ "“
: N—, b
¢ O H-N

Major intrastrand Minor interstrand
crosslink crosslink

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

1112  C(lassical 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).

1121 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)).

1122 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 (FAUTP 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)).
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Figure 3: Mechanism of action 5-fluorouracil (Longley et al., 2003).
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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).

113 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.

1131  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)).

1132  Topoisomerase Il 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).

1133  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.

1134  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).
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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;
Kiimmerer 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.

14 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
etal, 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 (OHe) 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.

151 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).

152 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.

1.61 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 Elersek), daphnia (b, foto Dr. Sara Novak) zebrafish adult
(¢) and embryo (d, foto Matjaz 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).

1611  Acutetoxicity

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 contro],

- 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.

1612 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 etal,, 2012; Toolaram et al,, 2014).

1613 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.

16131 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
coliis determined.

1.6.13.2 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 /n 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 y H2AX 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, v -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; Kracun-Kolarevi¢ 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 Zegura).

16133 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.

1614  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
etal., 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.

1615  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 pg/L no phase Il 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 pg/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 Il 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 u g/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.

1621 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.

1622 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 pg/L (up to
50 pg/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

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 vitroin 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

Publications

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

Goran Gajski, Marko Geri¢, Bojana Zegura, MatjaZ Novak, Jana Nuni¢, DZejla Bajrektarevic,
Vera Garaj-Vrhovac, Metka Filipic.

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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Abstract Due to their increasing use, the residues of anti-
neoplastic drgs have become emerging pollutant in aqustic
environments. Moat of them directly or indirectly interfene
with the cell's genome, which clasifies them into a group of
particularly dangerous compounds, The aim of fe present
sudy was to conduct a comparative in vitro toxcicological
characierisation of three commonly used cytostatics with dif-
ferent mechanisms of action (5-fluerouracil [3-FU], cisplatin
[CDD¥F] and einposide [ET]) towards zebeafish liver (ZFL)
cell line, human hepatoma (Hep(2) cells and human periph-
eral blood lymphocytes (HPELz). Cytotoxicity was

(= MekaFilipit
metk afilipiaEnih 5i
Gomn Gajii
ikiEimil
Idasicn Geri€
Bojam e guraEnd i
Matiad Ko vak
iz na vaks Emin s
Jana Namié
JmarmmiaE i s
Vera Gamaj\rhovac
@i hr

' Mutagemesis Unit, Instisme for Medical Research and Oconpational
Healih, Ksoversin cesta 2, 10000 Zageh, Cmoatia

?  Degariment of Genetico Toodcalogy and Cancer Bioko gy, Wi omal
Insttateof Riology, Velm pot 111, 1000 Ljpbljmna, Skvenia

¥ Ecological Engineesing Institute, Ljobljaska alica 9,
000 Masibor, Slovenia

determined by 3-{4,5-dimedylhizzol-2-yl)- 2, S-diphenylieia-
zolinm bromide (MTT) asssy and acridine orangetehidiom
bromide staining. All three drugs induced time- and dose-
dependent decreases in cell viability. The sensitivity of ZFL
and Hep(i2 cells towands the cyiptoxicity of 5-F1J was com-
parable (half maximal inhibitory concentration {ICs) 33 to
104 pgml). ZFL celk were more sensitive towards ET-
(Mg 0.4 po/ml) and Hep(2 towards CDDP- (ICs 1.4 pgf
mL) imduced cytodowicity. Genotoxicity was determined by
comet sssay and cytokinesiz block micronuclens (CBMN)
msay, ZFL cells were the most sensitive, snd HFELs were
e lesst sensitive. In ZFL celk, induction of DNA strand
breaks was a more sensitive genotoxicity endpoint than
micronncle (MNi) indwction; the loyvest effective concenirs-
fion (LOEC) for DMNA strand break induction was 0,001 pg/
mL for ET, 001 pgfml. for 5-F1 and 0.1 pgfml. for CDDE In
Hep(G2 cells, MNi induction was a more sensitive
genodnxicity endpoint. The LOEC vales were 001 pginl
for ET, 0.1 ug/mL for 5-FUJ and 1 pg/ml for CDDE. The
higher sensitivity of ZFL celks to cytostatic drogs raises the
question of the impact of such compounds in aquatic ecosys-
em. Since little is known on fhe effect of such drugs on aquat-
ic organisms, our results demonstrate that ZFL cells provide a
relevant smd sensitive ool o screen genoioxic polential of
environmental polhitant in the frame of hazard sssessment.

Keywords Cyinatatic drogs - Environmentsl concentrations -
Zebeafishliver cells - Hep(G2 cells - Human lymphocyies -
Cremotucicity

Introduction

Anti-cancer drugs are designed i kill cancer cells and fall
under e group of the most dangerss compounds produced
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and used. Many have been clasified s carcinogenic, muta-
genic and teratygenic canpounds, triggering widespread con-
corns related b environmentsl exposure to he nesidues of
fthese drugs (Besse et al. 2012; Negreiraetal 2014; Toolaram
et al 2014; Fhang et al. 2013). The uwe of these drugs in
chemotherapy has increased due & increasing incidence a5
well as earlier disgnosiz. In addition, chemothempy is
shifting from in-patient & out-patient cancer trestment lead-
g i the presence of cyinatatics not only in hopital efflu-
ent, but albo in municipal wastewater treatment plant efflu-
enis (Parrella et al. 2014). With the development of sensitive
analytical methods during e last years, several highly con-
sumed cytostatic compounds have been deiected in aquatic
mystems (Kosjek et al. 2013; Negreira et al. 2013).

The mechsnisms of action (ModA) of cytostatics ame
mainly targeted at the prevention of growth and division
of tumour cells via interference with the genetic material of
fhe cells and cell zignalling. According to their mechanism
of action, they can be classified intp alkyfating agents, anti-
metaholites, platinum complexes, ntercalating agents, cyto-
ioxic antibiotics, mitatic spindle inhibitrs, opoisomerase
inhibitoss, protin kinsse inhibitors and monoclonal amti-
bodies (Besse et al. 2012). However, cyinstatics may not
be selective enough to target only twmour cells; they can
also act on other types of dividing cells and tissues of
exposed organisms (Besse et al. 2012; Deblonde and
Hartemann 2013; Toolamm et al. 2014; Fhang et al
203; Zounkova et al 20010).

The cyintoxicity and genoixicity of cytoatmtics have been
audied in bacteria, mammalisn rodent and human celk and
laboraioey animals (LTARC 1987, 2000, Ishidate et al 1984,
Mavowrnin et al. 199). Several recent studies have shown
that fwese compounds can induce reproductive and gendaoxic
effects alo in non-rget squatic Gganisrs. D oustaceans,
cytoatatics (3-fluorouracil (3-FLT), etoposide (ET), cisplatin
(CDDP), capecitahine and imatinib mesylste) inhibited e pro-
duction at concentrations in the range of microgram per litre
(Parrella et al. 2014). Inhibition of reproduction was alko ob-
served in algse, however, athigher concentrations (Brezoviek
et al 2014). In fresh water mussels Uiy pictonam and Unio
aemidius, 5-F1J induced DNA strand breaks (Galié et al
2004). Induction of micronuclei (MNi) formation by 5-FU,
CDDF, ET, vincristine, carboplatin and imatindh mesylake
was alzo ohaerved in plants (Alfaem and Thadeseanria) (Miglk
et al. 2004; Pichler et al 2014).

The aim of the present study was to investigate the cy-
ivixic ad genotoxic potential of the three widely used
cytostatics 5-F1J, ET and CDDP (Table 1) in zebrafish
(Danio rerio) liver {ZFL) cells, human hepatoma
(Hep(i2) celk and human peripheral blood lymphocyes
(HPBLs). The ZFL cell line was selected a5 a model of
fish-derived cells considered to be more relevant for the

identification of toxicological hazasd & aquatic crganisms.

i mrtagur

Hep(2 cells and HFELs were selected as cell models of
human origin. The two models represent cells of cancer
origin and normml primary celk, and both are commonly
usad in in vitro toxicity and genotoxicity studies for toxi-
cological hazsrd identification.

As genotoxicity endpodints, the induction of DNA dam-
age was determined with the comet sssay (Tice etal 2000)
and the induction of genomic instahility was determined
with the cytokinesiz block micronuclens (CBMN) assay
(Fenech 2004). The two asays are considered complemen-
tary, = they measure different gencioxic endpoing. Al-
hough in vitre genatoxicity ists cannot quantitatively poe-
dict harard to humans snd wildlife, they ensble the esfima-
tion of the relative genotoxic potency of the ested com-
pounds a5 well & the assesment of the susceptibility of
different cell models

Materials and methods
Clve ke sl

Chromosome kit P was from BEuroclone (Milano, Italy);
RPMI 1640 was from Invitrogen (Carlshad, TISA); 34,5
dimethylthiazel-2 -y1)- 2, 5-diphenyltetrazolivm bromide
(MTT), S-Aurouracil (5-FL; MW 13008 gimol, CAS 51-
21-8), avidine orange (AQ), bleomycin, cisplatin (CDDF,
MW 30005 g'mol; CAS 15663-27-1), cyihalasin B, di-
methy] sulphoxide (DMS0), ethidium bromide (EfBr),
histopaque, low melting peint agarose (LMF), methanol,
nofmal melting point (NMP) agsrose and Willism's noadivm
E were from Sigma (St Louis, [JSA), etoposide (ET, MW
SRR gimol; CAS 10NNT-53-2) was from Sants Cruz Bio-
technology (Dallas, USA), penicillin/streptomycin, foetal
bovine serum (FBS) for Hep(G2 cells, L-ghtmine and
phosphate-buffered saline (FBS) were from PAA Laborato-
rigs (Dartmouth, T1SA); trypsin was from BD-Difoo (Le
Pont-de-Claix Cedex, France);, Leibowitz L-15 and FBS
for ZFL celk were obtained from ATOC, DMEM and
Ham F-12 from Gibco, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and epidermal
growth factor (EGF) from Invitrogen (Paisley, UK);
heparinised vacuiner tbes were from Becion Dickinson
(Franklin Lakes, USA), and Giemsa was from Merck
(Darmatadt, Germany). All other chemical reagents wene of
the purest grade available, and all solutions were made using
Milli4) weater

For the selecied cytostatic dmgs, stock solutions were
prepared in DMS0 (3-FU [75 mgimL or 57657 mM] and
ET [25 mg/mL or 42474 mM]) and sterle Mill-0) waker
(CDDP [1 mgmLl or 3.33 mM]) and were aliguoted and
stored at —20 *C.
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Tahle | The cyiostatic dmgs v esti gated in the present sady

MName S-fluoro uracil Cisplatin (cis- E toposide
dismmine-
dichloroplatinum)
Abbreviation 5-FU CDDP ET
CAS N*® 51-21-8 15663-27-1 3M1942-0
I o H WEy  a,
Chemical structune " [ J"\r' '\T
F. H::hl [u] S, .
. e
| /L;x Hep” N b
i

]
H

i {\:I:’I tl:p““

ATC eode LMBC02 LO1XAD] LO1CBOY

MW (z/mol) 130,08 300,05 58857
045 3 Chermcal Absmct Services mamber, ATL code, Amasomcal | herap e o L hemical G Issiianon cods, 1P mokcalr weaght
Toxiecological charact erisation Cell viability (ool city) amays
Call el ke Cytotoxicity of fwe tested cytostatics in HPELs was deier-

HFBLz were ohfined from two young heslthy male domors
Subjects gave informed consent & participate in the sdy.
The study was part of the peoject approved by the Ethics
Committee and observed the ethical principles of the Decla-
ration of Helzinki. According to fhe questionnaire filled out by
the donors, they had not boenexposed to jonizing radiation for
diagmostic or therspeutic purposes of & known genstoxic
chemicak that might have inerfered with the results of the
eating for a yesr befose blood sampling. Bloed was with-
drawn by antecubital venpuncture into heparinized
vartsiness contsining lithium heparin s st -cosgulmt under
axeptic conditions. The whole blood was exposed i various
concentrations of cytostatics for different periods of time. In
each experiment, a non-reated solvent control and a positive
contral wene inchded

Hep(32 cells werea gift from D Firour Dasroudi (Leiden
University Medical Centre, Deparment of Toxicogenetics,
Leiden, The Netherlands). The cellk were cultivated at 37 *C
and 5% OO in William's medivm E contsining 15 % FBS,
2mM L-ghtamine snd 100 TVmL penicillin/stre ploamycin.

ZFL cell line was derived from normal adult mebrafish
(Glwosh et al. 1994) and was obtzined from American Type
Culture Collaction ( ATCC number: CRL-2634). Cell were
cultured under mmidified air stmosphere at 28 “C in 2 medi-
um composed of 50 % Leibovitz L-15, 35 % DMEM and
15 % Ham F-12, supplemented with 15 mM HEPES,
015 gL NaHCOy, 0001 mgfmL insulin, 50 ng/ml EGF,
0.1 % penicillinétreptonmycin and 5 % heath inactivaed FBS.

mimed by differentis] staining with AQ and BBrand by fluo-
rescence microacopy (Duke and Colen 1992). Whole blood
samples were ireated with 0, 0.1, 0.2, 0,39, 0.78, 1.56,3.13,
625, 125, 25 and 50 pg'ml. concentrations of tesied cyto-
statics and incubated for 4, 24, 48 and 72 h. After the treat-
ment, HFBLs were isolated by histopaque density gradient
centrifigation medhod. The slides were prepared by adding
AQ and EtBr (both diluted in phosph ste-buffesed saline,
PES) to HPEL suspension in final concentration of 100 e/
ml {1:1; wv) A total of 100 cells per repetition wene exaim-
med with an epiflorescence microacope (Olynpus BXS51,
Tokyo, Japen). Quentitative ssesment wee made by deter-
mining the percentage of live and dead cells. The nuclei of live
cells emitted a green fluorescence and of dead cell red
fluorescemce.

The visbility of Hep(i2 and ZFL cells afier exposure to
cytostatics was determined with MTT asssy according to
Mosmann (1983), with minor modifications. This colorimet-
ric assay measures the conversion of MTT to insoluble
formazan by dehydrogenase enzymes of fe intact mitochon-
dria of living cells HepGZ2 cells were seeded ontn 96-well
microplaes (Nunc, Naperville, UISA) at a density of 4000
cells'well, while ZFL cells at a density B cellefwell and
incubaied for 24 h at 37 and 28 °C, respectively, to aitach
The cell growth medivm was then replaced by fresh medivm
containing 0, 0.29, 0,59, 1.17,234,4.69, 938, 18.75, 37.5,75
and 150 pg/mLof the tesiad cytost@iic and incubated for 4, 24,
48 and T2 h, At the end of the exposire to cytostatics, MTT
was added at 3 final concentration of (L5 mg/'mL amd the cells
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were incubated for an additional 3 h at 37 *C (HepG2 cells)
and 28 *C (ZFL cells). Aferwands, fe mediom was removed
and formazan crystals were dissolved in DMS0. The optical
density (0D) was measured at 570 nm (reference filter
690 nm) with microplate spectrofluorimeter (Symergy M,
BioTek, Winooski, TUSA). The OD difference OD5T0-
ODEH) is proportional to the concentration of formazan,
which direclly correlsies i fhe numbser of viable cells Vishil-
ity was measured in three independent experiment each time
with five replicates per reatment point. In each experiment, a
anlvent control (growth medivm containing 0.2 wvand 0.6 wy
Y% of DMS0 in the cse of 5-F1J and ET, respectively) and
growih medivm control were included. There were no differ-
ences between solvent control and growth medivm control
ohserved (dats mot shown).

anowgicity

Alkaline comet assay The allaline comet ssssy was carried
out 35 described by Singh et &l (1988) with minor modifi-
cations for HPBLs (Gajski et al. 2014) and Hep(G2 and ZFL
cells (Zegura et sl 2004). After exposure to non-Cytatoxic
concentrations of the selectad cytostatics for 4, 24 and 48 by
fhe whole blood was mixed with 100 pL of 0.5 % LMP
agarose and added to fully frosted slides precoated with
06 % NMP agarose. After solidifiring, the slides were cov-
ered with 0.5 % LMP agarose, and the cells were lysed
(25 M Nall, 100 mM EDTANay, 10 mh Tris, 1 % sodivm
sarcosinaie, 1 % Triton X-100, 10 % DMSO, pH 10) over-
night af 4 °C. After e lysis, the slides were placed into
allaline solution (300 mM NaDH, 1| mM EDTANs,, pH 13)
for 20 min &t 4 *C to alow DMA wowinding and electro-
phosesed for 20 min at 1 Von. Finally, fe noclei were
newtralised using 0.4 M Tris buffer (pH 7.5). For fe evalu-
stion, nuclei were stained with EfBr (10 pg/mL) and
malysed using an epifluorescence microscope (Zeiss,
Geottingen, Germany). The percent of tail DNA was used
i measwre the level of DNA dsmage, and a total of 100
randomly captured nuclei were examined from each slide
with image analysis software (Comet Assay II, Perceptive
Instruments Lid., Haverhill, Suffoll, T7TE).

Hep(32 and ZFL cells were seaded at a density of 80,000
and 100,060 cellsfwell, respectively, onto 12-well tissue-
culture-treated plates (Corning Costar Cosporation, New
Yook, TSA) and left overnight at 37 and 28 *C, respectively,
iy attach. After incubation, the growth medinm was replaced
with fresh medivm contasining non-cyintoxic concentrations
of the tested cyoattics. Hep(i2 celk were incubated for 4
amd 24 h, while ZFL celk were incubsted also for 72 he The
longer incubation time was chosen because ZFL cells have a
longer doubling time (approximately 72 h) compared to
Hep(i2 cells. After the incobation, Hep(2 and ZFL cells were
rrypeinised and centrifiuged at 115/25%g, respectively, for

) spctagur

5 min. A total of 30 pL of cell suspension was mixed with
TOuL 1 % LMP agarose and added to fully frosted slides
precoated with B0 pl of 1 % NMP agarose. The cells were
foen bsad (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1 %
Triton X-100, pH 10) for 1 hat 4 °C, placed in electrophonesis
buffer (1 mM EDTA, 300 mM NaOH, pH 13) for 20 min to
allow DN A vrw inding and electrophoresed for 20 min at 1Y/
cm. Finally, fhe nuclei werne newtralised using 0.4 M Tris huff-
er (pH 7.5). For the evaluation, nuclei were stined with EBr
(5 pg/mL) snd analysed using an e pifluorescenc e microscope
(Nikon Eclipse 80d, Tokyo, Japan). Three independent expar-
iments were performed. In each experiment, images of 50
randomly selected nuclei per experimental point were
anal yaed with image snalysis software (Comet Asssy IV, Per-
ceptive Instroments Ltd.).

Benzo[apyrene (BaP; 50 M) and hydrogen peroxide
(HaOy; 1 mM) were used & positive controls in oell lines
and HPBLs, respectively. In each experiment, a solvent con-
ol (growth mediom contsinieg 004 v and 0013 wie % of
DMS0 in the case of 5-F1) and ET, respectively) and growth
medinm control were inchided. There were no differences
between sobvent control and growih medivm control obsenved
(dists ot shown).

CBMN assay The CBMN assay was carried out a8 described
by Fenach and Morey (1985) with minor modifications for
mh(ﬂﬁﬁuﬂ.lﬂld}mm:ﬂmwh(ﬂm
et al. 2011). After exposure to non-cyiotoic concmirations of
selected cytostatics for 24 and 48 b, whole bleod (500 pL)
was incubated in 3 Eumoclone medinm at 37 *C in an amgo-
sphere of 5 % COy. CytochalasinB (6 pg/'mL) was added
44 h afier the colire was started. The culures were harvested
at T2 h, and fhe lynphooytes were fived in methansl‘acetic
acid (¥1) (W) and zir-dried. Afterwands, the slides weme
eampdoariiged snd coded prios o snalysis. The cells were stained
with 5 % Giemsa solution

In the case of Hep(2 and ZFL cells, the cells were seeded
on T-25 flasks (Coming Costar Corporation, Sigms) (700,000
cellsplate and 800000 cells'plate, respectively) and incubat-
ed for 24 h under cell-line-specific conditions. The cells were
then exposed to nm-cyintoxic concentrations of selecied cy-
instatics for 24 (HepG2 cells) and 72 h (ZFL cells). The dif-
ferent exposure fimes were selected because of fhe different
doubling time of Hep(G2 and ZFL cells (24-28 and 72 b,
respectively). After the treaiment, the cells were washed twice
with 1 PES buffer; fresh medivm containing cytochsl ssin-H
(2 pg'mL) was added, and cells were incubatd fior additionsl
26 (Hep(i2 cells) and 48 h (ZFL cells). At the end of the
exposure, floating and adherent cells were collacted by
trypeinisation. After centrifugation (115g), the cells were
washed with 1« PBS, incubated in cold hypoionic seluiion
(75 mM ET) and fived with methanol'scetic acid (3/1) (wv)
and sir-dried. Afterwands, the slides were randomised and
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eoded prior o analysis. The cells were stained with AQ
{20 pg/mi).

HPELs were analysed using a light microscopse (Olympus
CXA41), while HepG2 and ZFL cells were analysed using an
epifluorescence micmacope (Nikon Eclipse B00) at 2400
magnification. Micronuclei (MNi;, expressed s number of
micronucleated (MNed) cells), nucleoplasmic bridges
{NPBs) and nuclear buds (NBUDS) were counded in 1000
binucleated cells acconding to the HITMN peoject criteria pub-
lished by Fenech et al. {2003), The nuclear division index
(WD) was determined by scoring 500 cells with one to four
nuclei. The NDI was calculaed using the foemula [M1+
2 M2+3{MI+MA)] 1000, where M1-M4 represents the
numher of cells with one to four nucled, respectively, and
M3 and M4 are both considered i be in their third cycle
(Kirsch-Volders et al 2003).

BaP {10 pM) snd bleomycin { 10 pgiml) were wsed a=
positive controk in cell lines and HFELs, respectively. In each
experiment, a solvent control (growth medium containing
004 v and 0013wy % of DMSO in fhe case of 5-F1) and
ET, respeciively) and growih medivm control were included.
There were no differemces between solvent control and growth
medinm control observed {data not shown).

Statistical analysis

The stutisticsl snalyses were performed with Geaph Pad Prism
5 {Graph Pad Software, La Jolla, 118 A). Non-linear regression
waz ued to aees any dose-dependent response for 5-FU,
(DDP or ET. The half maximal inhibitory concentration
(IC 55) mepresents the concentration of & chemothe rapautic
agent required for a 50 % inhibition of growth in viteo, For
each compound, e 1T, values were determined using mon-
linear regression (log(agonist) vs. nommalized response—var-
e slope). For the comet asay data statisticsl significsmes
betwoen the reated groups and control was delermined by
one-way analysis of varance and Dunnett’s multiple compar-
ison test. The significance of CBMN assay parameters was
ested using chi-square test P<0.05 was considered as siatiz-
tically significant For each endpoint effect (DNA strand
breaks and MMNi), the west-observed-effect level (LOEL)
was estimated from the ob@ined resulis.

Resualis
Cytotoxiclty

Dhose- and time-dependent cytodoxic activity of 5-FUI, CDDP
anid ET was observed in all three cell models (Fig. 1). Tale 2
shows the 10, vales for the three cytostatics in each of the
three cell models after di flerent times of exposure. A fier 4 hof

expoare, mone of the three dnrgs was cytotoxic. 5-F1J was the
leastc yintoxic in all free cell lines, and HPELs were the least
sensitive ofthe three cell mode k. However, it should be noted
fhat, in the HPELs, cyivtoxicity was determined with differ-
ential staining with AQ and EtBr, which enshles distinetion
between live and dead cells, while in HeplG2 and ZFL cells,
cytaboxicity was determined by MTT assay. The latter asay is
based on messuring the activity of mitchmdrisl succinsie
dehydrogenase, which reflects the number of living cells.
Therefore, only the sensitivities of ZFL and Hep(2 were com-
pered. The last column of Table 2 shows fhe ratio between the
ICsg value for HepG2 cells and ICqy value for ZFL cells. The
vahwes higher, equal or lower than | represent a higher, equal
or lower sensitivity of ZFL cells compared to HepG2 cellz
The ratio value for 5-F17 was higher than 1 afier 24 h of
exposure and lower than 1 after 48 h of exposure; however,
considering the 95 % confidence interval for the mespective
ICs values, this sensitivity cannot be considered a5 different
ZFL cells were more sensitive i exposure to ET afier 48 and
T2 h of exposure, while in the case of CDDFE, ZFL cells were
less sensitive (Table 2).

Induction of DNA strand breaks

The comet sssay was performad after dif ferent periods of time
of exposure. In order to enable the comparizon of the re-
sponses of different cell models that exent different back-
ground levels of % @il DNA, resuls are shown as relative
mcresse in % @il DNA in exposed cell over the background
level in control cells (Fig. 2). As in the cyintoxicity assay,
HFBLs were fhe least sensitive. Only ET induced a slight
but zsignificant incresse in DMNA srand breaks after 72 h of
exposure (Fig. 2). In ZFL cells, ET and CDDP induced a
significant increase in DNA strand breaks slready after 4-h
expoaure, while after 24 and 72 b, all three cyiatatics induced
DNA stramad beeaks (Fig. 2). The most potent was ET, which,
after 72 hof exposure, induced a significant increase in DNA
sirand breaks at concentrations =0.000] pg/mL. Due to their
faster growth and shorter doubling time, Hep(2 cells were not
exposed to fhe dregs for 72 by their cultures: become confheent
and the resuls may not be reliable. In Hepd2 celk, 5-F17 did
notinduce DNA dsmage. ET induced a signific ant increase in
DNA sirand breaks afier 4 and 24 h{Fig. 2). ET also induced
fhe highest increase of DMNA strand breaks over the back-
ground level of dwe contral cells (af 10 pg/mL 4.6- and 8.3-
fold, respectively) (Fig. 2). CDDP induced significant in-
crease in DNA sirand breaks afier 24-h exposure st comoen-
trations =1 pgiml..

Induction of ge nomic instabdity
The induction of gemomic instshility by fe selected cyto-
smtics was evaluated by CBMN sssay. In addition to MNi
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Fig. | The effect ofthe selacted cytostafios on the viakility of mebrafish
Trver (ZFL) cells, baman hepatoma (Hep (G2 ) cells and baman periphieral
bikood hmnphooytes (HPHELs ). The cells were exposed to graded doses of

Seftcmaraci] (5-FLI), eto poside (ET) and cisplatin ({CDDP) over diffirent
times of eaqposane. Th e viahility of Hepl(i2 and ZFL cells was determimed

induction, the frequency of NFB and NBUDs was also eval-
uated, Like in the comet asay, the results in Fig. 3 are poe-
sented &5 relative increase in MNi frequency over the back-
ground of the control cellz, In HepG2 cells, all three drugs
nduced an increase n MNi frequency (Fig. 3—35-FLJ and
ET at concentrations >{.] pg/mL and CDDP at 1 pg/ml. It
can be seen that the incresse in MNi induction by 5-FUJ and
ETwas lower atthe higher ested concentrations, which can be
explained by cyiostsis reflocied by approsimately a 3040 %
suppression of NDI (Fig. 3). In ZFL and HPBLs, ET and
CDDP induced a significant incresse in MNi frequency, whilke
5-FUJ was inactive. At the applied concentration range, fhe
reduction of NI, which reflects cytoatatic effectof fwe dogs,
was the lowest in HFB Ls and the highestin ZFL cells (Fig. 3).
In ZFL celk, 5-F1J and CDDF at 100 pg/mL and ET at 1 pg/
mL blocked cell division, which meant that there was no suf-
ficient number of bimclesied cells to determine MNi induc-
tion. OF fhe three tested dregs, only ET induced NPBs and
NEUDs in Hep(G2 cells and HFELs (Fig. 4).

i mrtagur
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by MTT assay, while the viahility of HPRLs was determined
Iy i ferentia] stad g with acridine crange (A0) and sdid fam bmomide
{EBr). Daty are mean valees+95 % confidence imtervals, presemted as
log diomesresp orse oorves of viahility after different Smes o feaqpomam (4,
24, 4% and T2 k)

The posifive control, Heomyecin (10 pg/mL), induced 11.0
+0.29- and 14.83+ 008-fold increase in the formation of MNi
compared to control in HPBLs after 24 and 48 h of exposure,
respectively, while BaP (10 uM) increased the formation of
N in Hep(G2 and ZFL cells for 2. 13+ 0034 and 1.93+0.24-
fold compared i control, respectively.

s cossion

I this study, we conpared the susceptibility of ZFL cells and
commonly used human-derived cells: HepG2 cells and
HFBLs wwards the cytotedcity and penotoxicity of three
cytostatics (5-FIJ, CDDP and ET). The results showed signif-
icant differences in the responses of the firee cell lines to
expoaure to the selected cyiatatics, which depended on the
type of cytostatic {Tabla2).

ZFL and Hep(i2 cells showed a similar sensifivity towands
5-Fll-induced cytoinxicity. ZFL cells were mone sensitive
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Table 2  1Csqvakues of S-faomuraci] {5-FUT), etopaside (ET) and cisplatin (CODP) in zebrafish (ZFL) nd haman bepatoma (FepG 2) cells and in
boarman peripheral biood hmmphooytes (HPALs) afierd, 24, 48 and T2 b of exposam

Expasare durasion (5} 1Cin 95 % comfidence imerval) (ugimL) Sessitvity
ZFL HepG2 HPBL TCan HepGEZFL

=FI

4 =150 =150 =50

4 =150 =150 =80

48 531 3 116-90.54) B4.T2 (HOLGE-118.30) ZLEI {1 3.18-360%) 160

72 10440 {67316 06) 5272 32-11.54) &) 0.5l
ET

4 =150 =150 =50

24 66 (19.94-28 1) 1559 (25 BE-4 R 9T} IRQT (19.TA-TA) 150

48 2A2(157-297T) 15.91 {12.13-20.86) T2 (A 3-11.80) 657

72 041 {037-044) 137 0551 85) BEAT (1 AIARD ) 13
CDoP

4 =180 =150 =50

24 11259 45-13.38) 15.54 (£ 91-17.65) 1581 {1 026243 T) L

48 1204 {10U30-1 40T T2 IT-139) £11 (185-15.41) 024

72 669 (SR0-T.7 1) 140 {1_15-1.65) 416 3 04-566) ik

nwards exposure v ET (by factors 33-6.6), and CDDP was
more cytatoxic to HepG2 celk (by factor of 4.5), Similar IC,,
vahwes for S-FU (I 248400112, ET (a5 131+ 00013) and
CDDF {IC 5 0.87£0.023) for HepG2 cells have boen reposied
by Shao et & (2008). HFELs seemed to be less sensitive
iowards the cyintoxicity of 5-F1 and ET, whereas sensitivity
i the cytatoxticity of CDDF was conparable to that observed
in ZFL and lower from that observedin Hep(2 cells Previous
shudies coamparing sensitivity for basal cytotoicity endpoints
such & mitochondria] dehydrogenase activity (MTT asay) of
mamimalisn and fish cells generally suggested a similsr sensi-
tivity when exposad i a range of dif ferent chemicals (Castafio
and Grémez-Lochén 2006; Papiz et al. 201 1). Our sdy indi-
cates that this general hypothesiz may not be valid for
cyinatatics.

All dhree of the tesied cytostatics were genotoxic com-
pounds; however, e mechanizms of heir genobxicity ame
different 5-FIJ & a pyrimidine analoguee. The mechamnisms
of 5-FUJ genotoxicity are the mizincorpomation of
fluoronucleotides and inhibition of thymidylate syntase
(TE), which leads to the incosporation of uracil (dUTF)
md misincorporation of deoxyribonucleotides {dNTF)
(Meyers et al. 2003). In ZFL cells, 5-F1J induced time-
and dose-dependent DNA damage, but not MNi formation,
while in HepG2 cells, it induced only MNi formation. In
HFELs, 5-F1J was inactive. In vitro genotedicity of 5-F1U
has been shown o be difficult to detect In HPBLs, induc-
tion of MMi was detected only at concentrations that
inhibited NDI by more than 50 % (Clare et al. 2006). The
difference between the responses to the clasiogenic activity

of 5-F1J between HPELs and Hep(:2 cells may be due to,
on o side, their different origin and, on the other, the fact
fhat HFELs are normal celk and HepG2 cells are camoer
cells with an unstable genome (Dehn et al. 2004
Maohrenweiser and Jones 1998), which may comiribuie to
their higher susceptibility. The latier may alzo be the resson
for the lack of MNi induction in ZFL cells, which are
nommal immoralized cell,

ET iz clasmified s a inpodsomerase [T poison. It icresses
he levels of opoisonerase [l-indwoad DNA strand breaks by
inhibiting the shility of topoispmersse 11 to ligate cleaved
DNA molecules (Bromberg et al 2003). The resulting DINA
breaks intiste DNA and recombination repair pathways and
generate DN A and chromosomal sherrations (MeClendon and
Oahveraff 2007, In vitro and in vivo studies have shown that
ET iz a patent clastogen {Ashby et al. 1994). ET induoad MNi
and DINA strsmd bresls in all three cell lines. In addition, only
ET induced an increase in NPBs and NBL/Ds. NPBs originate
from dicentric chromosomes, which may occur due to 2 mis-
repair of DNA breaks, telomene end fisions and could alzo be
observed when a defective separation of siser chromatids at
anaphase oocurs due to decatenation failure. NBU Ds repre-
sent the elimination of amplified DNA, DNA repair com-
plexes and, possibly, excess chromosomes from aneuploid
cells { Femch 2006). The most sensifi ve to ETwere ZFL cells
The LOEC for DNA strand break induction was 0,001 and
001 pgfml for MNi induction { Table 3). Similarly, as in ZFL
cells, exposure to ET in mouse lymphoma cells L5178Y in-
duced a significant increase of MNi at concentrations

2001 pgmL (Lynch et al. 2003),
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4 Fig. 1 Indoction of DMNA strand breaks in mbmfish Fver (ZFL) calls,
homan hepatoma (HepG2) cells and human peripheral blood
lymphocytes (HFBELs), after eaposuare to S-fluoronmci (5-FU),
stoposide (ET) and cisplatin ((DDF) at different concentrations and
exposare times evalmied by alkaline comet assay. % til DNA ws
determined in 50 mackd (Hep(E2 and ZFL cells) pr experimental point
and 200 pracl s (HPBLs) pereag tal point. The backs dbevel of
% DNA in comed tail in ZFL cells was 4421 5%, in HepG2 7522 5%
and iin HPBLs 23211 % Beaco[apyrene (BaP; 50 pM) and hydrogen
peronide (HoOu; 1 ) wese peed as positi ve contm b (PC) in cell lines
md HPB Ls, mapectively. Significant difference from solvent contral was
determined with Knuskal-Wallis with Deen's posttest. *P=0L0 1. Dataon
the figare are presented & mean valoes of inoease of %% DNA i comet
ilin trensed cedls over the back gownd kevel in oo niral cel bt 5D

CDDP inkeracts direcy with DNA causing the alkylation
of DNA and DNA-DNA and DNA-protein cross-links. It in-
duces DNA dasmage and MNi formation in human snd rodent
i it and in vive experimentsl systems (Blasiak et al. 2000,
Duffand et al 1998; Fikrova et al. 2014; Kliesch and Adler
1987; Kosmider et al. 2005; Nerseayan et al. 20046; Padjas
et al. 2005 Pfuhler and Wolf 1996, Wozndiak et al. 2004).
(DDF induced MNi formation in all of the three cell lines,
however, the induction of MNi formation was, at aqual con-
centrations, lower from thatindweed by ET. The inc rease over
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Fig. 3 Idudtion of micomaclki in mebrafish liver (ZFL) cells, baman
hepatoma (HepGE) cells and human peripheral blood hmphocytes
(HPBLs), afier exposare o 546 Al (5-FUT, ide (ET) and
cisplagin (CDVDP) at different concentrations and exposare Gmes
evaluated by cyitokimesis-block micromackess (CRMN) assay. The
mamber of micronuclkated (MMed) cells was detemmined in 1000
bimmclaated ZFL, Heplel or HPEL calls per experimental point. The

I S
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ranzanbradban iaml

fhe back ground was also lower, CDDP-induced DNA demage
was observed in ZFL and Hep(G2 cells, and like in the case of
ET, ZFL cells were the most sensitive. However, CDDP
canaes DNA-DNA coross-links that are not revealed in fhe
sandard comet ssssy. Thus, with comet sssay that detects
migratim of broken ends of DNA molecule, de DNA dsm-
aging poential of CDDP iz underestimated.

The resul showed fhat, at the applied exposure conditions,
ZFL cells wene more susceptible to the genatowic effect of the
three dmgs tan humsn-derived cells, The difference in the
responses may be ascribed o fhe differences in cell growth
and kinetics and capacity of DNA repair between fish and
manmals. Fish cell lines grow at lower temperatures than
manmnalian cells and have longer doubling time, and the shud-
ies indicated that fish cells have a lower rate and capacity of
DNA repair than mammalian celk (Kienzler et al. 2013).
Thus, fhe higher induction of DNA dasmage in ZFL cells com-
pared iy human-derived cells can be attributed & e differ-
ences in DINA repair gystems. In addition, fish cells have a
smaller genome conpaned & mammalian and human cells
(Howe etal 2013). Thus, it is expecied that over prolonged
expoaure (712 va. 24 h for ZFL and Hep(G2 celk, respectively),
cyinatatics will induce mone strand breaks in fish cells than in
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=
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hackgromnd level of MNad celsin ZFL was 18045 6, in Hepl cells
304100 and in HPBLs 3.740.0. The significant difference in the
mamber of MNed cells betwesn treated and contral cells was
desermined with y? test (*P-a005) The rockar division index (KD
wii detemined by scoming 500 cells with one o fowr meki. Data on
the figare: e presented as mean vakoes of the relagive inceass of MNed
cells in teated cells over the bacegromnd level in contml] cell 45D

1 rprtagr



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

53

Exvimmn Sci Pollmt Bes (20016) 231473314750

14748
NPB
30 HepE2 H=BL 24l HFBL 48h
m +
i :
=
-
o 204
-«
§ .
‘= 104
= &
g a1 Ll
olsgll] ..-l-u[

I

concaentration {ug'ml)

Fig. 4 Indection of neclkoplismic bridges (NPHs) and moclear buds
(HBUDs) in zebrafish liver (ZFL) cells, homan hepatoma (Hep G2y
cells and baman periphen blood hmphooytes (HFBLs), afler exposare
0 etoposide (ET). The mamber of nodeoplsmic bridges (WPBs) and
maclex buds (MBUDs) was determined in 1000 binmcleatad ZFL,
Hep(E2 or HPRL cells per experimental point. The level of
NPB celk in HepG2 cells 13406 and in HPBLs 13203 The

mammalisn cells. Previous sidies with mammmalian cells of
different origin showed that their different suece piibilities to
genotoxic insuls can be comelated to differences in DNA
damage repair capacity (Duthie and Collins 1997),

Our study showed that ZFL cells were generally more sen-
sitive than the human-derived cell. Although the concentra-
tions that induce d genotoxic e ffects were much higher them the
concentrations expectad in the environment, the nesult inpli-
cates that, in an aquetic envisonment upon clronic exposurme to

Tahle 3 The LOEC vales for genotodcity endpoints (DN A strand
L), etoposide (ET)and cisplatin (CDDF) in mebradish (ZFL)and boman
hepatomma (Hep () cells and in haman peripheral blood 1ymphiooytes
{HPBLs ) after various Simes of e coare

Cels  Endpoir  Eaposws () LOEC (pgml)
=FU ET DDF
ZFL Comnet 4 - 10 1
14 ol 0.1 1
12 ol 0001 il
MN 12 - 0.l ol
HepG?  Comat 4 - 1 -
14 - 0.l ol
N 14 ol 0.l 1
HFHL Comnet 4 - - -
14 - 10 -
12 - 10 -
MN M - 1 10
L] - 0.l [l
- Negasive

i mrtagur

NBLUDs

HepG2 HPBL 24h  HPEBEL 4&%h ZFL

relative Increase of HEUD S

concentration {ngiml)

level of WEUD cells in ZFL was 26.349.7, i Hep (2 cells
T0+31T and in HPBLs 4 0+0.9. The significant difference in the
mamber of NPBs and NBUDs in 1000 binedeated cells betoeen trented
md comtm] cells was determined with 37 st (*P<(U05). Dafa on the
fi gare are presented ax mean valoes of the rdative mcese o fNPEs and
NBUDs in treated cells over the backgromnd level i contml cell4510

the residues of cyinstatic drogs, genotoxic effects and their
consequences n fish cannot be exchuded. This sssumpiion
can be supponted by observations from human epidemiologi-
cal studies of cancer-teated patients snd cocupational -
sure. These sudies have shown chromosomal damage in hym-
phocyies (Burgar et al. 2002, Chrysosiomou et al. 1984,
Kopjar et al. 2009) s well as in exfoliaed buccsl epithelial
cellz (Cavallo et al 2005).

Conclusions

Our result indicated different susceptibility of fish-derived
ZFL cells compared to human-desived Hepl2 cells and
HFBLs to cyintoxic and genoioxic effeck of selecied cyto-
shatics. ZFL cells were the most suscepiible, which raises the
question of a negative inpact of fhese pharmaceuticals on fish
if discharged into aquatic environment excessively. The high
sensitivity of non-target ZFL cells also indicates that these
cellzcould bea goodmodel for testing the genoixic potential
of pharmaceuticals & well as other aquatic pollutants and
could serve as an aliernafive to animal esting in preliminary
ecotoxicol ogical studies. Simce relatively litle is known on the
impact of cytostatics to aquatic organisms at envirenmentally
relevant concentrations, fture research that will also include
in vivo sindies on fish is warrsnted. Research including dif-
ferent cell types, especially non-target cells, and finding suit-
shle sensitive biomarkers for e evalustion of genotoxicity of
thiz subgroup of pharmacenticals shauld be done in order to
amess the risk for aquatic organisms and introduce messunes
i minimise he possibility of advese effect.
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3.2 Assessment of the Gentoxicity of the Tyrosine Kinase Inhibitor
Imatinib Mesylate in Cultured Fish and Human Cells

Matjaz Novak, Bojana Zegura, Jana Nuni¢, Goran Gajski, Marko Geri¢, Vera Garaj-Vrhovac,
Metka Filipic.

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 7in 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

Matja? Novak, Bojana Zegura, Spela Baebler, Alja Stern, Ana Rotter, Katja Stare, Metka
Filipic¢

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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Abstract In chemotherapy, various anti-cancer drugs with
different mechanisms of action are used and may represent
different risk of undesirable delayed side effects in treatwed
patients az well 2 in occupationally exposed populations.
The aim of the present sindy wasto evaluste genaoxic poten-
tial of four widel ¥ used snti-cancer drogs withdi flerent mech-
anizms of action: S-Mlecrourac] (3-FU, cisplatin (CDDF) and
etopogide (ET) that canse cell death by targeting DINA fume-
fion and imatinib mesylate (IM) fhat inhibits @rgeed protein
kinases in cancer cells in an experimental model with human
hepatoma Hep(G2 cella After 24 h of exposure all four anti-
cancer dnegs af non-cytoinxic concentrations induced signdfi-
cant increase in formation of DNA double strand breaks
(DSBs), with IM being the least effective. The analysiz of
e changes in the expression of genes involved in the re-
sponse 0 DNA damage (CDENIA, GADDIIA, MDMZ), ap-
optosiz {B4X, BCLY) and oncogenesis (MFC, JUN) showed
that 5-F1], CDDP and ET upregulated the genes involved in
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DNA damage response, while fhe anti-apoptotic gene BOL2
amd onvoopene ML were downregulsted. On e conrany, IM
did mot change the mBNA level of the sudied genes, showing
different mechanizm of action that probably does nat involvwe
direct interaction with DNA processing, Genotxic effeck of
the tested anti-cancer drygs were ohserved at their therspetic
concentrations that may consequently lead to increased risk
for development of delayed adverse effeck in patients. In ad-
dition, considering the gensoxic mechanism of action of 5-
FUJ, CDDF and ET an increased risk can slso not be excluded
in oocupationally exposad populations. The results aleo indi-
cate that exposure i 5-FU, CDDP and ET represent a higher
risk for delayed effeck such as camcer, reproductive effects
amd heritahle disease then exporure to I
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Introducton

Anti-cancer drgs that sre used to trest cancer significanty
contribuied to the incressad survival and beiter life quality of
cancer patients and their use is mpidly growing, dueto earlier
diagnogizs of the dizesse snd due to incressing incidence of
cancer ([18 National Instite of Health, www. cancer.gov).
Many of these drogs are designed to act via interactions with
DNA function and cell signalling and thus may not affectonly
camcer cells but slzo nomal dividing cells. Consequently,
many of these dregs are gevoteic, motagenic, carcinogenic,
teratogenic, and/or embryotoxic (Kummerer et al. 2 (;
(Christersen 1998; Besse et al. 2012; Zounkowva et al. 2010;
Brezovaek et al. 2014; Parrella et al. 2014, 2015) and upon
usispbentionsl exposune may be dangerous for humans as well
&5 other organisms,

The aim of the present sindy was to compare genotoxic
patential of four widely used cytostatics at therspeutic doses,
namely fleoropyrimidine S-fluorouracil {5-FL1), cisplatin {or
cis-dis-mminedi chloroplatinum, CDDP), etoposide (ET) and
imatinil mesylate {IM) in fe experimental model with human
hepatoma Hep(G2 cells, which is extensively used in the
in it cytowicity and genotoxicity studies (Viegss et al
2012; Perdire et al. 2013; Straser ot al. 2013; Zhao et al
2013; Fang etal 2012). The main advantage of the experi-
mental model with HepG2 celk are reined inducibility and
activities of several phase [ and phase I xenobiotic metalbo-
lizing enzymes presented in human hepatocytes {Knasmmller
et al 2004). Another important advantage that makes these
cells particularly suitable for genotoxicity studies & the ex-
pression of wild-type temour suppressor TPS3 (Bressac
etal 1990) which makes them an appropriaie model ako for
e studies of PS3-regulated response tv DNA damage at the
level of gene ranscription and translation (van Delft ot al
2004,

According to their mechanisms of action, the selectad com-
pounds represent different classes of anii-cancer drugs. The
pyrimidin analogue 5-FLJ belongs to the group of ant-me @h-
olies. It blocks DNA synthesis and replication, by inhibition
of thymidylate synthase and incorporation of i metabolites
it DNA and RMA (Longley et al. 200F). CDDF belongs to
e group of platinum-derived drgs. Tt canses the alkylation
of DNA and DNA-DNA and DNA-protein cross-links that
block DNA iranscription and replication, which leads to cell
death (Gonzaler et al. 201). A bpoisomerase inhibitor ET
inhibits enzyme topoisomerase I and canses an incresse in
DMNA and chromosmmal breskage leading towards cell desth
(Pommier 2013). IM was the first of the protein kinsse nhib-
itors, which were developed for targeted chemotherapy. IM
does not target DN A but selectively inhilits certain oncomenic
nmytant prodein tyvosine kinsses, including the chimeric BCR-
ABL fusion encoprotin of clronic myelodd lenkaemia, the
ransmembrane receptor KIT and plated-derived growih factor

) g

(PDGF) recepiors {Buchdunger et al. 2000, Fabbeo ot al
20,

The cyintoxicity of the four drogs hes been evalusted by
e MTT sszay whereas the genodoxic potential has been eval-
usied by analysing formation of phosphorylaed H2AX his-
tomes (YH2A X)) in the exposed Hep(a2 cells. Formation of the
YH2AX i increasingly used in genoinwicity stodies as a
marker of double-sranded bresks (DEB=) induced by DNA-
damaging conpounds (Rogakou et al 1999 Celesie et al
2003) that alzo enshles relishle dizcrimination of chemicals
with genoioxic poiential from non-genotoxing (Smart et al
2011} To enable an insight inio the understanding of possible
mechanism of genotoxicity of the four tested drogs, we also
sidied alierstions in the expression of selectad genes in-
volved in DNA dsmage respomse, spoptosis and oncogenssis
that can provide an early and global answer to toxic events
{Brown and Botstein 1999; Ellinger-Ziegelbawer et al. 2005,
Ellinger-FiegeThaner et al. 2005 .

Materials and methods

Che micals

344 5-Dimethylthizzo - 2-y1)-2,5-diphenyltetrazoliom bro-
mide (MTT), flucropyrimidine S-flucrouracil (5-F17), cis-
dizsmminedichloroplatinum (CDDF), dimethy bulphoxide
(DMS0), methanol, ghycogen and William's mediom E were
from Sigma (St Louis, TFSA); etoposide (ET) and imatinil
meaylate (IM) were from Santa Cruz Bicechndogy (Dallas,
1ISA); penicillin/sreptonmyein, foetal bovine serum (FBS), -
ghutamine snd phosphate-buffered saline (PBS) were from
PAA Laboratories {Darmouwth, 118A) and TRIzol reagent
was from Invirogen, Paisley, Scotland, UK. cDNA High
Capacity Archive Kit, TagMan Universal FCR Masier Mix
and the Taqman Gene Expression Assays were from
Applied Bicsystems, NI, USA. Mouse monoclonsl IpGl,
Amnii-phospho-Histone H2A X (Serl39) and FITC conjugsie
were from Milipore, Billerica, MA, TISA. All other chemical
reagents were of the purest grade available and all solutions
were made using Milli-Q) water

For fhe selectad anti-cancer drgs, sinck solutions were
prepared in DMS0 (5-FU) and ET) or sierle Mill0) waer
{CDDP ared TM) amd were aliquoted and sbosed at —20 %C.

Cell culture

Hep(i2 cells were a gift from De Firouz Darroudi (Leiden
University Medical Centre, Department of Toxicogenatics,
Leiden, The Netherlands). The cells were grown at 37 *C
and § % Oy in Willism's mediom E (Sigma, St Louis,
I84) containing 15 % foetal bovine senum, 2 mM L-gluts-
i and 100 Tl pendcillin/sreptonmycin.
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Cell viability (eytotoxicity) asays

The cytodnwicity of anti-cancer drogs was determined with
MTT sssay, which measwes the activity of minchomndrisl suc-
cinate dehydrogensse, scconding to Mosmann (1983) with
minsor modifications. The Hep(i2 cells were seeded onto -
well microplates (Nunc, Naperville, IL, TISA) at a density of
4000 cells per well and incobated for 24 h at 37 °C and 5 %
00y to attach, The growth medivm was replaced with fresh
medivm containing 0, 0.29, 0.59, 1,17, 2.34, 4.69, 934,
1875, 375, 75 and 150 pgiml of tested anfi-cancer drgs
and incubsted for additional 24 h. At the end ofthe exposre
in anti-cancer drogs, MTT was added to a final concentration
of 0.5 mg/mlL and the cells were incubated for additional 3 h at
37 *C. Afterwards, the medivm was removed and formazan
crystak were dissolved in DMS(. The optical density (OD)
was messured at 570 nm (reference filier 69 nm) with micro-
plate spectro fluorimeter (SynergyMx, BioTek, Winooski,
ISA). The difference QD — 0D, is proporiional to fe
concentration of formazsn, which directly cosrelsies to fhe
numbser of the vishle cells. The vishility was measured in at
least three independent experiments each ime with five repli-
cates par treatment point.

DEB detection—yH2IAX focl analysls

The cells were seeded on T25 plates (Corning Costar
Corporation, Coming, N, USA) at a density of 0.8x10° per
plaie, keft to attach overnight and subsequently exposad to
anti-cancer drogs (0000, 0,001, 001, 0.1 and 1 pgimL) for
24 h. In each experiment, a vehicle control (DMS0 in case of
5-FU and ET or sierile Mill-() water in case of CDDF and Ih)
wat included. According to the nmanufactiresr’s protocel, an
etoposide (1 wgiml) & a positive control was used. At the end
ofithe exposure, floating and adherent cells were collecied by
irypeinization. For the fixation, the cells wene centrifuged at
115g, 4°C for 5 min, washed twice with ice-cold FBS, resus-
pended in 0.5-mL cold PES and ethanol (1.5 mL) was added
drop wise into the cell pellet, while vortexing. The cells were
fiedatd *C ovemnight and stored &t —20 *C till anabysiz Fixed
cells wene contrifiged at 259 for 10 min, washed twice with
ice-cold 1 PBS, resuspended in 0.5-mL 1= PBS containing
2000-fiold diluted anti-yH2AX antibodies, mixed and incubat-
ed at 4 *C for 30 min in the dark. Labelled cells were then
washed twice and resuspended in 0.3 mL of 1< PBES. Flow
cyimetric analysis was camied out on 8 FACSCalibur flow
cyimeter (BD Bioaciences PharmingenTM, San Diego, CA,
1184) a3 described by Straser et al. (2013). FITC intensity,
comesponding to DEBs, was detectad in the FL1-H chamel.
heuﬁﬂnp]elﬂ‘emmrmdad.hdq:mdmteq:eh
iments were repeated three times

Por further analysis, the raw data (FITC intnsities of each
cell, FL1-H intenzity), obtsined from the CellQuest Fro

software (BD Biosciences), was converted from the fes to
e cav format, using the program FCSExtract, which is avail-
able on the following website: hitp://research stowers-
instituie org/efg ScientificS oftwareT ilityPC SExtrac ffindeo.
.

Geme expression amalysks

Cells were seeded on T-25 plates (Corning Costar
Corporation, Coming, NY, USA) at a density of 10° cellz
per plate and incubated for 24 h at 37 *C and 5 % C0y in
humidified atmosphere. The cells were washed with 1= PBS,
exposad to non-cytotoxic concentrations (0U00001, 0.01 and
1 pgimL) of anti-cancer dnegs and incubated for 24 b, Afler
fhe incobation, cellswere washed twice with 1 PES and intal
BMNA was isplated using TRIzol reagent according to the man-
ufacturer's protocol with minor moedifications. Glycogen
(20 pwg'mL) was added & e cell ysate. The BNA was incu-
baied with isopropyl aleohol overnight at —20 °C to precipi-
e, All solutions needad for RNA isolation were prepared in
RNase-free water. Independent experiments were performed
in duplicstes and repested theee times.

The RNA was ranscribed @ cDNA using 1 pg of sl
RNA and eDNA High Capacity Aschive Kit, acoording to
the menufacurer's protocol. Gene expression was quant fied
by BT-gPCR using Taghan Universal PCR Master Mix and
the following Tagman Gene Expression Assays: MIDM2
(MDM2 proto-oncogene, E3 ubiquitin protein ligase),
Hs00234753_ml;, GADDISA (growth amest and DNA
damage-inducible gene, alpha), Hsdd1692 55 ml and
CDENIA (cyclin-dependent kinase inhibitor 1A)
Hz(003557T82 ml; BAX (BCL? sssociated X protein)
Ha®90000]_ml; BCL2Y (B-cell CLLAymphoma 2), JUN
(jun prof-oncogene; Ha99999141_sl) and MFC {(v-n1yc avi-
an myelocytomatosis viral oncogene homolog,
Ha(0153408_ml). GAPDH was used as a reference gene.
Reactions (in triplicates) were set in ViAT real-ime PCR
system (Applied Biosystems, [ISA) according i manufac-
turer 'z protocols, Genomic DNA contsmination was con-
rolled by no-RT control. The standsed corve method was
used for relative gene expression quant ficstion and the tram-
seript accumnulaion of each gene was nosmalized to GAPDH
gene expreszion. Target gene expression in treated culiunes
was divided by average expression of vehicle control smples
for each treatment separatel y.

Statistical analyss

Logitic regression was used in to asess any dose-dependent
response for 5-FUJ, CDDF, ET or IM and possible di fierenoes
in viahility hetwesn the drogs 24 h after submission The half
naximal inhibitry concentration (IC,,) that represent the
concentration of a chemoferapeutic agent that i required

) e
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for 50 %, inhihiti on of growdh in vitro was determined for each
compound using logistic regression coeflicients. Besides de-
lemining the 10, logistic regression was used in onder to
calculate the odds, which are the messure of likeliwod for
fhe cells dying taking into consideration the increasing con-
centrations of different chemicals. The odds are expressad as
e ratio of the probability of the event happening (ie. cells
dying) againat the probability of the event ot happening (ie.
cells surviving). For the vH2ZAX foci analysis, the stafistical
sigmificance betwesn weated groups snd the wehicke control
was determined with a linesr mixed-effoc s model. The model
enabled us to take into accoumnt fhe individual differenc es be-
tween individual replicates. Calculations were done with the
stafistical program B (R Development Core Team) and its
packages reshape (Wickham 2007), goplot? {Wickham
2009, MASS (Venables and Ripley 2002) and nlme
(Pinheiro et al. 2012). To compare the genotoxic potential of
fhe tested dmgs, the relative incresse of the YH2AX mean
flunrescence of the exposed cells over that of the negative
control cells was caleulated snd is expressed as induction fac-
ior (IF). For the gene expression, statistical significance be-
tween treated groups and control was determined by two-
miled Swdent's ¢ test with GraphPad Prism 5 (GraphPad
anftware).

Results
Cell viability

The viahility of Hep(G2 cells afier the exposure to 5-FTJ,
(CDDF, ET and IM for 24 h was determined by MTT assay,
At the tested concentration range, CDDE, ET and IM reduced
cell viahility in a dose-dependent manner (Fig. 1), while 5-F1J
was not o yintowic, The ICs values (Table 1) show that the
moat cytoixic was CDDP followed by IM and ET. From the
shapes of ithe dose-respmse curves, it can be seen that CDDP
and ET reduced cell vishility already at the lowest iested con-
centration. With incressing concentrations of e drogs, the
reduction of cell viahility graduslly increased This isreflected
in relatively low vishility odds (Table 1), which is the ratio of
e probability of cells dying agsinst the probability of the
cells surviving, IM at e lowest concentrations did not signif-
icandly affect cell vishility wheress at concentrafion =10 pg/,
the toxicity rapidly incressed with mcressing conoentration.
Thiz iz reflecied in significantdy higher vishility odds of IM
compared i ET and CDDF (Table 1).

Formation of yHIAX
The nduction of DEBs by the selected snti-cancer drug in

Hep(G2 cells was determined within the range of non-
cytotoxic concentrations ((L0D01-]1 pg'mL) indirectly
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Fig. | The dose-respomse cmv e repesenting the biol ogical mapomse (%
af viable cells) to increasing comcentrations (0, 029, 0599, LIT7, 234,
4850, 938 1875, 375, TS and 150 peiml ) of four anti-cancer drags—
flaoropyrimidine S-flaoroaracil (§-FL), etoposide (ET), cisplatin
(CODF) and imatinid mesylate (fM). Each expesiment wis mpented at
least thoee times and i represented with a symbal () on the plot. The
domz-msporme ehitiorship was fitted weing logistic mgression and LT,
vakess were cakoulated from the fitted regression line fr sach chemical
sepraidy [repmsenied with coloury as indicated in e figare legend).
The viahility mtio of 0.5 (50 % viable cells)is mpresented with a dashed
Ine. Concentmtion of chemicals i repesenied on log-scalls

LUK i

through e dewction of YH2ZAX foci by measuring the fluwo-
rescent signal of ndividual cells using flow cyibmetry. 5-F1U
and CDDP indweed signd ficant increase in yH2AX foci at the
highest two concentratims {1 and 0.1 pg'L), while in cells
expomed to ET amd M, significent inorease in yH2AX signal
was detecied only at the highest tested concentration {1 g/
mil) (Fig. 2. Based on the IF (induction facior) calcolations,
5-FUJ, CDDP and ETshowed comparable potency of yH2AX
induction, while IM showed only marginal nduction of
YH2AX foci (Table 2).

Ty vatues of S-Aucomumeil (5-FU), atopeside (ET ) cisplain

Ari-cancer 1Cen (95 % confidence The viahility
drag irderval) pgfmL

P =150 nd

CDDPF 15 54 (R 911765y 15

ET 35 59 (25 88-4 8 93) 55

.7 | X363 (18.72-29.83) 163
“Interpreted & ‘A decemme of odds of cd] sorviving & o ingeme of

oo mpoand comcentrasion for 1 pgml
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etopomide, 24 b were inchided. Distibotion of the floorescent sigrals

flworowraci (£-F17 (a), deplatin (or cise-clia-mmin ed ichilo mop o mm;
CDDP) (k). atoposide (ET) e} and imatinid mesylhte (IM) (d). HepG2
cells were incabated for 24 b with st cancer drags (000001, 0001, QU0 1,
01 and 1| pgfml) and the pesence of DEHEs was amlysed by flow
oy tometry, indirectly through the detection of v HIAX foci. In each
experiment, & vehicle contml and a positive contral (FC, 1 pgéfmL

Effect of ant-cancer drugs on the expresion
ofthe selected genes

The expressions of DNA damage response genes CDEKNIA,
GADD 5 A amed MDM2 wee significantly upregulated in cells
expoaed to 1 pg/ml of 5-F1J and CDDF, while ET upregulat-
ed expression of CDENIA and GADDA, but not MDM2
(Fig. 3). The expression of pro-apoptotic gene (B4X) was
nat affected by exposure to fwe tested drogs wheneas the ex-
pression of the snti-apoptotic gene BCL 2 was downregulated
in cells exposed to 1 pg'mL of 5-F1I, CDDP and ET (Fig, 3).
The expression of the cncogene JUV was upregulsted oaly in
cells exposed & 5-FLJ, while MFC oncogene was dowmmegu-
lated by 5-FUI, CDDP and ET. No changesin the expression of
the selected genes were observed in cells exposed to IM
(Fig. 3).

Driscussion

I this study, we evahated cytotaxic and genoteic potental
of four anti-cancer drugs (5-FU, CDDFE, ET and IM) with

of individmal cells in the samples is presemied as quantile hox plots. The
o perimans wers mpeaad dres dmes and 107 sverds wem recordad in
ach sample. Sigmificant differences between anti-cancer dragdmated
cells and the vehicle contsol (0) is indicated by *p<005, **p=0U01 and
wetn=aD 001

different mechanisms of action in Hep(G2 cells. The results
of cytoinxicity testing showed fhat the most cyiptoxic was
CDDP followed by IM amd ET, while 5-FU did not affect
viahility of Hep(i2 cells at ested concentrations. The results
ohtined with CDDE, ET and 5-F1J are in agreement with
previous stdies with HepG2 cells as well as with squamous

Tahle 2 Indection of YHIAX fleomscence by 5 -fluoroaracil (5-FLT,
etopeside (ET ) csplatin (CDDF) and imatinid mesylase (D) in haman
hepaoma (Hep(EX) cells afier 24 b of exposore exgressed as indoction
fctor (IF)

3FU CDDP ET L

Mean 5D Mean 5D Mean 3D Meam 5D

RO 100 02F 10D Q1T 100 Qs 10D 001
ol 088 02 1IN il s Qs 088 00s
1 14 olg Ll lE LIz ol 0% o004
L] 0% 0XE L& 0% L0 QI3 103 008
Iy 165 QIR 13 0 132 QI3 108 ol
Iy 156 QI 153 QI3 190 Q15 115 042

F = mean vHIA X flnoescence in exposed cellsmann vH2 AX finoes-
cemce i cominal cells

) e
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Fig. 3 Changes in the expression of the ganes mvohed in DHA demage
maporse (COKNTA, GADDYSA and WDMY), oncogenesis (W10 and
JUN) and apopicsis (BCL2 and BAX) after the eaposure of Hep(E2 cells
to flacroprimidine Sflsorcamndl E-FU) etoposide (ET), dsplatn (or
ds-dis-mminadichl croplatioam; CDDP) and imatinid mesylate (D)

cell carcinoma cell line and isplated human peripheral blood
ymphocyies in which CDDP had the greatest cyintomnic po-
tential followed by ET and 5-FU (Shao et al. 2008; Olanurs
et al. 2004 Gajaki et al. 2015). Interestingly, the cyitoicity
of IM was in our stndy congarable o that of ET and CDDP
although HepG2 cells do not express the specific kinase far-
gets of IM. However, IM inhibis several kinsses (ie. c-ABL,
¢-KIT, FIMGFR) {Fabarius et al. 2005, 2007, Deininger ot al
2005; Karaman etal. 2008) aswell & some mm-linase targets
(i.e. oxidoreductsse W) (Bamscheff et al. 2007, that in
normal cells function as physiclogical proteins. This explains
the ohserved cyintoxicity of IM in the non-target HepG2 oells.

The genatoxic pontial was evahated in tems of indue-
tion of SBs st low concentrations (L0011 weg/mL) that ane
nat cytodoxic to HepG2 cells. The results showed that 53-FUJ,
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is shown. Sw:in:lﬂ.nifirﬂrﬂ hetween mnti-aancer dmgdreated cells
mid the vebicle contml (0 is indicated By *p=<005, **p=0.01 and
ki) 001

C(DDP and ET, which belomg tothe classical anti-cancer drigs
st directly interact with DMNA fimetion, induced formation of
YH2AX foci. Similar ohaervations were reported also by ofver
researchers, who demonstrsted that 5-FUJ (Tkeda et al. 2000,
Matuzaki et al. 20109, CDDP (Clingen et al. 2008, Huang
et al. 2, Theds et &l 2010; Matawesli etal 2000 Olive and
Banath 200 and ET (Smart et al 2008; Matsuzaki et al
2000, Muslimovic et al. 200%) can induce phosphorylation
of histome H2AX in different cell lines. ANl free drogs also
induce clromosomsl sherations in vito (Gajskd et al. 2005),

Exposure of Hep(a2 cells to IM, a selective inhibitor of
specific tyrosine kinases that are overexpressed in certsin
typees of camoer induced at the highest tested comcentration &
slight although significant increase in the formation of
yH2AX foci, Previously, it has been shown that IM can
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induce phosphorylation of H2IAX in cells expressing specific
rges for IM (FDGFR, BCR-ABL, ¢-KIT) (Liwet al 2007,
Dongetal. 2004; Fhang et al. 2012), whereas it did not induce
YH2ZAX foci in human colon cancer isogenic cell lines
(Ferrandiz et al. 200%). Furthermore, Crechowska et sl
(2005) demonstrated that IM indoced DNA damage (DN A
alkali-lshile sites and strand breaks) only in leukemic cells
expressing specific nmutated tyrosine kinase wrgets (BCR/
ABL) but not in normal mphocyies On the ofver hand, it
has been reporied that IM induced cheomaosone snd ¢ etno-
some aherrations in human and mammalian normal cells
(Fabarius et al. 2005, 2007), formation of micronuclei and
reduced fertility in higher plants (Pichler et al. 2014). It has
been hypothesized that one or more ABL-relsted tyrosine ki-
nases, Which are inhibited by IM play & role in DNA repair
processes and in the control of cell cycle progression and may
affect fhe uhiquitinaion of cenirosomal components leading
i exira centrosamal duplication and mittic spindle catastng-
phe (Fabaris et al. 2005, 2007) indicating aneugenic podental
of TM.

To funther ehocidate the mechanisms of genotniic activity
of the ested drugs, we have messured the changes in fhe
expression of the genes involved in DN A dsmage response
(CDENIA, GADDYIA, MDMY), spoptogis (BAX, BOLZ) and
oncogenesis (M, JUN) at fhe same time podnt asthe fonma-
tiom of yH2AX foci was determined. Expression of CDENIA,
GADDYIA and MDM? have been shown to be spacifically
upregulaiend by genctoxic carcinogens {Elinger-Ziegel baer
et al. 2005 and have boen successfully used s molecular
mearkers of genotmic activity (Zegura et al 2008, Petkovic
et al. 2011; Pemdire et al. 2013; Blagus et al. 2014)
CDEWIA (p21) is P53 downstream regulated inhibitor of
cyclin-dependent kinsses (CDEs) that inhibits the cell cyle
at the G1-8 and G2-M transition, until DMNA damage can be
repaired or apoptosis is initiated {Vogeltemn et al. 20{;
Michael and Oren 2003). In addition to fat, COENIA is
directly involved in I'NA repais, including NER {Cazzalini
et al. 2000). The G4DD454 gene can be induced by DNA-
dsmaging agents and growth srest signals through P53-
dependent or P53-independent pathways (Zhan 2005). Itplays
ardle in the coniral of cell cycle G2-M checkpoint, the DNA
repair process and spoptosiz (Zhan 2005, Jin et al. 2004,
Wang etal. 1999), MDM2 is E3 ubiguitin ligase fatmediates
uhiquitination of P53 and its protecsomal degradation and itis
upregulated by elevaied levels of p53 (Vogelstein et al. 200,
Michael and Orven 2003). MOM? enhamoes foe tumori gendc
patential of the celk and promotes cell survival and cell cycle
progression (Deb 2003). The expression of CDKNIA and
GADD43A has been upregulsted by 5-F1I, CDDP and ET,
meanwhile e expression of MDM2 was upregulated by 3-
FUJ and CDDF, with 5-FIJ being the most potent inducer.
These results corroborate with several other studies in which
upregulation of these genes a5 well as proteins by these drugs

has been detected in different celk (Kondo et al. 1995,
Hershberger et al. 2002 Delmastro et al. 1997, Smith et al
1904 Vaskivuo et al. 2006; Sermeus et &l 2008; de Angelis
et al. 200, Malmlof et al. 200E).

In response & DNA damage, P53 regulates apoptosis by
regulating the ranacriptionof anti- and pro-apoptotic genes of
BCL2 family (Adans snd Cory 2007; Perfettini ot a1, 2002;
Hamahen smd Weinberg 2011). The anti-apopintic BCL? fam-
ily members such 8z BCLY and BCLIL] maintin cell survival
by inhibiting pro-spoptotic BCL? fmily members such
BAX and BAK (Youl and Straseer 2008]. In Hep(2 cells, 5-
FiI, CDDP and ET decreazed mRMA level of the anti-
apopiotic gene BCL 2, while the expression of BAY was mot
affecied Similar result was reporied by Singh et al. (2004)
whe showed that exposure to 5-F1J and carboplatin in HPY-
positive carcinoma dowmregulated of BOL2 protein without
affecting the level of pro-apoptotic BAY protein. The ratio of
desth agonist BAX 0 antagonist BCL2 determines whether a
cell will respond i an apoptotic signal (Laffon et al. 2001;
W et al. 200, Zegura etal. 2008). In our sindy, the mtio was
increased indicating that exposure to these drugs can activate
apopingis cascade. The result is in line with several previous
sidies that showed that expoawe of cells i 5-FLI, CDDFP and
ET imcressed the ratio of BANBCLY expression (L ot al
2013; Sawadaet al. 200d; Singh et al. 20{4).

Tt heas heen shown that fe cellular oncogene MFC could be
the preferential target of some anti-cancer dnegs in human
wmour cell lines {reviewed in Pourguier et al. 1998). Genes
of te MFC family genes are key regulators of cell prolifera-
tiom, and their deregulation contribubes i the gemesis of most
humen twmours (Adhilary and Eilers 2005; Meyer and Penn
200E). It was shown that mouse fur can prodect hepatocytes
from apoptosis, & hepatocytes lacking fn showed incressed
senaitivity to TNFo-induced apoptosis indicating fhat c-jun
ania gonizes the pro-apoptotic activity of P53 in liver umour
(Efer] etal. 2003). The results of our study showed the upreg-
ulstion of JUW after the trestment with 5-F1J and dowmregu-
lation of M ¥ afier fwe treatment with 5-F1J, CDDP and ET.
Downregulation of MFC at tanscriptional and translational
level afier dhe induction of DNA dsmage by 5-FU, CDDP
and ET was already reported for different cell lines
(Waskiveo et al. 2006, Zhao et al. 2008, Pousquier et al
1998) and has boen suggesied to generste & signal leading to
programumed cell death (Pourquier et al. 1998).

Contrary to 5-FU, CDDF and ET, IM &t non-cytotoxic
concentrations did not change the mRNA levels of the stdied
P53 regulsted DN A damage responsive and apoptotic genes,
neither it changed the expression of proto-onoogenes in
Hep(i2 cell. Alfwough it indwocad a slight mcresse in the for-
mation of YHIAX foci, these resulis points out to a different
malacular mechanizm involved in i potential genotic at-
tivity. On e ofver hand, microarray analysis showed that TM
at high concentration (6 pginl) in target gastrointestinal

) e
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stroanal tumour cells (GIST-T1) affected the expression of
MDM2, MYC and JUN genes and upregulated the DNA dam-
age response regulator gene pid, suggesting DNA damage
resporse, that was confirmed with the comet assay and i mmo-
noblotting of H2ZAX (Ochs etal. 2009). In patients with Ph-
positive chronic nyeloic leokaamia, IM at a therapeutic dose
of 400 mg/dsy had no uniform mfluence on gene expression
patierns in their normal (non-trgef) Ph-negative progendtor
cells (Meumann et al. 2005); erefore, the mol eculsr mecha-
nisme by which IM affecE genomic and genetic sthility in
narmal cells remain unknowin,

The cell death iz essential process for elimination of the
cells fhat have suffered serious damage, such as DSBs, if this
damage iz ot repaired. Thus, the cell death it is an ingsortant
defence against the avergence of cancer and other diseases
Therefore, the chemicals with high genaoxicity and low cy-
intoxicity display a higher probability to case cerain dis-
eames, since the dsmage o DNA is sn initial event in fhe
pathogenesis of disease. Such chemical is 5-F1J, which
showed in our study the highest genotoxic potential and the
lowest cytotoxicity (hypothetically higher survival of dam-
agad celk), among sl eated snti-cancer drogs,

Our smdy showed that all studied anti-cancer dmgs
expressed genotoxic activity at concentrations, which e in
fthe range of measwed concentrations of these dmgs in e
plesma of treaind patients. In some cases, plasma concentra-
tiom of fhe: anti -cancer drogs can reach even a higher level than
fhose used in our sody (reviewed in Schulz and Schmoldt
2003; Urien amd Loldec 2004). Therefore, patients: receiving
therapeutic doses of these drugs could, besides well-kmown
short-term side e fects, slzosuffer from long-em and delayed
side effeck such a5 secondary cancer or reproductive dizor-
dess fhat canbe expressad bt in the life of patents. The most
indicative information that comoborates the hypothesis of de-
layed effect after exposure to anti-cancer drugs originaies
from survweys of survivomn of childhood cancer reatment. In
patients surviving 30 years after primary diagnosiz, the ad-
verse outcomes such a8 subeaquent malignant neoplasm, car-
diopulmonary dysfunction, avascular necrozis,
endocrinopathies and neurocognitive disoeders wene associat-
ed with therapeutic exposunes (Landier et al. 2015). In addi-
tioa, seversl epidemiological studies showed a cosmelation be-
tween oocupational exposure of health care workers to anti-
cancer drugs and chromosomal damage in lymphocytes
(Kopjar et al. 2009) as well & in exfoliated buccal epifvelial
cells {Cavallo et al. 2005). These sudies alwo indicate a po-
tential incressed rizk for genotaicity-related disesse and dis-
orders, even af secondary exposure to much lywer concentra-
tions of feese drogs. Although the information regarding the
concentrations of anti-cancer drugs in body fluids in occupa-
tipnally exposed personnel is lmited, the mavimal messwed
concentration of 5-FU metabolite {o- fluoro-f -alanine) in the
urine of a nurse admindstering the doog {1140 pg®; 1.14 pgf

) g

mL) (Cavallo et al 2005) was even higher from the highest
concentration tested in our sdy,

The results from the present shody show that 5-FU, CDDE,
ET and IM exert different cytatowic activity in HepG2 cells
The maost cytaboxic was CDDE, followed by IM and ET, while
5-FU was ot cytotoxic at the tested concentrafions. At the
non-Cyintowic concentratims, 5-FUI, CDDP and ET all direct-
Iy interfered with DNA processing induced DSEBz and also
showed a patiern of the chenges in the expression of DNA
damiage, spoptosiz and prob-oncegenes that is typical for
genadowic compounds. On the contrary, IM af non-cytoinxic
concentratin only slighily induced formation of DSBs and
had no effect on e expression of selectad penes, showing
different mechamism of action that most probably does mot
nvalve difect interaction with DNA processing. Thess results
indicate that exposure of patients o therapentic doses or un-
mtentionally exposed medical stuff to low concentrations,
however chronically, to fhese dnigs represent an increased risk
for the development of delayed adverse effects.
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34 Ecotoxicity and Genotoxicity of Cyclophosphamide, Ifosfamide,
Their Metabolites/Transformation Products and Their Mixtures

Marjeta Cesen, Tina Elersek, Matjaz Novak, Bojana Zegura, Tina Kosjek, Metka Filipic, 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 Sa/monella 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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ARTICLE INFO ABSTRACT
Article hsuwy: Cyclopheos phamid and Fosfamd de {IF)are used d that celll divisi
Recsved | Sepoemiber J0OK I:yl'lﬂ:d:lmuﬁmmzmmtiuﬁmﬁ:mmﬂ’m?mdﬂwh
Becalwed In mabred b huma metdalites/wansormation. products (TPs) carbory-cyclophosphamide ((PCOCH), ke
:“‘““:”"“ - cyclophosphamide (ke ) and M-dechlaroethyl -grdophosphamide (NACF) as indivichial compounds
AE.: — al'l']asrnn:llm'l'l!llmpmtmrrpnmlk[@xﬂl—'b,xmmm:uphmmgl" WETE Nn-
thendic: ds the alga Preudokincmeriell and L um Symecomcrus kegpolimss.
Ha et i s I Srener hﬂummﬂunfnﬂ“uﬂkaﬂammmdpmtmwmrﬁaﬂm
e d in cyanobacteria & kropolim s, showed that only CPOOOH (ECn =171 mg L Ywa toxic The
iy w5 mtrndm'[Etm- 1.5 mg L") of the mivture was bower from the imddty predicted by con-
A e econastiny ceniration addition mde] {Bag = Il:lrrgl."".l l'ﬂlnmgpmu'luirg effiects of the CPCOOH oo dty.
The S08 umal amsay with Sab ot activity of OF, CPOOOH and the
Cyietf: mmﬁ:pmd!ﬂnﬂtm mhﬂmﬂdm ic also im the ake af
Homre. mred el metbolic actiwation indicating that this compound & a diredt acting genotoxin. This finding s of
e particular importance a5 in the emviromment such compomnds an diredtly affect DNA of non-target
arganizms and dlsa explin: toodcity of PODOH against cyanabacteria £, kopolisncs. The degradation
sindy with UV fradisfion of samples % P and IF showed effident degradation of bath come-
ds and ined X P i5, suggesting that no siable TFs with adverse effects
ml’m‘nd.'l‘hmrhnllnﬂg,ﬁkkﬂ!ﬁmmﬂrdﬂnihgﬂumii’mdpmmiﬁrn[ﬁz
mommanly used cymstatics OF and IF, thedr known metabolites [TPs and thedr mixiune. The nesulis inadi-
cate the imporanoe of todon logical evahation and monitoring of dug metabaolites 25 they may be for
oertain agquatic spedes more hazardows than parent compounds.
& 2015 Elevier Ltd All rights reserved.
1. Iniroductjon
Cydophosphamide (OF) and ifosfamide (IF) 2re two commaonly
presoribed chemotherapeutic drugs. They belong to & group of
AFLEL Bl O cychpbosph | PO, cassorgy- 2lkylating agents and their primary mode of sction is based ontheir
e plpiospbamide; DOC, dissobed oganic cason; ECg, the conceseraon e interagion with DNA resulting in represied cell division (Besse
s Bl mnconimal sesposce (SO0K) HETES, 4 20y it 1-erha et ol 2012} ARker the excretion from the human body the wnal-

e salfonic acid Hy, Bydeogen penonide; I, Sotamte: m“"‘"""""" tered parent compounds and their himan metabolites end wp in

mp:n-:mummmn MO, tnme.  Uhe Sewersge system where they eventially reach 4 ;

el M-ouide; ONFG, 0-sdrophenyl-5-D galactopyre noside; 59, rag leer post-  WASIEWST er trestment plant, where somrding o several published
Eochomdrial s cios; TR, erassfoamarion prodect studies they are not completely removed (Buerge et al. 2006,
* Cormsponding asiws el Selin borioew, hmova 39 1000 Ljdbdana, Delgado et sl 2001 Kifmeyer e & 1998 Kevalova et sl 2012;

§ [P — £ Heath Kihler et al, 2002; Kimmerer et al, 2088 1997, Steger-

e o o o) D00 DDV essverpanil, 2004 S0 20T
OZE5-T41 M0 2085 Eluevier Lrdl AN sghes masnad
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Hartmann et al, 19971 Ome relessed into the squeous emdnon-
ment, the parent @mpounds and their phamacal ogically active
metabolites andjor trandformation products (TPL lormed during
water trestment or wnder environmental conditions, might have 2
negative impact on aquatic biota (Kimmerer et al, 2000, Len:
et al, 2007) amd IF have been determined in
ng LT to pg LY levek in hspitsl wastewaters (Ferrando-Oiment
et al, 2013; Gomer-Canels et al, 2002; Kim et sl 20094
Megreira et al, 2004, 20138, 2003h; Steper-Fartmann e al_, 1996
Yinet al, 20107 and in ng L7 quantities in watewster trestment
plant influents and efluents (Buerge et sl 2006; Kimmerer et sl
1997; Termed, 1998; Zuaa o et o 2005) amnd sufsce waters (Buerge
et al, 2006; Moldovan, 2006 Valckiosl =t &l 2001} M
several OF and IF human metabolites are known to be excreted by
patients receiving chemotherapy, their presene in the environ-
ment & rarely reported. Only one OF metsbalite/ TP, namely
carboxy-cycl ophosphamide (OPOOOH) has been  qualitstively
determined in 2 Spanish hospitsl wastewater (Fermando-Oiment
et al, 20131

To reduce the levels of OF and IF in wastewabers, various
waitewater treatment technolagies can be applied incheding bio-
logical trestment, aronation, LNV irradiation and sdvanced osxdds-
tion procedses such = oronstionfHaOo UVH20; and UWTIO:
(Chen et ol 2008, Delgado et al, 2011 ; Ferndndez et al_, 20000; Kim
et al, Aah: Kovalova et al, 2002 Kibmimenar &t sl 1997 Legter
et &l Legter ot L. 2011; Lin ot &l 2004; Steger-Hatmann et &l
1997; Wols et sl 2013, where parert compotnd removal wis used
&, 4 parameter lor evahisting tre stment e i d ency. However during
water trestment (biologicsl and shiotic), compounds are exposed
o several degradation factors, eg. microbes, resdive oxygen spe-
cies, sundight. U light. ozone and chemical aidative agents that
may generste potentislly tosde TP, Identifi ation of these stme-
twrally diverse compoumids is a challenging task, where TP may
have a dilfenent taxic pobential from that of the parent compmend,
wiiich mest be taken into scoment. In addition, the tmicity studies
of TP redquire authentic standards that are often not commend sily
svailable and have to be custom synthesiped. Therefore, 2 more
rationsl approsch is to evaluste the changes in the toxicity of
sample belore and after trestment (influent and efuent) which
considers the change in the whole badcity of the sample. Studies
describing degradation of O and IF reported either 2 lower or
simill ar tcicity of trested samples in compa rison to the untrested
control (Delgado et sl 2011, 2000; Hansel et sl, 1995; Lin et sl
2005, Lutterbeck et sl 2005) with the exception of 2 recent study
by (Lin et sl 20150 )L who reported & slight inoresse in the soute
tooddty of omone treated samples contsi ning either OF or IF.

When evalusting adverse effects of compounds in the eni-
ronment it i impontant to study their toxddty on organims from
diifferent trophiclevels: phytoplankton, inve nebra e and vertebrate
species (Zounkova et al, 2000) In the squatic ecosysiems phyto-
plankton species. are the main primany producers at the bottom of
the food chain and sny disturbane of these phytoplankton com-
munitie can affed @mmenities st higher trophic level (Geis
et ul, 2000; Fileeger et al_ 1990 To mams the toxicity of eni-
ronmentsl pollutsnts towards squatic primary prodiucers, bests
based on the CECD Gusidelines for Testing of Cherricals (iLe. Fresh-
water Alga amd Cyanobacteris, Growth Inhibition Test) are
commonly perivemed (0ECD TG 200, 20111 A liter stire ovend ew
revealed that only two OF growth inhibition studies have been
periormed using the alga Prewdakirchneriells subcapitat, both
shiwing low toscity with no observed effect concentration
(NOEC) > 1IZHZII'I'E,I._'I (Girwngg &t al, 2008; Znunkova etal, XW07) No
publighed ecmosdcity studies, to the awthors knowledge, have
indusded IF snd the haman metsbolites/TPs of OF and IE On the
other hand, the review paper by Toolsram et sl (2004) revesls

genamtosdc activity of OF, IF and some of their human metsbolites
{phosphoramide mustard, 4-0H- peroxy-cyclophospha mide, nor-
nitrogen mustard, (PCOOH and keto-cyclophsphamide; ketolPL
wilth certain metsbolites being more potent than the parent com-
pounds (Toolsram et al. 2004) In the squatic emd ronment, or-
ganims are exposed to & complex mixture of numerous
componds including cytotatic drgs and their metsbalites, which
may exert higher adverse effects on non-target organims than
expected based on the mexured effect of the exposwre to a single
compound. Therefore it is important to study both, the effects of
|pere componds amd even more the effects of thei v mistwres (Brsin
et sl 2004 ) Recently pubdlished studies describe toic sctivities of
mibobures. of several cytmtatic drugs (Brezovisk et sl 2003 2004;
Parrella et sl 2004), however, to the best of ouwr knmwledge, the
toad e potential of mixture of O IF and the ir metabolites TP hes not
beemn investigated yet

The sim of this study was to evahuate eomoxddty and genotom-
idty of the parent cytostatics OF amd IF and their commerncally
sailable human metabalitesTPs: CPODOH, ketolP and N-dech-
loroethylcydophosphamide and its  structursl snalogue 3-
dechigrosthyl-ifmfamide (NAOP) and their mixture by deter-
mining the effect on growth of primary producers (slga
P subcapitata snd cyanobacteria Synecocacos leopoliensis) and 305
uml redponse of Salmonelln [yphimunium  TAS35pSK 1002
respedively. Furthermore, the mesured influence of the mixture
of OP. IF and the thres metsbolites[TPs on growth of 5 leapo lensis
wird compared to the predicoed effect determined with the con-
centration addition [(CA) model (Loewe 1927; Loewe and
Mubichnek 1926) Finally, @ evaluste the treatment elficiency of
O sl IF by LN iirr sdistion, the degradastion along with emumeicity
of potentisl stable TPs formed duwring this trestment was xsesed
on 5 leapolieni.

2. Material and method 5
2.1, Stamdards, reagenis and chemicak

Cyel aphosphamide. IF, (PODOH, ketoOP 2md RAOP were handied
in compliance with the internal ety standards for worling with
anti-neaplastic druegs (Eitel et sl 2000) All waites were dispamsed
of 2 hazsrdows wiste The operstor protected themaehves agsinst
U irradiation dunng experiments by wearing protective ol othes
sl U-pritective glaised

Cyclophosphamide (99%) and IF (99%) were purchased from
Sigma Aldrch (Hong Kong Ohina) Crboty-ofclophos phamide,
ketoCP and MAOP (2 structwrsl analogue of OF and IF metsbolies)
TPs) were obtsi ned lrom Miomech - BT GmbH (Biele ek, Germany).
Chemical structres, CAS numbers and the moleadar weights of
the investigated compownds are presented in Talle 1. Stock salu-
o lar ecobosxd dity bioxssays were prepared in OECD meadium and
filtered through 0.2 pm cellulose-nitrate filters (Sartorius Stedim
Biotech, Ghttingen, Germany) The concentrstions in the stodk so-
ligions were a5 follows: OP: 3.06 mg mL™"; IF 101 mg mL™";
CPCOOH: 543 mg mL~" kewOP: 055 mg mL" and MNdCP
556 mg mL™". For the UV irradistion experiments, stock salutions
of O and IF were prepared in MilliQ) water (Millipore Ltd, Danm-
atadt. Germany) &t 1605 amd 1616 mg mL ", respectively. The so-
It ovones wwoer & st ill ke ol oy st o (00,2 puirny el ol vt - it e filtera).
The stock solutions used for genmoxidty testing wene prepared
either in dimethybulfoide (DMSD; metabolites/TPs) or in sterile
icdistill ed water {OF and IFL The concentrations of stock salutions
were 20 mg ml~" and 50 mg mL™" for parent compownds. and
metabolies TP, respectively. The solent DMSO was purchased
lrom Sigma—Aldrich (Steinheim, Germany) and was of snalyticsl
grade pasity.
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The dhemicals wed for SOSfumuC binaxy, ie. ampicilling
ghucose -G-phosphate (disodiem salt )L D-{+ gluome (anhydnous )
- 2- Iy roagye thyl jpi perazine- 1-ethane sulfonic acid (HEPES)L so-
dium sulphate, MaCOs Mgl -HiD, NaHPO, NaH-
POy-2H D, NaHpPO4-H20, aflatexin Bl (AFE1) and 4=
nitroquina ine-N-oxdde (NQND) were obtzined Fom Sigma-
—Aldrich (5t Louis. USA). nicstinamide adenine dinucleotide
phodphate (MADP) and NaOl from Merdk (Duemstack, Germany )L
while O-nitrophe myl- B-o-gal sctopyranodide (ONPG)L f-mercap-
toetanal, KOl and MgS0y-THz O were purchased from Fluka (Buchs,
Switzerland). Lyophilized Aroclor 1254 induced male rat liver post-
mitochomndrisl Faction(59) was abtained fom Moltox (Boome, USA )
aimd trypton from BD Biosciemnces (Sparks, USAL

We msesied the stability of all investigated compowmds wnder
the experimental comditions. Detsiled descriptions and results are
predented in Sh- 14 The stability of the parent compoinds in HFLC

water (]. T. Ba ker, Deventer, Nether lands ) st 4 5C was confirmed by
Negreiraetal (2013h ) wihereas the stability of metabodive /TP was.
imvestigated xs pant of this study | Suppleme ntary Materal; SM-1b)L

22 Biomsays

2,21, Ecoloxicity on green alga P subeapitafo and the
cyanobaderium 5. leopoliensis

Green slga P sibcapitatn SAG 6181 and the i
5. leopolisnsis SAG 1402-1 were obtained from the algse oolleaion
SAG - Samimil g von Alge nkulturen Univerzitht Gittingen | SM-2)
The organiims were cultivated in an DECD medivm (pH = 81
compmition of the medium i deser bed in the Anmex of OECD TG
201 (20111 scoording to the Guidelines in OECD TG 2071 (20111
The pH of the me divm was maioned st the begnning and st the
end of experiments and did not change significantly during the
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performance of the experiments. The bioxsaxys were contucted in
glass Erlenmeyer Masks (Vg — 20 mL) under 24 h day—" light
inradistion (coaled lm‘gd. S;.IMH.I GRO-Lix F 18W/ORD-TH; ifn-
tensity: 80—120 pE m~ L with condtant shaking at 100 rpm
(GFL 3017, Burgwedel, Eemry]mk:ptuxglﬂr_m Visa
consigted of the OECD meadiwm, tested organiam snd a sohution of
ither the five investigated compownds, 2 mixtwre of sl five com-
pownds or the UV -irtadiated 8 mples. Acording to SECD TG 200,
the initial cell densities were 5 « 107 = 5 = 107 cells mL~* and
5w 10" = 5 w 107 cells mL™ for the slgae and cyanobacteris
respedively (OECD TG 200, 2011 L CGell growth was determined after
24,48 andd 72 hof expoiure to the parent compotends. (OP amd IFL
thees i et abolite /TP, and their mibotune wing a lew cometer [ BD
FACSCalibasr, Sparks, MD, USA )L wihveress in the case of UV -immadisted
samphes it was determined by cell cownting wnde r an inverted light
microsmpe (Nikon Edipse 80, Nikon, Japan) 2 described ebe-
where (Hersek, 2002) The algsljcysnobascterial growth rate
expressed a the logarnith micincrexse in cell number within 72 h ol
exparure b0 the test @mmpmends, 2 mitre of @mpminds or the
Un-irradiated samples was compared to the control culbwres
expiied under the same experimental conditions. The parnent
compounds embmicity wis msesed lor both specied whenaas
metabolites TP, mdxtwres and U-irradisted samples were tested
only owards 5 leopaliensic. The experiments lor determining the
ecobtmicity of individusl compownds snd their mixture were per-
lormed three times independently, esch tirme in b plicates, while,
the preliminary experiments for determining the ecooxicity of
control and U-inradisted samples were performed twice in
duplicste. The experiment lor determining the ecotaicity of 2 OP
vl IF b ture (LW e periments) was performed once in triplicste.
Amording to the OECD guidelines, the ecobxicity of each com-
pownd was determined st five conEnirations 3 geometnic senes
Mﬁlhmt]l[]ﬁlﬁ]ﬂlﬂlﬂ]lﬂﬂgl"].m
sl wtions were pre pared insterilized MilliQ water. The tmicity of
thee UN-iirr adisted samples was evalusted a3 lbllows: 10 ml of LV -
irradisted sample (imediwm was, st lize d Milli) water) was sdded
to 10l of 2 M OEQD mediwm | concentrated by Factor 2) with pre-
culture of 5 leapolisnsis to give a final volume of 20 mL with 1 M
OECDmedium (a5 used within all the peformed ex periments | The
imitial amownt of OF and IF during the LY experiments (10 mg L)
wis diiluted at 1:1 ratio for the biosaays to give a final conoen-
tration of OF and IF 2t 5 mg L~

222 Genoloxicily on 5. Cyphimurium TATS535/psK 1002

The evalustion of genotaxic sctivity of the investigated com-
pownds and their mixtre was asedsed by SOSjumul many sc-
cording to Reilleracheid et sl (1991) The genotmicity of § ndivd dusl
compownds snd their mixture wis evalusted using the same con-
centrations = in ecobodcity blomaxys (105, 9.77, 3125 100 and
320 mg L~ for individusl compoends and &, 7.9, 105, 17.1 and
372 mg L for thee mmiboners | The genotaicity teits were comnductsd
wilth {439 and i thiut (-59) metabalic scthvation in 2 triplicate on
& microtiter plates, where 2 genetically modified 5, fyphimurium
TAI535 carrying & multicopy plasmdd pSK 1002 with fused umuC-
lacZ genes, wis used a3 the tested organism_ Briefly, the overnight
bacterisl ailture was dilutedin a ratio 1: 10 with fresh TGA medium
sl agitated (300 rpm) &t 37 =C for 15 h until the bacteria reached
the exponentisl growth phase The bioxssy wa performed with
thee following misoture: 10 uL of soletion containing compoumd)
mibtiere im DMS0 or bidistilled water and 90 pL of bacterial aultune.
Inthe cxse of metabalic sctivation, 10 pl of the tested oompmend
wiai inmubated with 90 pl of the 50 bacterisl culture mixture,
oontaining 10 of the 59 extrad_ The microtiter plates were Rorther
inabated st 37 °C for 2 h with shaking. Altervards, the incubastion
mibktwre was, dilute d with fresh TGA mediem (1 10) and incubated

at 37 °C lor sdditional 2 by with shabking. The bacterial growth rate
wird determined by memuring absorbance at 600 nm. The f-
galadosidase sctivity (fopped with Nag OOy after 30 mrin of inou-
bation at 25 °C and shaling) was saessed using ONPG 23 2 sub-
atrate, where the sbsorbance of the o-nitrophenol was mesiured
[ &t 420 nm)

d-ni trodquinaline-N-oxde (025 mg L) and AFR1 (5 mg L-1)
were uwsed &5 2 positive contrals withouwt and with metabolic aai-
vation, respectively. In sddition, distilled water and DMS0 (the
same amount x5 in tested aamples) were used a3 the negative and
aal vent contral_

23 Evperimental and predided ecoloxicily of the mivhire

The ecmtosxdc sctivity of the mixture of OF. IF, ketoOP, NdOP and
OPCODH was tested st concentration in the mass ratio 1:1:1: 1L
The concentrations were based on Eosgo values caloulsted for
CPCOOH (see Chapter 31, Fig 2, Table 2), namely & 7.9, 105, 171
and 372 mg L since CPCOOH was the only compemd that
significantly inhibited the growth of 5 leapolimsis within the
warking concentration range, while other tested compounds did
ot have anyelfect st ooncentr stions wp to 320 mg L. Mareover,
by apphdng the ssme concentration of esch compound in the
mibture it was poaible to @mpare the effect of individusl com-
o (i e OPCOOH) to the effect of the mixtre (see Chapter 31,
Fig 2. Table 2} The obtsined results were @mpared to the CA
madel a5 desoribed by Loswe (1927), ariginally by Loswe xnd
Mubichiek (1926 The CA model is based on the asumption that
wihenthe investigsted mmpounds. share similar sites and modes of
action, the effect of 2 miktwre remaing oonstant il one ompoend is
replaced by amother (Faust et sl 20081 The model was wed to
predict scotmicity since the investigsted parent omponds. snd
theeir hasman me tabalites [TPS share similar strctnes snd modes, of
sction, Le interaction with DA (alkylstion of DAL

24 UVirndiotion of samples

Experiments were performed in 2 cylindrical glss resctor
contsining 760 mL of sterilized squeous solution (MilliQ) spiked
with the mibtwre of OF and IF (10 mg L each) The solution was
atirred continuwoiusly in the dark using 2 magnetic stimer (200 F pm)
A monochromatic low pressure (LP) merasry | amp (Photoche i cal
reactars [TD, Berkshire, UK) was introduoed into the resctor amd
kept separate from the test sohition wing & quanz cooling well
Samnpl e bern peratione wis maintsined st 20 °C The LP|amp (6 W) 23
an irradiation source emits 90K of its radistion st 254 nm. The UV
i e e by, e e d using lerriosa late sctinometry a3 desaribed in
sl scterers instnections, was 0,78 uE m-2 3%

The removal of OF and IF during UV inrsdistion wa s ssessed by
GOMS x5 described eliewhere (Cesen et ol 2015 Briefly, samples
{01 mL) were dried whder nitrogen st 35 °C to drymness snd Rt her
dertvatised with trifluorcacetic anhydride in ethyl scetste (for
1 h &t 50 °C) for Rerther chemical snabsis. The removal was
calculated a5 the ratio between COF and IF conentrations in LV
intadisted vi non-irradisted samples st the bllowing spedfied
times: § 12,24, 36 and 48 h. The DOC [dissolved organic carban)
values were snalysed using the Hach Lange cuvette method
({LCK385 )in combinstion with 2 DR/2800 1pectrophatometer (Hach
Lange, Diksdeldorf, Germany) in order to xsess minerslizstion de-
gree of OP and IF.

2.5 Data evalwabion

Dats snabsis snd statisticsl evahuation of the badcities were
performed using Microok Bocel 2000 and Prism 5 (GraphPad inc.,
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La Jolls, USA) software In the case of ecotoxddty bioxanys, the
measurements from each individual sk (pooled together ) were
used for the snalysis instesd of the measns of replicates a5 deseribed
in DECD TG 201 (2011 . For the Figures presenting the ¥ growth
imhivition (¥) vi_ log ancentration of the tested ampoend and the
ECy valwes, & mondinear regression model was applied. using the
Tl erweil e B (132

1 F%
o 26 = 108 550+ (i) <8 rm) O
Fx-{ !r"-.ﬂntmm:lxlm )
{Top - Botiom)
¥ = Battom T 10T 3

where ECp represents the concentration of the investgsted

compind which gived & response of FX of the way between Ba-
toimn and Top (e g. ECw, ECx, ECs )L where Bottom amd Top are the
plateses in the wnits of the response (% growth inhibition) In
addition, the slope desernibes the steepneds of the family of curves.
The important parsmeters in Prism 5 werne set 4 @ndtraing for the
bottom of the nondinear arve to “shared vahee fbr all datasets™ In
addition, the outliers were identified by the Prism 5 software
(based on ROUT method) and were excluded from further calou-
Izt s Mo e-poair armeetrl ¢ ANOV A | Kruskasl— Wallis pest; o — 005 )amd
Daenn's podt-test (p < 005) were ued to determine if any signifi-
cant differences exist between the controls and the efect of the
imvestigated compownd or mbotures of compownds towards the test
Organisma.
The caloulstion of CA model was performed using the By (4):

RE'-I £
EFE:I ()

where q represents the comcentration of the i-th compownd in 2



3.4. Ecotoxicity =~ and Genotoxicity of  Cyclophosphamide, Ifosfamide, Their
Metabolites/Transformation Products and Their Mixtures 83
M, Ceaem o . § Emvironmeninl Polenn 7 00 [ X008} BET=200 B7

CP + IF + CPCOOH + ketolP + NACP

1004 % Expenimartal - mo H
- — Fitof experimantal - m= L
£ ol - Fiofpedied - ik o) "ilr’
& * Enge CP !
5 o Singk I ;’
= B1 o+ sk cPCoaH J
5 . Single HICFP / 3
2 404 s Sigk kP ,'f
F . Fi -
E Y.
£ 0 .
= 9 # o
i - ]
0 A 10 100

Concentration of individual compound [mgil]

Fig 2. Geovwr b inhibinion (e + 55X coadilesce inserval] Based om data froms indi-
wilial compoands [l el symmbais] cpeimen wWith o mbauee | ] of coms-
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teated mixture that exhibits X% of the total effect, wheres ECy;is
the concentration of the compoend § which provokes the same
elffiact (3%) if spplied individusily.

The bacterial growth rate (G) for determination of cytotmic
activity was caloulsted a5 the ratio of L T—
(the blank wmple was subtracted in both @sed) The caladsted
growth ratio for 2 @mpoend /mixtire less than 075 (Le. 25% in-
hibition of biomas growth) was considered & cytoosdc The fi-
galsctosidaie sctivity (U] in relstive units was caloulsted x5 the
ratio of to (the blank sample was sub-
tracied in both cses) The induction ratio (IR) was determined a3
the ratio of 10 00420 emeq (Hhe blank sample was
subtracted in both cases) divided by G The IR > 2 was considerned
& the threshold at which the compownd i xture was considerned
i gentmic.

3. Results and discussion

I the present study the ecotoxic and genmoxdc effects of the
investigated cytostatics, their metabolites/TPs and their mibbure
were evaluated on primary producers (green algae P submpifata
anl cyanobacterium 5 lopoliensiz) amd Siyphirarivm TA1535)
PEK 1002, respectively.

31 Eatesdeity sudies

R0 Indidual compodnds

Tosdcity was sisesied in terms of growth inhibi tion, e xpresied
& BC, and NOEC values (Table 2) Growth inhibition experiments
revesled that, within the tested conoentra tion ranges_neither OPor
IFinhibited the growth of P subcapitata or 5, leopoliensis (Fig 1A B
&l SM-3) The observed results for OF on P, subaopdiafa (SM-3) are
in the sgreement with literstwre (Grung et sl 2008; Zounkova
et sl 2007, whereas bo owr knowledge the effects of IF towards
thede apecies are yet to be repomed. Since prokaryotic organims
{cyanobacteria belongs to prokarobtes ) are more abwndant in bio-
logical water trestment than eularyotic organisms (Wegner snd
Loy, 2062) and becaime the slgs and opanobacteria did not differ
im the susceptibility towards exposure to OF and IF, all following
experiments involving metabolites/ TP, mixtures of compownds
andl tosdeity of the OF and IF after LNV irradiation were performed
using only 5 leopolisngic Growth inhibition of 5 leopoliensic by
investigated hwman metabalites /TP i shown in Fig 1C. D and E
Ondy OPCOOH significantly i nhibited grow th of cyanobacteria

The EJ Diredive 9367 FEC (1996) classfies substances ac-
Mmﬂ%ﬂmmnmﬂcmmuwym
(ECay = 1 mg L% tosde (Elsp 1-10 mg L") or harmdul (ECso
10— 1060 g L") Substances with ECy, abdove 100 mg L~ are mot
clagified The BCsp value for the metabolie/TP CPOODH was
171 mgfL (Table 2) Therefore, scoording to the EU Diredive 9367
EEC {1996). CPOOOH i dassified a5 hammful to aquatic organiama
Intenestingly, OPODEH was the only compownd that had 2 dgnifi-
cant effect compared © other compownds, despite the ir simil anities
im o e cal structure and potentisl mode of sction. 5o far, OPOOOH
is the only OP me tabalite/TP, which has been detected in hospi tal
wirbewater in Spain, wheres end ronmental contentrationdin eg
aurface waters have not been reponed yet. Unibrounately, due to
the chemical instrementstion used and anslysis, which allowed
only the confirmation of its presence in the lopital wastewster,
the concentration of OPCODOH was not determined in the study:
Therelore, any environmental and hwman risk zsessment lor
COPCOOH is notpossible st this stage (Fermando-Climent et sl 20031

212 Mixiure of CP IF and their mefaboliteyTPs
Exposire to the mixture of OF IF and their metsbolitesTPs
revealed higher growth inhibition of 5 leopoliensis than that pre-
dicted by the CA model, which is especislly noticesbl e within ECx.
o effect concentr stion raige (Fig. 21 The expernmentslly deter-
mined ECsy was 115 mg L™ (95% @: 103—12.9 mg L' L whereas
the predicbed ECy, based on the CA model was 2L 1 mgL-" Risabko
apparent that the dynamics of growth inhibition hased on experi-
mentsl data differ from predicted sssumptions for concentrations
»5 mg L, suggesting the potentiation effect of & mixture con-
taining parent compoumds and their human metsbalites[TPs. A
potentiation elfect is observed when the taicity of 2 mibitwre of 2

Tabie 2
EC,, MO wabses and growth inhibare of © dpolissds i sach di; ne = 8 cofmerged (Prism 51
Cinfrpectal ECg g el 95% O (g L'} MOEC (g L'} b st i cn el grovwth B st rasge
=3 ne [ 0-20%
F ne Mevar T 0-39%
CPOOOH ECs: G0 (44-83] ag 0-54%
By T.9(E0=102}
ECgy 10US(E5=125)
Eag 17,0 144=20.3}
Elgyt 37.2(27.5-40.7}
kel ne Hevar T 0=3%
] e Hevar T 0=T%




84

Chapter 3. Publications

k-3 M Cesener al, ' Ewironme i Ftative 200 (J00) K0=201

non-tosdc compownd and & toxic compownd results in an effect,
higher than the determined toxicity of an individusl tosde com-
pound (Li &t sl 2015) Such phenomenon, shown in Fig 2 was
observed within this experiment, wiere the swm of & mixtwres
toxdcity, e OF + IF + OPODOH + ketodP + NdOP was higher than
the bosdcity of CPODDH slone. Although there are dillerent was of
pedorming such micbwre experiments, eg by using mass ratio,
molar ratio and ratio based on pharmecokinetics, whi ch omuld lead
to diflerent metoomes, we hove chosen mass ratio due to the
observed effect of only CPODOH and since all the other waork pre-
sented in this study is based on mass concentration. Moreover, the
ECsp values of individusl CPODOM (171 mg L") and mixture
{115 mg L") wene in the ame concentra tion range. indicsti ng that
only milkl potentistion efect ocourned by the tested mixture_ Ouwr
results revesled similar “something from nothing™ effect. a phe-
mofmenon that wis slresdy described in literasture fbr g weak
estrogenic chemicals (Silva et al, 2002)

3.2 Genolpicity of individual compeunds and the miviure

OP andl IF are prodmnegs that require gitodhrome P450 medisted
transiimation to nucleophylic intermedistes that alkylste DNA

Table 3
m;um;mnupnwu e ir enidaniare v dhe ey o
of 505 maparse In 5, Cyphimaniom TA 1S5S K003 n dee paesence | 55 and in e
absence (5-9] of meabol: aThabon

Comrg. Comc (mgl-'} - 59 + 58
450 B':50 G':30  E': D

o [ 100+ Q04 1004005 L00 4002 L0+ 003
2 [ 1004 004 1004013 1004005 L0+ 004
AFR1 5 I | 073 +003 2574033
g0 114 090 4003 395400 | |
P 105 106+ Q02 100+ 004 107 +002 050+ 000
a7 L8+ 002 100+ 005 L0 +003 LM+ 003
312 100+ Q02 067+ 006 L03 +007 085+ 021
100 L4 Q05 095+ 006 058 4003 054+ 003
330 100+ 024 100+ 004 0804003 2724 G55
IF 105 100 4 003 102 4007 L09 4002 LM 003
877 L@ 007 0654012 L02 4005 LI0% 033
3135 LI+ Q07 099+ 002 057 +007 L5T+ 059
100 098+ 003 103 + 003 057 +004 L42s 05D
320 098 + 002 104 + 007 053 +005 1334036
CPCOOH 105 050 4003 109+ 005 108 4008 LO0+ 034
977 0.8+ 004 100+ 008 1024002 LOS+ OUF
3135 087+ 001 1364000 1004002 LOE< 009
100 087+ 001 1564 005 054 4005 L154 024
330 085+ 000 2754 00 052 4004 1044 847
KatalP 105 098+ O02 107+ 004 L1 4006 073+ 009
877 054+ Q07 106 + 008 LI0 4004 0724033
3135 S+ 002 104+ 006 096 +000 096+ 008
100 095+ 001 086+ 008 L0 +002 Q78+ 005
330 0G4 006 1044+ 015 093 4004 0894 005
AP 105 095+ 004 108 + 003 102 $004 LOG2 031
977 096+ 004 107+ 005 LOZ +006 096+ 033
3135 0+ 004 1234006 107 4003 LO3+ 003
100 05+ 001 1934002 LU +004 0374035
320 050 4002 1924003 107 +004 LO3+ 032
miore® B0 106 4 004 1044004 LOT 2008 L5424 054
75 107+ 005 197 4000 0584005 1754003
ns LOB 4 004 1954006 LOS 4006 1724021
171 100+ 002 1234010 L03 4004 L70s 057
373 0.8+ 003 135+ 008 100 +007 1154 848

Moo a: G = badeial growth rae; G« 075 Boosaidened 2 naic by hameria

Bioe b IR = Endecsion rahy; I > 2 b5 comidemd 2 g) "
Moge c: for e I oy o thae et abeodit s TP | MACF,
PO, lendF)

Miote d: comtrod wed S calosleion of the gencnoi ity of the OF, IF and mixsere
Miote o7 the bndicared are meferad to te of each of
ach of £k in 2 i the e

modecule (Sladek, 1983) Therefore genmoxdc properties of OF, IF,
their metabolites/ TP and the mixture were rdessed using 505/
il deAny (Reilferacheid ot 2l 1991 Schinid o sl 1997 Yidiinsgs
et al, 2006) in the absence (-59) and presence | 439) of metsbolic
activation The results are presented inTable 3 Within the selected
concentration range none of the tested compownds miture
showed cytotmic effects (G values were »0.75: Table 3] OF the two
parent compownds, only OF exhibited s gnificant genotosd c activity
in the preseme of 39 st the higheit concentration tested
(IR = 2.72 + 0.55). which i ndicates that metsbolic sctivation led to
the formation of gendtoxic metsbolited This is in amordance with
the pubdished studies sddresdng OF genotoxicity using Ames test,
wihene OF was mutsgenic only in the presance of 59 metabolic
activation (Benedict et al, 1977, Hales, 1982 Winckler et al_ 1984,
Yasiinaga et sl 2006) On the contrary toouwr results, Bemnedict et al_
(1977 reponted rutegenic adivity also for IF in the predence of 59,
however compared to OF it was significantly less potent OF the
three investigated metabolives TP, anly CPODOH exhibited 4gnil-
icant genotoic sctivity in the alsence (2.75 + 012) and the pres-
ence (204 + 0.47) of metabolic activation (Table 3] This partisily
agrees with the study by Winckler et sl [ 1984), who investigated
mutagenic sctivities of OF and its main metabolites (including
ketoCP and CPOOOH) with the Ames test The suthors repont higher
genotmic potential of (PODOH and similar genobmic potentisl for
ketoCP, il compared to O, rega rdiess of the metabalic sctivation. ln
ousr study, higher genotosd ¢ potentisl was observed wihen OPOOOH
wias tedted in the sbsene of metabalic sctivation (2.75 v 2.04;
Table 3 whereas, Winckler et sl (1984) reported that sll COP me-
tabolites tested in the Ames sy, including CPODGH, were asoti-
wated by 59 mix 0o 2 higher mutagenic potentisl.

The finding that CPOODH was sctive abio without metsbolic
activationin the S0 umuC bedt may explain the eomtosdcacthity of
OPCDOH towards 5, leopaliensis, Cyanohaderia do not express cy-
tochrome P45 encymes. Consequently O and IF were nat trans-
lormed to nucleophylic intermedistes that read with DNA and

uppress cell division, which rendered cynobactera unsusoe prible
to the exposure to the parent compownds

The mixture of the two parent compownds and their thres
metabolives at the @ncentrations tested withow metsbalic soti-
vation revesled no significant genctosc activity, which B in
agreement with the negative results of i ndividwsl compownds. Ondy
CPCOOH exented genmtosic effectsin the absence ol 53 however st
minch higher concentrations. On the other hand in the presene of
the metabalic sctivation the mixtre revealed s gniflcant genotoxdc
acthity at the highest concentration tested (the @noentration of
earh compownd in the miore was 372 mg L) This resuwlt can be
comrelated with the mutcomes obtained with individusl com-
pownds, wihere OF amd CPODOH had genotoic adivity. However,
the comcentrations of individwasl OF and OPODEH with IR fsctor =2
were 320 mg L7, while the higheit @noentration of each indi-
vidiesl compsrund in the mixure was 372 mg L hemne, pearly 10-
Told lower. This suggests that in the metsbolically activated miture
the inasctive components were either trandormed to genotoxdc
metabolites or they potentisted ge notosd dity of OP amd OPCDOHL

3.3 Degradation and ecatovicity of (P and IF during LNV freatment

This study 5o investigsted the ecotosddty of OP and IF mib ture
during UV irradiation. Prior to UV irradistion of COF and IF, to
determine whether o not the degradstion products exert a
diilferent tosdcity from that of the parent @mpamands, the tosd cities.
of both compownds individwally snd in 2 mixtere were oompared.
Simce there were no statistical differences in growth indhibition
welven testing compownds either individuslly or & 8 misre (SM-
4L both compounds were UV-inradisted simultaneously. In
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sddition, in the contral experiment (48 h no UV inadistion)
degradationofl OP 2 nd IF was negligible and there was no significant
change in ecmoxcity (SM-5)L

The results of the degradation study of O and IF miboere
shinwed that both compounds were degraded during UV irradia-
o, pe st neg in 69,4 + 3.6% and 629+ 23% final removal of OP and
IE respectively(Fig 31

When exposed to UV irradistion, OPF and IF ooncentration
decresed expomentislly with time (0—48 h) and followed preudo-
first-arder kinetics_ The degradation rate constants, haif-lives (tya)
and the R of the degradation awrves for 0P were 0024 h~L 288 h
sl 0975, respectively. Similarly, for IF, the degradstion rate con-
dtEnts, by and the B2 were 0020 h~! 34566 h snd 0937
respedively.

The DOC analysis of UV -irradiated samples revealed no gnifi-
cant decrese in DOC over the 48 h This suggests that LV degra-
dation failed to mineraslize both compownds to O0p and HpD.
Inste ad. it was assumed thatonly part sl degradation was schieved,
ressiol tingg in the lbemation of TPs. The GC/ME analyss revesled that
no investigated human metabolites/TPs within this study were
formed wpon UV iradistion experiment or their predence was
below LOD4 (SM-6) Similar recent studies by Lutterbeck ot sl
(2005) and Lsi et &l (2015) repont the identification of OF and IF
TP during similsr photo-saisted advanced oxidastion proceises,
namel y U HpDg and UVITIO respectively, with the scoompa nied
tosddty evaluation of the treated wmples Both studied proposed
TP formation pathways, wiere among all identified TPs, ketoOP
anil MdCP are reparted, wheress (PODOH wis not detected fiden-
tifbed &5 2 TP, Dase bo the simil oty of these trastments with the UV
irradistion performed within this study, we assume that ketoOP
anil MdCP were Fonmed also during UV irtadi stion, but were bel ow
the detection it of the method.

The ecotaxicity evahwtion of the UV imadisted OPF and F
mitiere wamples tovards 5 leopoliensis showed no growth inhibi-
tion (Fig 3] This agreed with the findings of 2 reent study by
Lutterbeck et al (2005, who ko repont no significant ooty of
trested samples contsining OP towards Vibrio flschen, where OP
removals were wp to 1003 Similary, the study by Lai et 5l (2015)
reported no final todcity (after the initisl inoremse) towards
V. ischeri of the samples containing either O or |E tre sted with UV
TiDg. This is in zgreement with the results of this study regarding
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the tmcicity of individusl compounds, where parent compoumds a3
well 2 metabolites/TPs ketoOP and NACP were not baxic towards
the bestorganiam. lna sudy where ozonsti onwa s ued to degrads
O sl IF, the authors repont high removal of both compownds (up
to 100% at pH = 11 sccompanied by & significant increase in
tosddity towards V fischen (Lin et sl 2015) This study did mot
identily the TPs that were formed during ozonstion. Since it was
ahwn that OPCOOH is capable of growth inhibition of the test
organismin the present study.it is possible that this TP was lbrmed
during the ozonstion trestment and contributed to the oversll
tosddity &8 Lin et [ 2015) reponted. However, funther studies are
necesary to @afim these 2 sumptions.

d. Conclusions

Within the present study, we investigated the ecotmeicity and
genmtosdcity of OF, IF, their metabalites (TP a5 individusl com-
pounds and & mixtre With the exception of human me tabalitef
TP, CPODOH, wehich revesled significant ecotosde sctivity towards
5 leoproliensis, ol other compounds, namely OF, TE ketoDP and MdAOP,
were non-toxic at the investigated oonentrations. In socondance
with the EL Directive 9357 EEC | 1995) CPCOOH can be clasified a3
harmdul © aqustic organiims. These findings wnderline the
importance of emimicity evaluation, not only for the parent
compownds, bt slso for their strscturally relsted heman metsbo-
lites[TPs. Furthermore, the tosicity of investigsted parent oom-
powmds and metabolites[TPs 25 & mixtwre suggedts potentist on
ecotoic effects. The CA model predicted lower ecmosdcity of the
mibtwre than oberved within the peribrmed experiments, which
alhives, the impontane of toxd city asessment of the mixtwre. The
genmtoxcity evalustion of the tested compownds and their mix-
tures with the SO5 umuC sy confirmed genotoxic adivity of OP
i the presence of the metsbolic sctivation, wiereas CPODOH was
active also withow metabalic sotivation. Considening the mecha-
niam of tosddty of OF and IF the |stter finding indicate that the
metsbolie OPODOH can directly intersct with DNA and conse-
quently in 5 leopoliensds only CPOOOH caused growth indibition
For the environmental risk asessment this i panticulsrdy impor-
tant finding which indicstes that for the phytoplankton this
metabolie is more hazardous than parent compounds Finally,
despite significant degradation of OF and IF, the UV imadisted
aampiles wene not toxic towands investigsted organiim suggesting
that unknown TPs formed during U7V irradiation are non-scotoic
sl therefore further structursl elucidation of these species s of
i i T tance.

The findings of the present study indicste that to camy out 2
proper environmentsl fid ssesament funther studies, especially
on the acourrence of CPODOH in the environment, sre nesded
Current pesticides regulstions for sk xssessment regarding ol
slready take into scoount metsbolites/TPs, since certain TP are
mare tosdc than the parent compownds (Europesn Food Salety
Authority, 2004) Based on the resulis of this study. the same
guidance for eval usting ik dvould be establisved for the cypostatic
sl othee ¢ pharma cewtical red dues that might ooowr in the squstic
enviranment.
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3.5 Cytotoxicity and Genotoxicity of Anticancer Drug Residues and
Their Mixtures in Experimental Model With Zebrafish Liver Cells

Matjaz Novak, Bojana Zegura, Barbara Modic, Ester Heath, Metka Filipic

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.



3.5. Cytotoxicity and Genotoxicity of Anticancer Drug Residues and Their Mixtures in
Experimental Model With Zebrafish Liver Cells 89

Science ofthe Tom | Envissesey SYE-S02 (2007} 293-300

joumal homepage: www.slsaviar. com/loosta/scitote nw

Science of the Total Environment

Conmmts lists sesishls st Soen oslirsct

Cytotoxicity and genotoxicity of anticancer drug residues and their @u__,
mixtures in experimental model with zebrafish liver cells

MatjaZ Novak *"*, Bojana Zegura *, Barbara Modic?, Ester Heath %, Metka Filipie **

b 1 B

* sl Mstite of Soiogy, ey o Geetic T
o, Ljsiionsin nifica S 2007 Miridor, Sheia

Ingy o Covioer Bdogy, et p 0 01, 100 Lixijon, Shreeia

* g Soejos el P igrncln e S, Jornved s 39, MONLD L e, Shweia
o e jouref Aoy o vk 2, N Ludion, Slovend

HICHLICHTS

CRAPHICAL ABESTRACT

* Cyclophes phamide and ifeefamide in-
duce genodondc effects at high concen-
traiiors in FFlLcells

* Mixture of anficancer drugs indwoes
DHA damage at environmentally rede
want concentrations.

= DINA damaging poteniial of the mbcure
was higher than that of single drugs.

* Mictures of anticancer drugs may pose
threat to 2quatic onganiams.
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mide {(F) and Hosfamide (IF) as individual compoumid s and in a complex mbcture together with S-flucrandl
(%=} and displatin | ODDF) becaase these four drogs have been freqoemntl y dedected in an on ologial ward o

fiuents. A an experimen tal mesde] we mmed rebrafich Fear cell (AL ) lne. The oyiotonicity was determined with
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1. I trodhection

Anticancer dinugs (also calbed eytostaic or anti-neaplisic drgs) ane
& broad group of avmpounds with potent mechanisns of scflon mainly
used for cancer trestment. Mot of them prevent undomtrolied pralifier-
ation of cancer cells via their intersations with DNA fundion and cell
signalling { Mckinight. 2003). However, the & fecl of snticancer dnigs
aire it sedective enough, and in sddition to tumows cells, these dngs s
lect normal growing cells and tissues, which during the duemothers py
often caide indedrable side effead

The emswmption of antcncer drugs is globally increasing: on one
Thand dhue o the inme e inthe incidence of cncer diseases in human
populstion and on the ather due to better early disgnostics and trest-
ment of cancer disexes (Bease et ol 2012; Kummerer et al, 2014).
Alter sdministration to patients the residues of snticancer drugs are ex-
creted &2 unmetsbalised sative ampownd together with their metabo-
lites and enter squatic environment wia hospital snd mundcipal
wixitewater effuents (Ferrando-Climent et al, 2004; Kosjek and
Heath, 201 1; Negreira et sl 3004; Yin et sl 3010). In fhe envinnnment
the anticander drig resdues ane genersl ly present at low {sub- @ few
ng L) concentrafions {Buerge et sl 2005, lsidor et ol 2016, Kosjek
amd Heath, 2011; Moldovan, 2006, Negreira et al . 2014; Valcarcel
et sl 201 1; Yin et sl 2010; Zhang et sl 201 3). However, due to their
mechaniam 3 of action most of these dmgs are genotosdc, candnogenic,
mutagenic and ior teratogenic and can case sdverse effects in squatic
organiam, eqpecislly upan chrande exposure | Kummerer et ol 2014,
Toalaram et 5 30141

The major source of the nesidues of anticander drugs are hospital
wiashewaters that sre wsudly discharged to the sewage system withowt
vy hrestiment poior bothe aroival st the oo d pal waste water thest-
ment plants { WWTPs ) (Cesen et al, 2015, Ferk et sl 2009; Verliachi
&t 5l B012; Thang et sl 2013) Munidpal wstewasters remsive s sub-
st all condriuthon of excreted anticander drugs also a5 the result of
outpatient trestmernt (Ferr ando-Climent etal 201 4) Numenows dtudies
demonsirsed that many of ihese com pounds are res stard to biodegra-
dation and are this not efficiendly removed by @nveniond munddpal
WWTPs | Ferr ando-Climent et al, 3014; Martine t al, 3014; Orizes and
Perradin, 2013 Zhang et sl 2013)_ Thas, the likelihood that srticandes
diig residues reman sdive siter relesse From WW TR, and resch sur-
face waters is high {Besse et al, 2012; ohnson et al, 2013; Rowney
et al 2009)

Cyclophasphamide (OP) andits structur sl snalogue ilbafamide (IF)
belong to the group of alkyLating agents and are smong the ol dest anti-
cancer dnigs i nclinical pracice tha are still widely used in cincer due-
maotherspy (Zhang et sl 2006). Cyclophaphamide i wmed ko for
trestment of certain life-threatening events in sutolmmune snd
i maarerme—rre di ated dise ases | Ahlmann et 4l 201 6). Both compounds
are prodrugs that require metabalic sctivation by specific liver CYP en-
rymes ( OYP3 A4, CYP2BS and CYP209) to phosphoramide roustand snd
acrol ein that intersct with ONA and proteins resulting inthe formation
of adducts snd oross-links that prevent DNA replication resultingin sub-
saqient cell desth | Emadi ot &l 2009: Girsid ot sl 2010] In trestment
of various camders OF and IF are wed 2 2 single agents, but mone fre-
queenily they are wsed in combi nation with ather anti cancer gents to
oltsin synergistic or additive therspeutic & fect (Zhang &t sl 2006).
D o the wide e of the two drugs in dindel pracice their residues,
belong tothe most afien detected s cancer drugs in s il waste-
wiaters (Cesen et sl 2016: Comez-Canels et al, 2004; Isidor et al_,
2006; Kim and Tenaka 2010; Kummerer e al 1997;
Steger-Hartmann et al, 1997, StegerHantmann et al, 1995 | Mareaver,
O andl IFhave limied biodegr sdability snd are relexed fram WWTEs
to the environment in inchanged acncentrations. (Buerge et sl 3006,
Kiffimeyer et al, 2013; Kummerer et al., 1997; Steger-Harbm ann et al,
1997)_Therelore, it s not sunpeising that the resides of the two dugs
have been detected abso in surfsce waters (Buerge et al 2006;
Valaarce] etal, 2001 Zuccato et al, 2000

The lilersture overview revealed anly few ecotod ool ogicd studies of
CP and IE I the growth inhild fion test with the baderis Posud oo nae
pruatiela . abga Peesid ol srbmerislla o henpitat the no olserved elfed @n-
cendrafions [ NDEC) for OP were > 1000 and =250 mg/L. respectively. In
Daphsia magna scute immolbilization assay the MOEC for 0P was
= 1000 mg/L (Zonkova et sl 2007) and lor IF 162 mg/L. wheress in the
D miagna reproduction (chronic) xsasy the NOEC lor OP ws 56 mg/L
(Grung et al, 2008). In =brafish (Danio rério) embryos exposed for
3 days OP anad IF inchiced lethal efeas were alserved & concentrations
= 2200 g/l and =840 mg/L. respedively, where i terstogenic efiscts
wiers ahserved & lower concentrations (261 mg/L) (Weigt stal 20111

Bath drugs are baderial mutagens and inchice gene mutations. and
chromosome aberrations in different mammalisn cells in vt
{Anderson et al, 1995; Benedict et al, 1977; Bhidate et sl 1988;
Jernbra et al, 2007; Le Hegarat et al, 2000; Toolsram et al_, 2014 In
wive OP aind IF inahice dhrom asomal damsge snd mi cromucle fommation
in rats, mice and Chinese hamsters { Andersan et al . 1995 Tool aram
et al, 201 4) Cyclophas phamide has akso been demonstrated to indue
DMA strand bresks sand micromuclel formation in several fish spedes
{Ayllon snd Gareis-Varquer, 2001 Grisolia et ol 2009 Pandr sngi
et al, 1995, Rodeiguer-Cea et al, 2003) and eel in vive (Santos and
Pacheca, 1995

S flusseutsdle {5-FU) snd cisplatin (CODP) afe snother two widely
used anticanoer dmgs that are often detected in hospitl wastewaters
{Mashnik et sl 2004; Lenz et sl 2007). Bath ammpounds are genatoxic;
5-FU inkhilbits thym idylate syrthase (T5) and induces misindrporation
of lluaranucle otides { Meyers et al, 2003 )L wheress CDOP interscts di-
rectly with DNA csing the alkylaion of DNA and DNA-DNA and
DMA-pratein cras-links (Siddik, 2003)_Several recent smtadenl ogical
siudies hawve shown that the swo @mpounds induce reprodudive and
genotixic effects abioin non-target squaficorganisms_In cEtaEsns,
5-FLl ana CDMOP inchiced DNA strand bresks and inhibited reprodudion
at ennuentrations in the range of microgram per litre {MDEC for 5-FU
2 pg/L and for CODP 1 pg/L) (Parrells et sl 2004b, Parrells et al_
2015) Inhibition of reproduction was alo observed in aslgse and
cyanobacieris, however, st higher concentrations (NDEC lor 5-FU
0.0 mgyLand OOP 01 mg,L) (Brepovask ot sl 2014) Ina two gener-
ation toxicity study with =brafish 5-FU induced histopathol ogicsl
changes inliver and kdney, slong with indudion of DNA stand br exks
anl reieromud ed {MING) fonm i on that were olserved st condentration
& bow 2 10 ng/l (Kovacs et al, 2015). In fresh water mussels Ui
pictorum and Lido tumddae S-fluorourscl induced DNA 3t and bresks
were observed at concentrations in the range of milligrams per litre
{Gadc et al, 2014). In higher plants (Alliwm snd Tradescantia) 5-FU
sl CODP inchiced micronuclel { MNi) lbrmation waes also abserved at
relatively high ooncentraions | Misik et ol 2014)

The resichies of anficanoer drugs are not rel exsed into the emvinon-
ment x4 single compounds, but rather 25 complex mixiines of paren
compounids and their metabalites_ Although their concentrations in
the environment are low, in mixtres they may affect the organims
at ey bywer conoenirations than expasmone o single ampound. Re-
centhy, seversl stidies have been focused on expl ofing the combined
ke asnail genoinade effeds of di Ferent and cancer drigs, mostly a8 bina-
ry imibctunes i n v ous aquatic arganisms { Bremveek etal, 2014; Gesen
etal, 2016 Elersek et &l 201 6 Kundi et ol 2015; Misik &t &l 2015;
Parrells et ol 20142) and in el hased models in vitro {Cesen ot
201 6; Gajskd et al, 20164; Maer et al, 2014) Different interactiond; an-
g atic, dyner gistic and potent afing, batween articandes dmnigs pres-
et in the mixiures were olserved, depending on the test organdsm,
selected anticane r dg and the concentrations of i ndividual drug in
the ik tume.

The aim of this study wes to evaluste cytoinxic and g enoinide poten-
tial of OP and IF in the expe rimental model with pebrafish liver (ZRL) cell
liime that has been recently repanted to be highly sensifive for detedion
of o e effects of anticancer drugs {Cajald et al. 2016b) In sddition ZR.
cells retain cyplA sctivity { Collodi et al_ 1994) and express cyp3a65, an
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ortalog of mum malisn cyp3sd, which catalyres the majority ofknown
dirug -metsholiving resdions| Bde et sl 201.4) and should be able i de-
tect genntonic sctivity of indired ading genotoxing The cytotod city
wiaes desterminied with the MTS x4y and genatoid ty with two comple-
M MLary &ssays; the comet asaxy and oytakinesis blodk mioranud eus
{CBMN ) 255 2y that messame the fonm st on of DNA strand bre ss and ge-
nomic inatabiity, respectively. Furthenmare, we evalusted atataxie
anil genotonic patertiasl of the compl ex synthetic mixire composed
of four anticancer drugs that are Fequendly found in hospital effluents
namely 0P, IF, 5-luanourscl { 5-FU ) and dsplain (CODP) &t their mas-
imal detected concentrations a3 dete rmined in the eflluents fom the
Onenlogical ward in Ljubljana { Cesen et sl 201 5; Kosjek et al, 2013;
Vidmar et 5l 2015).

2. Materials and metlods
2.1, Chemimls

The anticancer drigs cydophosphamide (OF; MW 261.03; CAS 50—
18-0) snd iloafamide (IF MW 261.08; CAS 3778-73-2) were Fam
Sigma Aldrich {Hang Kong, China) and S-fluaroursdl (SR MW
130,08 gimal; CAS 51-21-8), cisplatin {CDOP; MW 30005 gimal; CAS
15663-27-1) wiee om Siema (St Louk, LSA) Stodk salutians were pre-
pared in DMSO; CP and IFat 25 g/L {958 mM); (DOP 2t 1080 (333 mM)
and SR at 10 gL { 76.9mM ), aliquoted and sioed st —20°C (Fig. 1).

Acridine orange (AD )L bleomyein, cyiphalesin-B, dimetiyl sullbxide
{OM30), ethidium bromide {EBr), low meling point [LMP) aganose,
nonmal melting paint (NMP) agarose, were from Sigma (St Lods,
USA): pemicillingstreptom yein and phosphate biffered saline (PES)
were Fom PAA Labarastories (Dantmouth, LEA); trypsin was from BD-
Dz | Le Pord-De-Claix Cedex, France) ; Leibovitz L-1 5 mediurn amd foe-
tall orvine serum were from American Type Culture Collection {Manas-
sas, VA, USA): Dubbecco’s modified Exgles meadium snd Ham F-12
mediwm were lrom Giboo { Waltham, MA, USA); HEPES and epidermal
growih bctor (EGF) were from Invitrogen | Pais ey UK All ather chem-
ical resgents were of the purest grade svalsble snd all solutions were
musile Lsing Milli -0 water.

22 Cdl aulbire

TR cells derived fom normal liver of adult zebrafih (Ghash et al
1994 ) were abtsined fom Americn Type Culture Callection | ATOC
number: CORL-2634). They were aulture d under humidified 2 r stmo-
sphere st 28 °C in & medium composed of 50% Leibovitz L-15, 355
DMEM, snd 15% Ham F-12 supplemented with 15 mM HEPES,
015 g/l HaHCO,, 0001 mgfml insulin 50 ng/ml EGF, 1% penieilling
streptamydin, and T hesth insctivated FS

23, Concenirations of the tested anticncer drugs for cytolovcity and
Eetotodeity detrmination

The eytatosdcty of OP and IF was tested within the anee rration
range from 0_3-300 mg/L and the genotoxicity was determined st oon-
ceniraions fram 10 to 300 mg L

)
o ) }
i&'IZI 1‘kl:I
myeloptasegba ik (120) Haefamice |IF]

The complex: mibkhire of (P, IF. 5-FU and CDOP ws tested st conden-
traticna of easch of the individusl snticancer drug that we e determi ned
in the onool agical wand effluents { MO 1) and at 10-fald higher conen-
trations {MIX 10) (Table 1) In esch experiment. also indiddual cm-
pounds at the same @ncentration & were present in the mixture,
megative (salvent and growth medium ) and positive |etopaside (ET)
sl benzo(a)pyrens (BaP)| contrals were tested_

24 Cylatavieity resting

The visbility of ZFL cells after the expaiure to the anticaner dgs
anul theeir i satunes wis determined with MTS tetrazolium reducton
arsany (Cell Titer 96 Al o Mon-Radiosctive Cell Prolifsration Asasy;
Promega, Madison, USA) saording to the manulscture rs instructions,
witth mimar modificationa. Prior to fhe trestment, the cells were saded
aitn S6-wiell microplstes | Comning Costar Cor posasi on, New Yark, USA)
at & density of 8000 cellswell and incubsted for 24 h to sttach The

growih medium waes ihen replaced by fresh medium containing appro-
periate aoneentrstians of indivdusl eorapaiinds oF ol sunes snd i noi-

bated fior 72 h. At the end of the expasure, 40 pl of freshly prepared
MTE:PMS salution (200 1) was sdded direaly tothe 200 pL of medium
in the aulture wells snd inauibated for sdditiond 3 h {28 *C haumidified
air atmaspivens | Finally, the sbsorbance was mexsured ot wavels ngth
of 490 nm using 4 Microplate Resder (Symergy M, BioTek, Winoaski,
VT, LEA ) Cell vishility waes determined by compating the OD | aptical
density) of the wells containing the cells trested with anticancer dngs
with thise of unexposed el and presemed & X of cell visbility +
50 Two independent ex periments were performed, each time with
five repli cates per trestment paint.

25 Genalrodeity

251, Camel azay

Comet ssay was performed & described by Singh et 4_( 1988 with
minor modifications | Gajdd et al, 2016h). The cells were seaded onto
12-woell fissue culture tresied plates { Gonning Castar Corporatian, New
Yark USA) st a demsity of 100000 cellwell snd incubated for24 hito st-
tach The growith medium ws then replaced by fresh medium oomtain-
ing apprapriate concentrations of individual @mpounds or mixtures
ainl incniba e fior 72 h After the trestrment ZFL cells were tryindeed,
collected and centrifuged. 30 pL of cell suspension wae mied with
TOpL 1% LMP sgarase snd sdded to fully Fosied slides pre- coated
with B0 L af 1% NMP sgarose, bllovwed by lyses of the cells (2.5 M
HaCl, 100 mdd EDTA, 10 mM Tris, 1% Trion X-100, pH 10) for 1 h at
4 “C. Then DNA was denastursted in electrophoress bulfer {1 mM
EDTA, 300 e MaOH. pH 13) for 20 main ot4 °C and thee s lides were alec-
tropharesed for 20 min &t 25V (at 1 V/em)._ Finally, the nudei were
atained with ethidium bromide {10pg/ml) and imeges of 50 randamiy
selected micle per experimental point were analysed using a luares-
cende micrasmpe (Nikon, Bolipse 800) st 400 magn flcation and the
image snalysis software {Comet Asasy 1V, Per ceplive Instruments Lid,
UK] Three independent expe riments were perfonmed

e N

Pt
U;J*HJ al 7 \‘NH;

Hy

E-flugrauraci| [5-FU cisplatin {CROP]

Fig. L The @ encmual foremalas of that snuclind aeicamces dugs.
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Tabsle | 3.3, Genioad city
Coene mradons of (F, IF, 50U and (00 b e noeined| seioepases.
Comgound A i e BT gL Genatoxdc potential of 0P, IF and the mivtures of OP, IF, 5-FU and
ey P CDDP in ZFL celbs woaes dsbermined with the com et asaxy and cytold nesis
= = = block micronucleus { BMN) sy after 72 h of expasure_
T - o 321, Comet aesay
ooF e 6 phareide snd | Findueed s tatisf call y s ignificant inmessein

2532, Cyto dhein esd s-bloek srd oremuelsns (VN assay

The CHMN cytame iy wa performed scaording to Fenedh (2006)
with minar madifications (Cajeld et 5l 201 6b). The ealls (00,000 ceil/
plate) were seederd anto 25 o culture plates (Carning Costar Corpars-
tian, Mew York USA) and incubated for 24 b to sttach. The growth medi-
um was fhen replsced by fesh medium containing appropriste
concentrations of individusl evmpounds or mibiores and incubated for
72 h_The trestment medium was then replsced with fresh meadium on-
taining oyichalasin B (2 peiml) and cells where inoibated for sdditional
48 h st 28 °C_ ARerwands, flosting snd adherent cells were callected by
trypinization, centrifiged, washed with 1x PES and incubated fior
5 minin cold hypotanic solutian {75 mM KOI). The cells were then
fised with methanaliscetic seid (3/1) (vv) and Brmaskdehyde. The
fimed el b where placed on 2 microscope dlide, sir dried, randomized and
coded The slides were staimed with AD (20 pg/ml) and snalysed under
the (huorescende mionsmpe (Edipse 800, Nikon, Japan ) ot 400 magni-
ficaion A tatsl of 2000 binuclexted (BNC) cells | 1000BNC per replicate)
with preserved cyboplasm wene manually saoned per experimental paint.
The mumber of micromclel (MM expresed & the mumber of
il cranucleated (MBed ) cells). mid ssr buds (NBUDs ) and i eo plas mic
bridges (NPBs) were determined sconnding to standand criteria (Fenach,
2000). The nuclear divisian index {NDI) was estimated by scoring 500
cells wiith ane to four nuclel The NI ws cabeulsted using the Formula
M1+ 2 M2 + 3{M3 + M4)|'S00, where M1, MZ M3 and M4 represent
the mumber of cells with ane to for midei, res pectiv ely (Kirsch-Valders

et sl 2003) The experi ments were independently repested twice.
25, Statiehirnl analysz

Graph Pad Prism 5 (Graph Pad Software, La Jolls 1ISA ) ws used for
thee s tatistical analyses. Das e-dependent response for the wamples was
aasegsed with mon-linear regression. For the MTS x4y Stiden’s {-test
wid used to compare the vistility of expased cells to that of unespased
anil sabvent expaied. For the mmet asaxy dat, stativfical signiflcance
between the treated groups and control was determined by one-way
anabyaid ol v arisne (ANDVA, K sk Walli) snd Dunns mutiple cam-
parison test The significance of CHMN xs4ay parameters was bested
ung chi-soquare test

3. Resulis

3.1, Cytondeity

The viakility of ZFL cells, determined with the MTS 255y, was re-
duied & fer 72 h ex posure o O or IF ina dose dependent manner; hiw-
ever. even at the highest tesied concertration (300 mg/L) it re mained
=70 compared to untrested el (Fig 2A). The mixture of 0P, IF, 5-
FU and CDOP & concentrations determined in hospital efluents
(MO 1) 28 el s i niv chual snd camcerr drug &t the same concertration
&5 in the mivture sfter 72 h exposure did mot significantly sfea the vi-
ability of ZFL cells_ At 10-fald higherconcentration the cell vabilitywas
alightly lower; however, it did not dearesse for >30T @mpared to con-
tral eells (Fig. 28] Therefore, these concentration were used abo in
genoinxicity tests. Mo diferences have been olserved betwesn salvent
contral and growih me dium contral (data not shown).

thee: feeri il con of DMA strand breaks st concentrations =375 mg L how-
ever, no clesr diose response had been abserve d (Fig 3A)L

The mi sture o P, IF. 5-FU and CODP s ignificantly incressed the fior-
i an of DA strand breaks st both applied oonde rbrations {MDCL and
MD{10) in & dose dependent manner, wheness the individusl com-
poumds at the $ame concentrations a5 present in the mixturnes did nat
induce i ncressed formation of DNA strand breaks | Fig 38

322, Cynkinesis block micromidess ((BMN) azay

T thee CEMIN 25a 2y, COP inchuced statistically significant i noressein the
MM Fequendy at 150and 300 mgL The number of induced MNi was
1.6~ and 3 0-fald b gher than in the control cells, respeaively (Fig. 4).
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T 404
a " F
2.3 1.2 4.7 18.4 TS 150 200
e eonesbration ML)
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L1 3
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]
b E R e 3
A 80 g0t AR 4
HRAT et o D
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Fig. 2. The effisct of cycplophaphomide | CF) and Mt mid {IF) (A ) and the compln
bt o OF, IF, S-S osse ol | 5-FU} o] clapd e | CTIDP el Bl ksl
R 0 MO B 2 e e e e (B o T wiabliny of Zebafiah Bwer (FL)
o, That vialidfiny ot B codlls e chit e o with Shar MITS sy after T2 B epoduse i
ol resr samnples Tweo indepeadens experisens:, cach wirh Sve replicaes, were
P, The data ane poe noed a5 S vl 4 50, 'F <005, sigadcas dik e
e ol ool amad prear e cellls | Snudient Foems).
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lioafamide was less sctive; statistically significant 1.5-lbld incresse in
the frequency of MMNed was olserved only st the highest tested concen-
tration (Fig. 4). At the applied concentrations, none of the tested anti-
cancer drugs significantly affecied the number of NBUDS, NPBs nor
nuckesr divison index (ND) | data not shown ).

The maibcturess of snticancer dmnigs smd the indi vidusl s csnee rdinigs
&t fhe Axme concentration a inthe mibdures d d not induee incresxse in
the Frequency of MMed, NBUD nor in NPE, and did not affect NOH{ Sup-
plementary Table 15)

4. Discussion

The accurrence of the reddues of snticancer drugs in the squatic en-
vironmentis omniderad to be of partioular aoncenn becase thess dmgs
may, due to their genoinsdc potentid, ause sdverse environme rtal ef-
et even at very low doses (Kummerer et . 2014; Tool sram et
2014} In this study, we demonstrated that in ZFL cells OF and IF

A 21
CP IF

154 -
- a
E 10 i*i**
4
=

Il—=

oy oo -:«
S B S S0 PPE EF
sampk v:unnentratu:-n {mgsL|

B 2

3% tail DNA
I -
—T— 33—

Fig. 1 DA o o e et e el By cypclinplians pib el { O et s Cammie (F)
A il rhe comple ¥ maiaeres of OF, IF, 5-Sands ol | 5-0U ) e cliplaie, | ODOP) &ad
Bt e | commgnats o0 T 0 BN CORNERITARAS 33 I e i (B, The Floeik
v et sl oy e s scmmepdies B T B Thue Soemsaion of TN sorad) beealis wes
s gl i ¢ oot sy, and s e a pewcomtages of DA e comer
mails Fifty colls wene analysed por e ngerimmenal poing s cacl of e inde pe ade ar
enpuipinl calnares. Pusitive comaols were 0 pgisl eropasile (ET] amd 50 pd
bemzofa jpyrene (BaF). *F < Q0L *'F < QLN ™F < Q00N , sigaificans diffieseace
B v el | neaed] el (0 -way ANOVA, Duna's posn-ens),

inidluce d the formation of DMA strand bresks and genomic instabdlity;
Intrwiever, at el afively highconoendr afions that are not relevant for the
aijuatic e ironment. On the other hand, we demonstrated that the
complex mixture of lbur mast stnndant andcancer drugs (P, IF, 5-FU
&l CODP) iin the effluents of Dnoological ward inSlovenia 2 the rmax-
imal dete ded oonoenrations. incressed the frmation of ONA strand
Ivreaka, The mibaureinduced the formaf on ol ONA strand bresks st cif-
centrationg of individual that we re lower from those that
were effective when esied & individual evmpounds

Thee genatonicity of OP, has been exend vely stidied snd ihe studies
demanatrated that in hacteris and i nmamm lisn cells that are metabol
ically i ncom petent genotoxic effe as were alserved anly when tested in
the presence of the metabalic saivation (Anderson et sl 1995; Cesen
et sl 2016 Hantmannet sl 1995; Westerink et al. 200 1), wihene ad in
human hepatic sl lines. knowin o retain metabalic sotivity such x5
HepG2 and HepaRG cells OP indhiced genotos ic effscts without the addi-
tion of exogenous metabolic adivation (Le Hegarat et al 2010
Wedierink et al. 201 1) In ZFL cells both pro-dngs induced DMNA strand
Ivreales s Priberomucled formaticn i ndicating that the cells metabal icaly
sctivated both drigs. The l owest & Bective concentration | LOEC) liar DNA
atrand break brmation waes fior both compounds 375 mg/L, while the
LOEC wahues for the induction of MNi lbrmation were 150 and
300 mgl far 0P and |F. res pectively_The send fivity of ZR. cells to detea
genatosdcity of OP is comparable to that of human hepatic @il nes
HepG2 (Cao et al, 2007; Westerink et al_ 2011) and HepaRG {Le
Hegarat ot 51, 2010)

Hespital effluents are considersd a3 the main sounce of the relexss
anticancer drugs into the emviranment {Yin et al, 2010), with the
highest expected and messured concentration: of these drugs amaong
all effluents_Therefare, the ocairende of snticancer druigs in hospitalel-
Muerds can serve &4 a starting point to monior their fatein the e md ron-
ment and to individusise the magnitude of putastive poliution probilems
{ Mahnik et sl 2007) The com position and conentrations of snticancer
dirug residues in hospital efflue s may d Fer sonoss countries and main-
Iy depend on their consumption amourds, uskge patterns, excretion
rates, removal rates and bocal Factors (Toolsram et al. 2014)_ Prediced
sl e ired condentrations of anticander drugs ned dues in the squat-
ic envinomm ent are generslly much lower than those expected to cause
ailverse effects in suat e of gam sms | Besse et sl 2012 Brerovaek et al
2014; Buerge &t al, 2006, Kummerer &t sl 2014; Parnells etal, 2010 4b;

THon
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deteresined fn W00 bisucleaed PR ool per replicae per cipeion asl poian.
m,mqn O g and bemzodalpyene (EaF; I pM) wore med o posisve

i e i B e of B collln Beversisn moa e d amad
m—:lﬂlvﬂs_“vﬂxz-ﬂ'rﬂﬂﬂl "< QOO0 "F < 00000 Data on

i g o oS ol o e Vi o e et o @ epusiinents 4 5D,



94

Chapter 3. Publications

298 N, Mok o o, | Soience of che Tosnl EvwironmendS07 -0 (00T ) 199300

Verlicch et sl 2012). However, the residues of anticancer drugs ooor
inithe environment s compes mibres with possble unwanted syn-
ergittic effects between the druga Numenous studies showed that -
sessment of the rsk that i based on emimicological data for
individual substanees can lesd toundenestimation of the real emvinon-
mendsl impact of variouws pallutants (Hegenbuch and Pinckney, 2012
Magnissan e &, 2010; Pomati ot a1, 2008; Silva &t &l 2002 Sin fer
etal, 2006). This can be partioul arly relevant fbe the expasre o mix-
tures of ardicancer dmg resdies & in many cander trestment re gimens
anticancer drigs sfe used in com binations to explait their 1yne rgitic e
fects and achieve improved efficiency and better therapeutic effect.
Muaoreover, these dugs irtersct with DNA and sale threshold level can-
it e defined.

Here we evaluated cytotoxic and ge notoxic aaivity of 2 oomplex
mibure compased of 0P, IF. 5-FU and (DOP &t their maximal detected
concentrations {12, 10, 0,00 and 0.6 pg A respadively) in the sampiles
of effluents fom an Onoological ward in Slovenia (Cesen et al, 2015;
Kagjek et al, 2013; Vidmar et al, 3015 ) Although the applied conen-
traticns are notan exsct match o what has been ibund st one asmpling
time, fhe concertrations and compodition of the com plex mibdiine rep-
resent environme rtally nelevare $itus fion. These four anticancer dugs
&30 belong o the mast stnndant srdicaneer drugs deter mined in hos-
pital effluents {Boaker &t sl 2014).

The mibetuwre of the four dmngs was not cytatoxic i ZFL cells and did
ot induce MNi formation, but it induced significant incresse in ONA
atrand break formation in a dose dependent manner. As expecied
none of the individual compounds ot the sxme conde mrastions a3 pre-
sented in the mixtures caused incressed DNA strand break frmation,
&5 fhee LOEC vashues for individua | compounids sre several arders of mag-
nitude higher from those in the mixtures. In our previows study we
demaonateated that for the inducion of DNA strand breaks the LOEC
wahues for 5-FU and CDDP were 0001 mg/L and 01 mg L, respectively
{Garjld et &l 20 Gb )L wehile the LOEC value for OP and IF 23 demansirat-
edl in this study 8 375 meg/L Siri Larly to our study, Mater et sl (2004
olserved indudion of DNA strand bresks in HepG2 expased to commplex
mibcture of thres drugs 1B ed in chem atherspy (0P cipralloxscin and ta-
makilen), wihile individual compoinds st the asme concentr ations a3
predent inthe miture did not induce sgnificant incresse in ONA strand
breaks ABaGajsld et sl ( 20164) demons trate d that the mbature of thres
anticancer drugs (5-FL, eopatide and imatinib mesylate ) in Baolsted
Thaurran peri pheral lymphocyies induced genamic instald lity at conen-
trations ofindividual compounds that were seversl orders of megnitude
lowier From those that were effeative when tested a3 individusl @m-
ot Kund et al_{ 2016) reparied asynergistic effectaf a binarymix-
ture compase d of 5-FU and CODPon the induction of ONA damage in
Draphsia magna. In the mixiure, the efegive coneentrations of the two
diigs were = 10-fokl lower from the effedive @nentrations of the in-
divichual drugs

O the other hand, in ZFL cells the mibkture did not induce dwomo-
aarmal damsge This canbe explained by the fact, thatinZFL ells abo in-
dividusl compounds, excep OODP. induced MNi formation at much
highet eandentrsfians than DMA strand bresks { Cajaki et sl 2016b).
Hiowever, comet sty and CMBN s y deted difierent types of DNA le-
aiong with different semsitiviies. Comet asasy enables detection of pri-
mary DA lesions such & alleal i Lable sites, single- and double strand
breaks x5 well 23 ONA repair intermedistes |Azqueta and Collins,
23 These lesions are usually formed soan alter the exposune amd
muay be repaired by cellulsr DNA repair machinery. CHEMN sy deteas
chromosomal damsge that srises from primary DNA damsge during
DMA replication and cell division and is irreversible (Fenedh, 2006).
The positive respdanse in the comet oy indicates that the miure in-
duced transent primary ONA letions that were repaired and did not
lead to the formation chromosomal damage that would be deteged
with the MNE sy

Al together this study demaonstrated that the residues of O, IE 5-FU
sl COIDWP, thaat sre sl knowon bo be genatoxie, when in ambaure, cased

inTFL cells inoressed DMAs trand break fonmation at concentrafions rel
evart lbr emdronmental expasire. Gonsidering that in the a quat ¢ envi-
randment of ganismes are expoded chiomcally to complex mixunes of
anticancer drug residues the conse quences of sdverse effects lor fish
s el | 2 atheer aquatic organism s cannot be exduded The sum ption
issuppaonted by studies that repanted DNA sirand bresk Hormaton and
genamic instability &3 well k2 epizootic neaplis s in sentinel squatic
organims from sites polluted by differers gendtoxic palhutants
{Balognesi and Hayashi, 201 1; Frenzilii et al, 2009; Martins and Casta,
2Ms).

5. Conchsions

In fish-derived ZFL cells OP and IF inchiced DNA strand break lorma-
tian and g enarmie i ntability at relxively high, emvitonmertally irnele-
vant ancentrations, wheress the mixture of four anticancer drugs
composed of OP, IF, 5-FU and CDOP induced an incresse in DNA sbrand
bresk lormation at bow, lor envinonmental oontm ination relevant con-
centrationg at which individusl evmpounds are insdive This indicates
that sdverse effects in exposed squatic organ sms canmat be exduded_
The resulis coniri e to the scammilsting evidence that the maximum
pollutant condentr stion leveld permitted in & water body, which are
st ishied hased an the toxical ogical dats S individusl empounds,
are not sbva ys sulficient ylow to be protective sgainst amibtined e Bacts
o imix hures af tosde pall utans_ Fulire resasrch should, insddition to ex-

ploring tosde and genotod e potential of mixtures of wider range of rel
evart pharmaceyticl snd other paliutants, foos sbo an expl oring and
unider standing the @mequences of continwous ex pasure to sudh mix-
tures gver the life span of an organism.

Supple mentary data to this article can be fund ondine at hotp:/fds_
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3.6 Chemical and Toxicological Characterisation of Anticancer Drugs in
Hospital and Municipal Wastewaters From Slovenia and Spain

Isidori Marina, Lavorgna Margherita, Russo Chiara, Kundi Michael, Zegura Bojana, Novak
Matjaz, Filipi¢ Metka, MiSik Miroslav, Knasmiieller Siegfried, Lopez de Alda Miren, Barceld
Damid, Zonja BoZo, Cesen Marjeta, S¢anéar 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 7radescantiaand Allium cepaand 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 (. dubia after acute exposure, reduced
reproduction after chronic exposure, increased MN frequencies in 7Tradescantia 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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.Mhnnm’ &ug e mrlmunudy relezed l'ln hozpital and urban wastewaters, where they, most
oon tregiment planis {WWTPs). Wastewabers
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umidred led detectble levels of anticancer dug nmidues. Among the
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deterted in £, cyclophos phamide and tameodfen in 7 (£ and methotrecate in 601 of the amples. Seven
of ten samples were todc o C dubly after amie exposure, wheneas after chronic exposure alll samples
e uced reproduction of C dubde at high sample dilutions. Allkem orpa proved i neensitive: to the potential
genotmdcity of the ested samples, while in Trodescontia inoreased MN frequencies wene induced by a
hospital effluent a@nd WWTF influents. In ZFL comet assay all but one sample induced a significant in-
mreame of DMA strand breales. Commelafions of chemotherapeutics or their TPs were detecied for all bio=
:Hgs:nqihdﬂmmmﬂm[ﬂﬂuﬁ:hlﬂmnﬂnﬂ:mfﬂmd

fior different sulbs tanoes ndicating diffe 1l des of the test ong;
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* This paper bas been mosmrasnded S 3 cosprance by Chafies Wb,

The presence of anticancer drugs in the aquatic environment
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has prompted significant interest concerning their potentisl
silverse ecological effects. Aler sdminitration to patients the
dinigs sre excreted through fseces snd urine & mistures of wh-

. o], erich el Inssdted changed parent compownds and their me tabalites and can enter
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hospital and municipsl wastewaters These excreted mixtures of
parent compaunds and me tabalites may undergo further abictic
aimd for biotic translormation, &ther duding wiitewster trestment
or in the emironment Recent scientific interest has fooused
espedally on oocmrrence and Bite of anticancer drugs their me-
tabolites snd transformation products (TP&) in squatic systems
(Kesjeket sl 2013 ; Martin et al, 2014; H-qu.laei.l],:!ﬂld.!;&ml.
et al, 2015 20162}

Anticancer drug reddies ooowr in the squatic environment st
sub-ng L7 levels (Xie 2012), which are too low to pose an im-
mediste threat to aquatic organiims, b can case long-tenm
delnyed toxic effects since they inedere directly or indirectly
with DNA. Recently, Brezowisk et sl (2004) dhowed that 5-
Muorowrscil amd ciaplatin case chionic effects in green algse
(Peeudakirchneriela submpiinta) resulting in growth inhibition st
concentrations equivalent to thode lbund in hopital effhwents.
Ohromi ¢ exposere to these drugs was slso shown bo inhibit repro-
duction in cristaceans (Parrells et sl 20142) At chronic expaure,
S fhuorowurad| produced in zebrafish histopathol ogicsl changes_amd
genotaxic effects st emvironmental concentrations (Kovacs et al
200151 It is crucial therefore, to consider the possible toic/geno-
toxdc effects in organisms exposed over their lifle span to the
continuous presence and possible scomulation of not just the
parent snticamcer drugs, but slso their metabolites smnd trans-
formstion products (Toolaram et sl 2004; Cesen et al, 20065)

Hmpitsl wistewsters sfe & major source of snticancer drugs.
Usually these waters ane not treated at source, but are discharged
directly into the sewerage system, finally arriving at 2 wastewster
trestment plant (WWTP) (Ferk et sl 2009: Verliochi et sl 2012:
Thang et al, 2013; Cesen et al, 2015) In addition, wiban waste-
waters. receive a substantial contribution of excreted anticancer
s 28 thoe reul ¢ of enstpati ent tre stment (Ferra ndo- Climent et al
2003 ) Studies revesl that conventional trestments do not schieve
high removal efficiencies lor these wihich are in many
chses resistant b0 biodegradastion (Fhang ot Al 2003; Fermando-
Climeant &t al, 2004 Matin &t s, 2004: Ories snd Pemradin
2iv14) Thas, the likelilood of pharmaceuticals and their red dues
remaining sctive slter relesse from WWTPs, and resching surfsce
watersis high (Rowney et sl 2009; Besse ot 8l 200 2; Johnson et al_,
2013)L

The sims of this study were to evaluste. in two sampling cam-
paigns, the ocourence of twenty-two selected anticancer drug
residues incluling their metabolites and transformation products
(from this point onwards collecively named 5 TPL) in hospital
ellluents (& Slovenisn oncological clinic and & Spanish general
hoapital) and rendcipal WWTP influents and effluents from the
same two countries that differ in tenms of water resounces, WWTP
technalogy amnd water reuse Mofeover, to investigate the rels-
tionshi phetween the ocourrence of anticancer drugs in wastewster
samples and their possible bologicsl and ecological elfects, a
it spe cies. tmicologicsl evalustion wa performed on some in-
dicators, Ibllowed by a correlation snahsis. Chemical duracteri-
sation was perfformed using chromatography coupled to mass
apectiometry (GC-MS and LC-MSMSL while the tosdcologicsl
evalustion was performed using the lollowing test systems.: soute
amd chronic aquatic toxicity tests in the cristscesn Cenadophnia
dubia a very sensitive primary consumer of the fredvwater aquatic
chaing i cromec] eus (MIN) 2348y8 in Tradescanti s snd Allium cepa a2
representatives of higher plants snd an in vitro cytonsicity testand
& comet asay o genotoic ty wsing zebea fish | Dando rerdo) live r el
lime (ZFL cells) 45 & model lbr vertebrated Thede hioindicstors are
extendively used to investigate the whole tmicity of chemicals in
the environment Thede organd sms are sendtive to 2 wide range of
Apiistic contamnants. snd allow to sddres the biological efects of
chemicals on di ferent ongani zational stractres.

2. Materiak amd methods
21 Chemicak and standoards

The lallowing compounds were determined in the wastewater
samples: cisplatin (ds-Pt. & totsl Pt S-luorowracil (5-FU, CAS 51-
21-8), eyclophosphamide (OP, CAS 50-18-0) ifefamide (IF, CAS
3778-73-2), keto-cyclophaphamide (keto-CP, CAS 27046-19-1), 2-
dechioroethylifoilamide or N-dech oroethyicycl ophosphami de (N-
dechOP, CAS 3676 1-83-8), carbosy-cycl ophospha mi de | carbmoy-CP,
CAS 27788 18-7), capecitabine (CAF, CAS 154351-50-9), doxon-
bicin (DO, CAS 23214-82-8), erotinib (ERL CAS 183321-74-6)
etapodide (ETP. CAS 33419-42-0), gemacitabine (GEM, CAS 95058-
81-4), imatinib mesylste (IMA, CAS 220127-57-1), irinatecan (IR,
CAS 97582-44-5) methotrexate (MET, CAS 59-05-2) hydrox-
ymethmreate (OH-MET, CAS 5939-37-T) paditaxel (PAC, CAS
3524, 6o )-hydroxypaciitoe] (0H-PAC, CAS 153212-75-D)
tamosxilen (TAM, CAS 10540-29-1) endmifen or d4-hydroxy-N-
desmethyi-tamaxifen (OH-D-TAM, CAS 11200-28-4L (Z)-4-
hydroytamosdfen (OH-TAM, CAS 68047-06-3) and temaozal omide
(TMZ CAS 85622-93-1) Limits of detection (LOD) and quantifica-
i (O] &re shown in Table 1

211 Cpclophosphamide, ibsfimide and their TPs

Cydophodphamide (99%) and IF (99%) were purchaied from
Sigima Aldridy (Hong Kong Chins) Carbety-OP, 4-keta-OP N-decl-
P and deutersted cyclophodphamide (OP-dg; CAS 951173-63-0)
e s e rnal stamdard for OF and IF2nahys were obtained from
Kiomech - IIT GmbH (Bielefeld, Germany) The deutersted
ibuprafen (B-d;, CAS 121662-14-4) obtained fram CDN 1
(Quebec Cansda) was used &5 internal standard for the anabysis of
TPa The derivatizing sgent trifluoroscetic snhydride (TFAA, 99%)
was purchased fom Fuka (Budhs, Switzedland) and N-(En-
bastykdimethyls lyl=N-methyltrilluorosce tamide  with 1% ten-
bty idimethylchloroslene (MTESTFA with 1% TEDMCS, O5%) was
perchased from Sigma Aldr ch (Steinheim, Germamy) All solvents
were of analytical grade purity.

212, Fluornouradl

Fluarowracil (CAS 51-21-8; »99%) was obtsined from Sigma-
Aldrich (5t Lows, MO USA) lnternsl standard S-Fl-dg (CAS
90344-84-6; 98%) was purchased from LGC Standards GmbH
(Wiedel, Germany ) while 5-Ohlormeracil (5-0U, CAS 1820- 81-1; 98)
wad oltained from Toronto Research Chemicals Inc (Toronto,
Ontario, Cansda) The sgent used for derivatiza tion, MTBSTFA was.
jpwrchased From Acras Organics (Geel, Belgiem) All solvents were of

analyticasl grade purity.

213 Pt

Merdk stodk Pt solution (1000 pg Pt mL~" in 8% hydrochlonic
acid; HOl) was diluted daily with water for the preparation of Fesh
calibration standsrd solutions that were used lor the determinstion
of the total comeentrations of Prin the samples All chemicals were
of analytical resgent grade and scids of suprapune quality (Merck,
Darmatsdt, Germanyl All water used was of ultrapure quality
(182 MO om Direct-d) 5 Ultapure water system, Millipore
Waterinwn, MA_USA)L

204, Multi-targer analysis of 15 antoner drugs and T
Capecitabine, DOX hydrochionide, OH-D-TAM, ERL hydrochibo-
ride, ETP, GEM lydrochloride, IR lydrodonide wilydrate OH-
MET, OH-PAC, OH-TAM, IMA mesylate, MET, TAM citrate and TMZ
were obtained from Santa Crur Botechnology (Heidelberg Ger-
many) and PAC wis supplied by Aldrich (Milwaukes, WI, UISA) st
the highest svailsble purty (»99%) The isotopically labeled
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Table 1
o sasbstan o analyzed in qpies: (1 Broem Buoaipiea ], WEWWTP Enflmens, Wile VW TP effime ) ol r e B of disne csio (LCEV) and g Blcation
(LOg}
[—— [rra—r— L (ng/L} LG (ng /L)
We HJWi We HJWi
SR fr— [ [ 18 16
P 05 o7 15 50
Carlbooy-0F carbay-Cyclopdapiha mide 3 13 T8 78
o O bepitaiparride 13 13 77 77
DB i o7 08 14 15
ERL wlnzndn 0s 05 kTS 17
EF gaade 12 0 40 &5
GE i o7 o7 33 33
F el amide 43 43 15 15
BAA bevarinds & 54 120 180
= ihnaecan o4 14 12 45
et P e piophiphamite 13 13 44 44
MET e o5 13 12 0
N-decl P T i Hlr o W aade oo 23 0 &7 &7
i L T l-. i
OH-D-TAM endofen of 15 15 50 50
4 oy H-de smer byl G monen
OH-MET Bptroorymea hoareae 13 16 43 52
OH-PAC & ooy packa] 11 11 15 16
OH-TAM 03 o7 11 50
FAC packz ] 12 13 40 44
Fr 1 10 0 0
TAM o e 03 10 T 34
™ne e s ciaride 13 11 53 53

standards eapecitabine-dyy  gemeitsbine -2 C®N; hydrochiaride.
erlotinib-d; hydrochlonide, etoposide-dy, 7-hydnoxymethotrexate-
da,  d-hydrmy-ethyl-tamoxifen-ds.  d-hyednmy-N-desmethyl -
tamailfen-ds, Ga-ydrosypaclitasxel -ds. irnotecan-dy, hydrochio-
ride. methotrexaste-methyl-ds. N-desme thyl-imatinib-da.  pacli-
tasel-ds andd temozalomide-d; were purchaed fom Santa O
Bintechmology.

2.2 Sampling

For the purpase of the present study, ten wastewster samples
were @llected in total, five in Ljubljana (Slovenis) and five in Bar-
celona (Spain) Two types of samples were collected in Janusry
204 in Ljubljana (L) and Barelons (B) namely, hospitsl efluents
(H) 2 wastewast er trestment plant infleents. (Wi) (Table ) The
imenct s mipling campaign, perfonmed in both countries in June 2004,
imduded three sites: H, Wi, amd watewster trestment plant ef-
fheents (We. Table Z) The coding and ampling details are pre-
senbed in Table 2. The Slovenisn hospital wmder investigation i a
medinm-sized specislised oncological dinic with 290 beds, 13000
aslmissions amd 110000 outpatients per year, with 2 lydralic load

Tabde 2

of 50—60 m? jday. The Spanith hoapitsl is 2 large general hospitsi
il ey, camcer tre strment warnd with 850 beds, 41 000 sdmissions
and 465,000 outpatients per year, with a hydraulic losd of 300 m*)
day. Water treatment technalogies receiving watewster from
hodapitals in Slovenia and Spain included mechanicsl and conven-
tional biolog cal trastment with suspended biomass. The Slovenian
wastewater treatment plant is designed lbr 360,000 st on
equivalents (PE) with an sverage loadfinflow of 80,000 m? waste-
weabe r entering the WWTP per day. The sludge retention time i 7
days while the hydraulic retention time i 21 h The sversge
biomass @ncentration in the bologicsl tank & 32 g L. The
Spanih wastewa ter trestment plant is designed for 1, 700000 PE
with an sverage loadfinflow of 234 000 m of wasteva ter enteri ng
the WWTP on a daily basia The shulge retention time i 1520
days while the hydraulic retention time is 8—12 h The sversge
bismas concentrsticn in the Bologial tank is 35408 L% All
collected samples (between 5 and 10 L) were filtered (05 pm glass
fitre filters ) amd frozeni mmedi stel yafer collecti on. Shi pment took
place 2 days aslter sample collection. All samples were received st
final destina tion frozen and were either defrosted and anstyzed or
atared frosen for no longer than 2 months prior to analyss, period

e o v e el iy 53 Sy v SRR B Shovenda andl Spain b Janeary and e 2004,
T Coantry Ty WIS Toptps o o svipliingy. Dure T Fovw
(C} (o o
L-1H Tovwesda Ljebijana Huoagizal [ 16.0,2004 na, L
LW e Ljebijana WWNTE infhat e 2y e purogoesosdl 29.0,3004 140 82,500
[ Toweeda Ljeiijana Huagizal Cak’ 4E30M na, &
LW ovvenia Ljetiana WOWTP anflater 2y e progorsaal 1EI0M 195 55400
L-2We ovvenda Ljetiana WOWTE @ My 24 e progorsaaal 1EI0M b1 55700
B-IH Spain Bamelona Hoagizal Cak” 20,0,3084 124 33
B-1WE Spain Bamelong WOWTE inflares Ty e progortonal 210,0,3084 120 mas
B2H Spain Bam o Hosginal Gab" 1EI0H 231 4
B2 Spain B elod WP infleear -l vl progodhosal 1.EZ0H 40 i A ]
BT Spain B elod WOWTE o Mleenr -l v progodosal J.EZ0H 40 ic A ]
a B available
b S sammpdes ¢ alleced o apg 5 erin Entervals Berveren 5030 and 10230,
l"!l.'p o il ol a app 5 orin Ennervals Berveeen 1200 and 13:00

€ ﬂ:‘t‘lﬂhmﬂﬁm w0l applicabie )
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during which most compownds ane stable (Megreina et 2l 20045
23 Chermical analysis

All the samples were filtered through 045 pm-filters. The
Slovens | sborstory used Sartorius Stedim Bictech, Gottingen, Ger-
many and the Spanish |sborstory used Whatman (Fairfield, Gon-
e cticut, USA) prior to dveimdcal snalyses.

231, Cydophasphamide, fosfomide and TPs

Cydlophoa phamide. IF and keto-0P were extracted from 100 mL
sample with Dads HLE (60 mg 3 of) cantridges (Waters, Mass-
chidetts, USA) Camtridges were conditioned with ethyl scetste,
methamal and water. The sorbent was dried before elution with
ethyl scetate. Carby-0F and N-decl-0F were extracted with 1so-
lute BNV 4 (100 me 3 cc) cartridges. Conditioning and sorbent
drying were performed a3 for OF, IF and keto-OF while 5% scetic
acidfethyl scetate was used for elution. 0P and IF were denvatized
wiith TRAA 2nd TP with MTESTFA with 1% TEDMCS. The detsils are
desoribed ebewhere (Cesen et sl 2005, 20152)

232 Fuorouradl

One hundred millilitre samples were concentrated wing SPE
with kolute ENV 4+ canridges (1 g 6 ml Botsge AB, Uppsals,
Sweden) The canridges were conditioned with 6 mL of methamal,
equilibrated with & mL of deionised water and enfiched with
100 mL of vastewater samples (pH = 6) These were then vacuum-
diriied amd compownds of intere st eluted with 3 x 2 mL of methamal .
The extracts were dried wnder nitrogen and dissalved in 150 uL
ethyl scetate. Dervatization (1h ot 80 °C) was performed
3 L of MTBSTI. All details are descri bed elsswhere (Kosjek et al_
2013)L

233 m

10 mL samples were scidified with 01 mLof HNO, (CAS 7597-
372, Merdk, Darmatadt, Germany ) per W0mL of <ample for total Pr
de termination (Vidmar et 2l 20051

234, Fiteen anficancer dugs and TPs

A previosly published multi-residue method was used for
determination of filteen ssleded cypatatic compoimds and me-
tabolites (Megreirs et sl 2003) In briel.5 mLolsamples scidified to
PH 2 mntsining & mixtwre of the isotopically Labeled stamdands st
100 g L weere filtered amnd preconce ntrated (5 ml) wsng on-line
SPE with an mitomated Symbiodis™ Pico sysem Fom Spark
Hallsnd (Emmen, The Netherands) with PLRP.s (crosiinked
atyrene-divinyl benzene polymer, 10 mm = 2 mm id, 15-25 pm
particle siz &) cartridges

2.4 Imsivusmental amalysi

241, Cydophosphamide, fosfomide and TPs
An HP G890 series (Hewlett-Packard, Waldbron, Germany) gas

chromatograph with 2 single quadrupole mass selective detecior
wiad wsed (Cesen et al 2015, 20162 Separstion wad peformed

wiith two different & programimes, omne for parent com-
poiends and the other for their TPs. The MS vwa s operated in the EI
ionisation mode st 70eV. The presend of i nvestigsted compotnds
in samples was qualitstively and quantitatheely confirmed by
retention time and by selective ion monitoting (SIM made)
desoribed in Cesen et sl (2015, 200641

242, Fuorowradl
An Agilent 450-GC hyphensted with sn ion trap 240- M5 mads
apectrometer wai employed to determine 5-FLL The detsils

regarding instremental conditions are given in Kosjek et ol (20131
The jon trap MS vas opersted in electron impact (E1) o ation
made To anfirm the identity of 5-FU in sctusl water samples the
following oriteris were applied: retention time matching: MSMS
spectrum match and product i on ratios

243 P

The cont ent of cis-Pt in ll the samples anal yeed was detenmined
by messuring totsl Pt using inductively coupled plama mass
spectrometry (Agilent Technologies 7700w 10P-M3, Tokyo, Japan)
The ®8pt jsotape was maonitored. At optimized instrumentsl pa-
rameters, indtnementsl LOD and LOG were 00005 ng Pt mL" and
0.7 g Pt Ll (3 & and 10 of the blanka) The lnasrity of the
signal was confirmed from LOD to 10 pg Pt mL™ " Repestsbility of
the meamurements was »>3% The following 10P-MS aperating pa-
rameters were employed: lbrward power of 1500 W, plasma g
flow of 15.0L min~, carfer gas flow of 0.25 L min™ and a dihetion
g fhow of 092 L min—".

2.44. Fiteen anficancer drugs and TPs

As reparted previously by Negreita et sl (2001 3), on-line SPE was.
cowupled to 2 A000)TRAP hybrid triple qua drspale-linesr jion trap
mads spectrometer equipped with 2 Twrbo lon Spray source
(Applied Biosystems-Sdex, Foster City, Calilbrnda, USA) The mass
spectiometer was operasted in the pamitive jon mode. Data scqui-
sition wad peribrmed in the selected resction monitoring (5RM)
maode Quantification was performed by stable Bowope diletion
method. For poditive confirmation of the presence of 4 compownd
ina wmple, the LC retention of the compand in the sample must
match that of the standand with 2 margin of + 2% and its SRM1]
SEMZ ratio cannot deviate by > 20-50% (depending on the SEM1[
SRMZ value) from the ratio in the standsrd (Council of the
Evropesn Comminities, 202

2.5 Towddty rests

251, Acule and chronic taxicity in Geriodaphria dubia

The C. dubio scute tosidty test was performed on oo bes
Thatehed From ephd ppia (MicroBi oTest) sfter 3—4 days of i noubation
widder a light soure of GO0 lux 5t 25 + 1 °C in synthetic 50 me-
diwm (hardness of 250 mg L' expresed a5 CadDs) scoonding to
EPA-50-4-00 proedune (U5 FPA, 1203) At lamt o ssmple di-
lutions were prepared starting from esch raw ssmple in thres
replicates. Ten organisms were exposed lor 24h © 10 mL of sample
dliluiti ons_ Organ s were incubated in the dark st 25 °C in mul-
tiwell plates. The dihion causing S0% lethality after 24h was
imdicated a8 LCS0.

The . dubda populstion grow thinhibition test (150 20665 2008)
was peribrmed over 7 days on nedonates (less than 24h old) of at
lexst the third generastion of females coming from 2 healthy mass
sl e (3 tarting organisms were punchased lrom Aquastic Researdh
Organismas, Inc. Hampton, NH, USA) Organisms were individuslly
exposed in glass beakers with 25 mL of sample (ten replicates for
each sample dilutions). Dnboth, sowte snd chiomic tests, the lighest
i it cory el = O (v jw) o thee v damiple, on sccownt of the 10% of
test medium, which is required for a sufficie ntly hi gh concentration
of dissoled oxygen and, in case of chronic test, bod supply. Bes-
kers with daphnids were incubsted st 25 °C with 2 1638 h light:
dark cycle (600 ho) Daily, at the renewsl time, the offspring pro-
duced by each parent organism, was oounted and removed (stan-
imeg From the lmerth day of exposwre] The organims were led daily
on 200 pLof an YT falgse (11 suspension. YOT is & mix of S gL
each of food fsh, Saccharamyces cerevisior amd Alfsifa (Mediogo
sativa) The algal cellk were from oultwres of Preudokdinchnenalla
subeapitata (108 cells mL-") The reproductive mutput of females
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exped to the samples was compared to that of the negative
control to caloulate the dilution sbde to determine the median

reproduction inhibition efect in 7 dxys (ECS0)

Twoinde pendent expeiments wene perfrmed for eachsample.
Computations of EC50 values were perfarmed by e stimating the
nuwmber of offspring from esch sample by negstive binomial
regresion with a log link EC50values were thencompited 1 Inf2)
divided by the slope parameter. Mo Observed Effect Concentration
(MOEC) or each wastewster sample was determined based on the
regresion equati on by cal culsting the dode that corresponds to the
lwer 95% confidende limit of the numbe r of offspring inthe control
sample.

252 Micronudews [ MN) assay with Tradesmniia

Tradescantia BN [ Trad MN) assays were performed sccording to
the protoml of Ma et 4l (1994) with clome #4430. Per @moents s-
tion, 15 cuttings were exposed to the water samples for 24h fal -
lowed by a 24h remvery time Afer the testment the
indflaresce mees, were fboed in & mix of ethanol/scetic scid (3:1) lbr
2dh and stored in 70% ethanol Per experimentsl point. tetrad
preparations of at least five buds were made and stained with 2%
soebocarird e (Sigma St Lowls, USA) 1500 early phise betrads were
aoored in esch experimentsl growp. Tap water was used a3 a
negative control. Maleic hydrazide (MH, Sigma St Lowis, USA)
{20 mg L") was used in sl experimentsl seriss 5 3 positive cof-
tral. The results were snalyzed by generalized linesr model with
Paissoncounts and a log link. Comparisons to meg stive contral were
dione by simple @ntrass and p-vahees were corected sccording to
Baonderroni-Holm: p-vahues <005 were considensd x5 significant

253 Micronudews asay in Alium cepa

Allium MN manys were performed socording to the dtandsnd
protoam] pubdished by Ma et 2l (1995 Young onion bulbs (dism-
eter 12—-21 mim, Schieeball Weiis, Austroaaat, Vienns, Austria)
were placed in 13 mL glass tubes filled with tap water in the dark
ffor 2ah. Subsequently, the roots (length = 1 om) were expaed to
test samples and their dilutions in the dark for 24h and then
transferred to fresh tap water for an sdditional 24h. At the end of
the recovery period. the roots were fixed in 2 mix of ethanol and
glacial sceticacid (3:1) for 24hand stored in 708 et hanal_ Tap water
wid el in &l esperi ments 25 2 negative control. Maleic hydrazide
(MH) 10 mg L™ was used in sl experimental series x5 a positive
control

Micronuclei were scored scoording bo the criteria described by
Ma et sl (1995) wsing X scetocarmine for staining. For easch
experimental paint, the MN frequencies were determined in five
plants From each bulb, two slides were made snd 500 cells were
evalusied per slide (S000 celks per dose) alter staining. Further-
mure, also the mitotic indices. (M) were determined in 1000 eils
{100 el 4froot) per experimentsl point The results we re analyzed
by & generalized linear model with Poision @unts and 2 log link
Compariions to negathne contral were done by simple contrasts and
p-values were comreded sccording to Bonferrond-Holm; p-values
< 05 were mmsidersd a5 significant.

254 Inviro mmet asay in rebrafich (Danio rerio ) liver cell line
The zebrafish (Danio rerio) liver cell line (ZFL) is derived from
aidult zebrafish (Choih ot sl 1994) and was obtsined fom the
American Type Culture Coll ection (ATOC number: CRL-2634) Cells
were cultured under a humidified air stmoplere 5t 28 °C in 2
mediem contsinng S0% Lei bovitz L- 15 (ATTC), 355 DMEM (Gibeo),
and 15% Ham F-12 (Gibco) supplementsd with 15 mM HEPES
{Invitrogen, Paisley, K], 015 gL~ * NaHCO3, 0,01 mgmL-? insulin,
50 g mL ™" epidermal growth [otor (BGF: Invitogen, Paidey, UKL
0% pend cillinfstreptommpcin, and 5% hest insctivated fetsl bovine

serum (FES; ATTCL

Priar to the genotoxicity testing the cytotosd city of the asmples
wal determined with the MTS [CellTier 96%AQuems Non-
Radioactive Cell Proliferation Asiay (Promega, USA) acording to
the manulsctrers” protocal. To ensure sterile conditi ons. the sam-
ples were filtered through 022 pm-filters (Corning Costar Conpo-
ration, Corning MY, USAL ZFL ells (8000 cellafwell) were seaded
iny 96-well microtiter plates (Menc, Naperlle, IL USA) amd
imubated 24 h 2t 28 °C to asttsch. The growth medium was then
replaced by fresh medium contsining @ 10, 20 and 30 viv % of the
sample and incubsted for a Rerther T2h Sulsequently, the MTS/
PMS mixture was sdded to each well and incubsted st 28 °C for
sdlditional 3h The optical dendsity (0D) wis mexired st 490 nm
with a microplate spectrofluorimeter (Synergy MX. BioTelk,
Winooski, USA)L Cell viability was determined by oompaning
abvaorbamce values of control cells wit habaorbance values of trested
e ls_ Thee: i abiliity ws mexsured in three independent experiments
with five replicates per trestment paint. Bropaside (1 pg mL—") was
used a3 & positive contral. The statistical significance betwesn
trested groups and the control was determined with one-way
ANOVA lbllowed by Dunnett's multiple comparson test amd
P o= 05w considered a3 statistically = gni fhcant.

For the comet sy ZFL cells (50,000 cellfwell) were seeded
intn 12-well microtite r plstes | Corning Costar Corpor stion, Comming,
WY, USA) and were incubsted st 28 °C for 24h to sttsch. The growth
medium wis then replaced with Fesh meadivm contsining non-
cyitmic oomcentrations of the mples and incubsted for 72 h st
28°C_ Atthe emd of the ex posure. the cometasay wis performed a3
describad by Tice et sl (2000) with minor modifications St
et al, 2011) The dides were stained with ethidium bromide
(5 mg ml~') amnd images of 50 randomly selected nuclel per
experimentsl point were analyzed with image snalisis sofware
Comet Assay IV (Pereptive Instruments, 1K) The results werne
obtsined from three independent experiments. Benzo|a)pyrens
(BaP: 50 pM) and etoposide (ETP: 100 ng mL-Y) were used a3
posithve contrals. Statistical significance between the control and
the trested groups was determined by ome-way analysis of vani ance
[ANOVA: Knskal-wallis) and Dunnett's rmltiple comparson lbr
multiple comparon versus the control DNA damage was
expressed a5 percentages of tail DNA_

28 Analysi of the relatiom hip between @nceniration af
chemimls and em-tovid tylrens toicity data

For the statistical anabyss only those substances that were
deteded in at lexst 7 of the 10 samples were included. This was the
case lor OF, ERL MET, OH-TAM, Pt and TAM_

Mo correlation analyses were performed with the data from
Allim MN 2@y . onsitently negative results were obtained
wilth this model.

The come ntrati on-response functions lor the C dubia seute and
chronic toscity asxs were used to aleulsie the 10, 20, 30, and
D wastewater responses to matc the concentr stions applied in
the ZFL comet a5y and in the Tradescantia MN 2sns. Results of
the chemical snalysis were used to caladste the concentr stions. of
chemot erapeutics and TP in the dilted wamples. IF the dilution
woukl result in a concentration bess than haifl the LOD, the data
were amitted. Speanman correlation coefficients were compated
for data from the C. dubia dhronic and soute tosdcity tests and the
ZFL comet assay and Tradescantia MN assay.

To explore the posible effects of 2 mibitwre of substanoes pre-
dent in waitewater samples, the data were ssested by multivan ste
atepwise linear regresdon of the toicity test results using the log
conoentrations. of the seleaed mmpomnds. As pvalue for inc us on
5% was choten and for removal a p-value of 108
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Table 3

oo sara ion (average + S0 of dues re picanes inng L) of analyzed anticances dnags, e taboliee e el diams din gpies B S howesia

el S [ Janmany and Juse 2004} Confidens Brars ane bn parestheues,
Sulemanse (mg L} LM L-1'E L-2H L% L-2'e B1H B-1wWi BE-IH BTN E-2We
[ a IE i d 3T+ 3 5T 48 Pal E-Ta 4] - la ] Pl a] 210} =10 -l
OF 1D 4 X0 3T+ 7T ITN00 4 300 1943 1T+ & = | Bl 15 i la 1) o Tan o]
= 48 4 10 AL <Ly o T ) AN - la ] Pl ] <Ly =L <AL
K- CF I+ d PRl 1340 4 10 =L =T ] = e} P a1 ] =100y LR <AL
N-dac)- OF 347 + 58 PRl S50 4 100 =L =T ] = e} P a1 ] =100y LR <AL
Ca sy OF 17700 4 400 AL T B0 4 1000 =L -l ] - Ta 1] Eala ] < LW = LN AL
L= 1) B9 410 31 404 =L} =L -l ] 21403 Palaa] < LW 354+ 0% AR
GEM AL Bl4l < LW =L -l ] - Ta 1] Eala ] < LW = LN AL
M 1943 W4+ 5 3500 4. 70 i S | -l ] a7 943 < LW 334+ 13 AL
H-MET AL 38 4 35 450 4+ 49 =L -l ] - Ta 1] Eala ] < LN LN AL
] 52424 454 10 B T4 ) <L BT <L <L B T4 ) <L <L
ERL 40 402 81422 o400 35404 35 +03 55403 TE4+ 08 24+ 00 el 402 33 4+00
CAF LT L 106 46 158+ 13 L[] L=l Pl o« LN LR LT
H-D-TAM LT B+ 25 o« LN L L[] el T5+8 o« LN LR 4+ d
H-TAM -l 354 14 (o] 2l T - la ] T.T4+ 08 L0y =10 -l
TAM -l Bels 13 (o] 1141 TA 204 - la ] 1544 Tad + 01 BT 4 a0 o]

TN, DX, PAC and OH-PAC am 5od shoven in tle ralde sinoe they W < LMD B0 all samnples.
I A anedl ETF, modd e sinoe Doty vnere deteoed only bn L- T and L-2H, sapaiely, abovwe LOD Bt B LG,

T b il ot of mlhe Sbeiia oo ane v im Tabde 0,
* For codies of te samphe sles see Tabde 7.

b Chupilain and al enetabodites veene o LOD, them e only odal plaieen ¢ oncenirations Jm gven,

Dawring sl laboratory work, safety precamions, using personal
pratective equipment, were taken and proper disposal procedures
Tor hazardous wastes were ol owed_

3. Results and disou sion
RI. Resulrs of chemical amalysis

Tabde 3 shows concentrations of anslyzed anticancer drugs,
metabolites or transformation detected in waitewster
samples from Slovenia and Spain. Even though it is difficult, il not
impossible. to compare both hospit sl and WWTPs since they difler
in size and sppliction of tested compounds (Table 2L we atill
moticed that concentrations. of the mexured compounds were in
genersl higher in Slovenian than in Spanish wastewaters in bath
campaigns and st 2l sampling points When examining results for
Slovene waitewsters, we notice 3 decrease of the totsl conce ntra-
s of the studied compoends in the ol owing order H > Wi = We,
while in Spain. levels were generally similsr in &l thres matnces

Liwi LW

1poedi

100

in

i
LiH L2H

:

Cytostatic d ~ug coencentrations [nigfL]

L B BiH B2H

(Fig- 1)1 Higher level of total comnentrations in Skovens hospiesl
wadtewster, when @mpared to WWTP samples, were expected
siine hospital v stewa ter. w hich was coll ected From an oncologicsl
ward, repredents ondy 007X of the total losd at the

WWTP(Fig. 1 L On the contrary, Spand sh samples were collecied ata
genersl hospital which i approcimately 4-times bigger and in-
cludes bedides cancer trestment ward abo other wards diluting
anticancer drug concentrations; sccordingly the differences be-
tween the detected concentrations. of anahgesin hospital elffhwents
and WWTP influents were less significant.

There wai no Sysematic difference between detected comncen-
trations of anaslytes in samples colleded in Janusry snd June in
Ljubljans, Slovenis This sgrees with the Faot that hospital WW was.
sampled st the colledion basin and that flow st the comes ponding
WWTP was similar at both ssmpling campaigns (Table 2) On the
contrary, we did find some diference; between the two wampling
campaignd in the 5 panith samples wihere, with the exce pion of 5-
FU &l TAM, the levels of drugs were lower in summer in both the
hoapitsl snd the WWTPinfluent samples despite the lows being in

B AWl EIWl Z2We

Lampling site

Fig 1. Oyt oo s coer
colliecmed i Ljabdiang Dowenis and B Barcelona, 5pais].

s variies wane s sample s (amsany: Black Bass, Jase: grey e, H: Bospital vwasiowane £ Wi: WWTF inflee ar; and Wi | WWTF e, L0
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the same range (Table 2) This might be sttributed to a higher
degradation sctivity in summer becaise of the effect of the tem-
et stiste (12—18 °C in winter v Z3—24°C)

OF andl IF share similar chemical strugures and both sot a3
slyating cytostatic agents. Regardless, OF was deteced in all
Slevvene samples and in two Spanish samples (B-1H and B-1Wi)
sampled in Janusry, while IF was above LOD only in Slovene his-
jpital sample (L-1H ) This agrees with the lsct that OP is sdrdnis-
tered more often than IF due to leds severe side elfects slter being
asdministered (Cesen o al. 20152) (P, and especially its TPs, were
also major contributors to the total losd of anticance r drugs in the
Sleniend an hospital effheent (Fig 2] For example, the sample taken
in June st Slovens hodpitsl (L-2H) contained the highet conten-
tration of CF smong sll anslyzed parent compaends | 220 pg L")
This level was approximately 20-times higher than the one re-
pomed in the wmple tsken in Janusry st the same locstion
(108 pg L") 1t is difficult to provide an explanstion for this dif-
lerence since many fsctors can affect the amount of 2 certsin
cormpownd, lbr example hoapitsl wa ter consumption at the time of
sampling. sampling method (grab sampling or time [flow propor-
tional sampling)l. time of Wmpling number of hopitalized pa-
tients, number of patients reciving chemothera py with OF and the
pharmacokinetics of these pa tients.

The most shundant TP/metabalite in this sudy wes a OPF TR,
namely earboxy-0F in L-2H (506 pg L") Moreover, the concen-
trations of all OF TPs were higher in the hospital sample taken in
June (L-2H) and correspomd to 2 higher OF concentration in the
same sample if compared to the sample taken in Janusry (L-1H)L
Regardleis, the ratis between the measuraed concentrations of O
anil its TPs are not comparable in asmpiles from both campaigns
The reason for this disarepancy could also be the varying phar-
macokinetics of patients reciving the therapy 5t the time of sam-
pling 23 il targeted TPa are ako known heman me tabalites, | Cesen
et al. 20162) With the exception of OF. all the samples taken from
WWTPs in Ljubljana and Barcelons ontsined other OF and IF

Cykostatic drug contributions |%5]

FIH CBH O FIWE 20D L-Zae
Sampling site

Fg. 1 Eelarie

¥ of mal

s claness | canr v y-0P, keto-OP amd N-decl-0F) « LD, The rexon is
mixst likely the dilution of hospital wastewster in the vastewater
that enters the WWTP. In addition, smong sl the detected com-
pounds in WWTP efffuents (OP, ERL TAM and OH-D-TAM). OF was
the most sbundant (17 ng L' in L-2We samplel Generslly, O
dosminsted in all Slovens wmples including its metabalites in
lhioapitsl wastewsters, while in Spanish samples, the predominant
compownds were MET, ERL and TAM without a clear pattern
observed for eady matris

CAP. which s 2 prodrug of 5-FU, was lound st concentrations
abavve 100 g L~ in the Sloveni an hopital and wastewster influsnt
samples L-2H and L-2Wi respectively, while 5-FU was either not
deteaad or detoted 5t coosniiaton in the low ng L= range_This
s pected finding might be explained by the higher biodegrsd-
ability of 5-FU compared to CAP. In addition, the global trend is
towards the presaiption of CAP over 5-FU sine CAP sllows oral
aclmiind stration and has less severe gide-effects, while 5-FU is sl
intrave nmusly administered (Kojek et al, 20031

Totsl plstinum was detected in higher conentrations in all
samples from Slovenis compared to Spain. The highest @noentra-
tiond of total platinem were detecied in Slovens hodpital waste-
wnter (L-1H amd L-ZH), where a slightly higher concentration was
reparted for the sample taken in June (352 ng L") than in January
(226 ng L~ 1) (Tabide 3

Between all tested @mpoends, only ERL wa s detected in sl the
teated samples. In 2l cases, FRL comentrstions were [ower in the
Thoapi tal W than in the correspomnding WWTP influe nts and ef-
Muents. Ome reason could be that sowrces other than hospitsls
contribute towards the inpas of B Lin waitewster, i 2_ out-patients
wiho receive chemotherapy at the hospitsl, b excrete
residues wWa wine at home. Another explanstion is that the dilfer-
ence derhves from different wmpling spprosches. Hmpital waste-
waters were representative of a shon time interval (1h, Table Z)
while time-proportional sampling was performed at the comre-
apeirflineg WWTPs (Table 2)
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In contrast to ERL, severasl other targeted snalytes within this
atudy showed conEntrations in the hxpital wastewater slways
i ghoe v thesin i e coviess peisiucdil neg WWPWTP influent. iLe_ Pe. IF and the
aliresdy mentioned OF res dies. Overall, 11 owt of the 16 compoends.
detected were &t least in one occasion in higher @noentr ations in §
the WWTP infhwent than in the corresponding hospitsl effluent
{Table 3 Whille for 5-FU, GEM, MET, IR, TAM and especisily CAP
the expl anation can be the ame a3 for ERL, the TP namely OH-MET,
ookl be present in higher concentrations in WWTP influent than
in hospital efuent due to their transformation from the parent
compownds on their way from the hopital © the WWTP (eg. hy- E
dralyis, biodegradastion; Kosjek and Hesth, 2001; Kosjek et al_
20015 Simmil arly, OH-D-TAM wis detected st higher concentrat on
im the efflwent than in the influent of the Spanidh WWTP in June,
modt likely due to (bio prandormation from TAM during waste-
water trestment via benzene hydroylstion amd N-demetiylation,
since they anre common resction pathways. (Kein et 2l 2017) Be- E
sides OH-D-TAM and ERL also OP and TAM were detected in
Slovens WWTP eflfuent st second sampling campaign st concen-
trations 17 ng L' and 71 ng L, respectively (Table 31 Their
callculste d removal (8.5% for OP and 35.5% for TAM ) was expected x5
these @mmpoemds are known o be poodly biode grsdsble during the g
conventionsl biological trestment (Cesen et 2l 20151 On the 2
contrary, seversl compoumnds were remived during wastewster
trestment and their ooncentrations were <LDD in the WWTP
ellluent, while they were detected in WWTP influents in June in
Slovens samples, i P, MET, CAP and, swrprisingly. TAM in Spanish
samples dince this compownd i known to be poorly biodegr adabile
(Table 3) Based on the results of this study and others like that
conducted by Negreira et al (20042), we can conchude that the
compownds OF, ERL TAM and OH-D-TAM are amang the most

L7 [BA=193}
B3

1559 (10.2-273)

[

1.4 (10=21}

ol

B0 [(584-E35] TI.5(709-34.1} 2189 (25.3-320] 519 [47.1=585}

TOE=114] S&640-35) 3152560}
4

BE1H
=100
3]

reraldtrant snd their ooosience in wiste wsters snd sufsce waters § g E-
should be studied funther s well 2 their potential to be degraded =20
Iy &l terna tive trestment processes like advanced oida tion process. &
B
3.2 Resuls of today tess 1 I
=
321, Acube and chronic toxdcity in Cerindaphnia dubia E ; “ 3

Wihen anticancer dngs were tested a5 singlle compounds, they
imdweed acute toxic effects in daphnids st @ncentrations in the
order of mg L7 (Parells et sl 20042) These bevels were mudh
T ghoer ¢ han thode lownd by chemical snabyss in the present study
(Table 3) where the concentrations of the anticance r reddues were
generally in the range of ng L~ Only the @ncentrstions of 0P amd
it TP were in the arder of g L in Slovend sn hospitsl wastews-
ters (L-1H and L-2H) sithough OF ocourrence is not of pantioular
concern &8 it induced soue tosdcity in daphnids at @ocentrations
of g L' (Sanderson et sl 2003) Of the wastevaters examined,
thres aamples (L-2H, L-2We and B-1H) did not induce soute effea
in C dubia, wihile the LCS0 valwes of other samples ranged rom 28.9
to T75% (v/v) of the raw sample (Table 41

The effects of the bested samples on the re producti on of C. dubda
alter 7-day chronic expaure were olserved at one-two onders of
magnitude higher dilizions than acge toxdcity. The most pro-
nounced long-term toxic effect was observed for B-2H. with a
median inhibition of reproduction at L4% (vjv) of the raw sample
aimd & NOEC vahie equal © 01%(vjv) According to Table Sand Fig 2,
B-2H tmcicity omild be due to the presence of TAM, ERL and to &
lesser degree to Pt compounds. Indeed, tamosdlfen is able to cause
chranic wadcity in C, dubia st ng L~ (DellsGreca ot sl 2007) and Pr
compownds (eg Cisplating and kinase inhibitors (eg Edotinib or
Imatinib) can inhibit daphnid reproduction st pg L (Besse et sl
2012; Parrells et sl 2004a) On the other hand, acmdding to
Parrells et sl (2004b), when Pt compownds snd nade inhibitos
are in mboures, they can have additive or synergistic effects in
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. dubds causing the same effea on reproduction st much lower
concentrations than each compownd individuslly tested_ Since the
aaimee anticancer drgd were found sbko in the other samples, the
observed chronic tosdcity cmild ef ther be due to synergistic effects
of these compminds in mixtwres o to the presence of other active
corponds not identifed in this s tudy that might contribute © the
overall tosddty of the smples

322 Micronudews asay with Tradesmniia and Allium cepa
Tradescantia MM assxy results for June aamples are presented in
Fig 3.1t can be seen that positive resuls were obtsined with un-
diluted samples from the Slovenian oncological clinic (L-2ZH) the
coresponding inflent from the WWTP (L-2Wi) and from the
Spanish B-2Wi. In the Alliwm MN asxy no significant increse of
MHN lrequencies or decrease of mitotic indices were detected
(Fig 51 of supplementarny materiald ESIL In previous e per ments
wilth Tradescantia MN asaxys, the NOEC valwes were for OF L0 pM
{279 pg L") for Pt compounds @1 pM (30 g L") and for 5-FU
30 uM (3.9 mg L") (Miik et sl 2014), wiich are several onders
lhigher than the concentrati on deter mined in the poitive samples
To our knowledge. mo data s sailsble concerning the effects of
MET, ERL andl CAP that were sko detecied in the positive samples,
in higher plants & i unlikely that at low doses, which were
deteaed in the wastewster samples, theie residues of anticancer
dregs imduced genotmic effect. However, previous invest gations
with Tradescantia demdonatrasted that cemsin genotmic sgents st
aymeergd st cally (Gill and Samdhu, 1992; Knasmmseller et &l 1992; Ma
et al. 1992 Hemoe it canmot be exchuded that such an elfect (ie
aymergiam) sko scomints for the present findings. Nevertheless
wastewater efluents that are finally relessed into surfsce water
were not genobtoxic and therefore it s unlikely that they represent
significant threat for higher plants

323 Inviro mmet asay in rebrafich (Danio rerio ) liver cell line
None of the tetled watewster samples st 10, 20, 30% vjv
significantly redured the viability of ZFRL cells (Fig 52) Therefore,
the comet xaxy vwas performed at the same sample dilions All
samples caused significant dose dependent incresse in DNA dam-
age except L-2We (Fig. 4) The mot potent wis the sample of
oncalogical clinic wastewater collected in June (L-2H) that induced
the highest increxe in DNA damage and it was the only sample
imuchocing significant inorexse in DNA damage st the lowest bested
concentration. The sample L-2H had the highest burden with the
redicuwes, of anticancer drugs (Fig. 1) and shiwed the highest gen-
obmic potentisl sko in Tradescantia MN xaxy (Fig 3) The cofre-
aparuding WWTP influent (L-2Wi ) exerted much lower genotmic
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potential and the corresponding efuent (L-2We) Wik not gemno-
tod cimdicating removal or ina di vation of genotnsd o poll wtants._ The
samples from Spain had simdlsr potentisl regardiess of aampling
[poiint. The genotwod city of Janiary samples was higher than of June
samples (Fig. 4] The genotaxic potential of B-2We was comparable
to that of the comesponding influent (B-2Wi) Previoasly, it has
e s humwen that wnder the same exposure condit ions 28 used in the
present study in ZFL cells, 5-FU and Pt induced 4gnificant inoamse
in DR damage st concentrations > 10 amd 100 pg L7, nespedively
(Gajiki et 4 2015, while OP and IF were inasctive st concentrations
up o 1 mg L~ (personal M. Novalk, 16, 7. 2016). These @noentra-
tiond are several arders higher than the concentrati ons dete ded in
the samples from the present study. However, potentisl threst for
ijiLsti c ofg aniums canmnot be excluded because_ based an the results
of in vilvo genotosd dty a4 it is not poddble quantitatively pre-
dict hazard for expsed organdsms.

33 Correlation between chemical and toxicological charorteristics
of the samples

The results of correl stion analysis are shown in Tables 5 and 6. In
Table 5 the conentrations of chemial in wastewaster wamples
weere @irelsted bo esch toxd city fgenotaicity test. whilein Table s
atandardized regression coefficients and p-values as well a3
adjusted multiple correlstion coelficients were reported (p-vahes
weere: 5% for inclision and 10% for removal)] Neverthel ess, becmse
of the restricted number of wsmples & more @mprehengve
miltivan ste anabyss incluling interaction terms was not poddble

The results of C chibia seite tosd dity tests conrelsted significantly
only with the concentrations of ERL (the higher the oomnoe ntration,
the kower the survivall which is also the only chemical that was
significant in the stpwise regression snabyss (Tables 5 and 6) Ad
reparted in different studies, many anticancer drugs belonging to
the tyrosine kinase inhibitor Gmily, 2 ERL are sble to allect the
crstscesn sundval st high concentrations (mg L~ or hundreds of
uE I._‘] (Constantine and Huggett, 2000; Parrells et &, 2004a;
Franguet-Griell et sl 2015) Nevertheless, wien these chemicals
are in mist ures. with other anti cancer dnigs such & Pt compotnds
sl antimetabalites, they are shle to case sdditive or synergistic
toxdc effects st lower concentrations (Parrells et sl 2014b) This
phenomenon coukl sko ocour in wastewaters becase organims,
by different pharmacolinetic mechaniams, are sble to absorb,
sccumulste and eliminate drugs. C. dubia reproductive boicity test
resul t5 correlated well with the levels of sl chemicals esxoe pt for OF;
OH-TAM pi ched tp by stepwise regresson s the anly inde pendent
predictor [Table 51 Borgatts et sl (2015) showed that OH-TAM

]
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Fig 1 Besales of Tea desca enia BB sy with sadibened (4 100K] and with dilesed (B, o 305 of odginal sompde] Boapinl and WWTF weane vl o samples colleaad b use T4
(i samgle codies s Tabde 7). Bars indicare s + S0, obrained with 5 infiorencences por dope el poing Fuoes sach inflrecence, 300 s wese analyzed The mesuls
e amalyTed by ge e ized uear model with Fodssos comrs and a g Beic Comparions o sagatve comorl wisre dose by simple conornes and povales wee comeced ac-
coeing n Boafrmes Holm; ‘pevalnes S005 we e condilionad a5 shgaificans. Tap wene r was ushed 25 egasive cosorn and solvess, B (20 mg L] was wedas posiive cosor (C7].
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imdweed toic effects on non-target squatic apecies x4 the cladoc-  disruptors swch 23 OH-TAM with oestrogen-relsted nuclear re-
eran cnstacean Daphnda pulex in 4 two-generation study starting  ceptors in many organims, incluwling invenebrates (Thomon
frasimi wenits of g L The s suthors hypothesizs thatthe decrame of 212 20091

the daphnids fitness could be due to the interacdon of endodarine In order to better wnderstand the toic potenti sl of the wamples
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Takde 5

Spearmans rank connelation coelfickents of conoeneratiore of chemicaln Bn waine-
arae s eyl vrih resales off mouicing \ge fa cuBciny ez (e of efiecy Endficame in
s o et . pwaless b panentBeoes,

Suburances' O dulia choeac” O delid aose  ZFL cosner T decantia

N
gl logoSprisg  Log viral B Log (&

Fr 050 (200001} -5 (0385} 042 (0022} 072 (L.00E)
o 031 (LES]  OQOE(0720] 028 (0140} 033 (030}
MET 054 (000F]  QIE(0421) 047 (0031} 050 (0208}

ERL 056 (<0001} -035 (D5} 017 (0354) 059 (L5}
OHTAM 062 (=0001} OI0[0570) 020 [0359) 0410314}
TAM —0AS(0.0M4] 005 (0.409) 034 (000} 079 (00T}

* For abbeviaSoss aee Take 1,

b, dubin acete and chenddc WO MesT reselts coenelae BegaSvely and ZFL
coarer and Tradescanta M sy cornelan pocitvely B Bons sing Comde soraions
ame mlared o Eeecrnea ned oty

Tabde &

[ siom o

o log ¢ amecemeration of anS-caneer desgs and

diifferenoes in bmicity of waitewater samples are explained by the
concentration of the substances mexswred. Indeed, evenilMET, ERL
sl TAM were lownd st comcentrations |ower than the other anti-
cancer drugs, they contribaute to the results of stepwise multhvar ate
limea r regression of tmxicity tests. Furthermore, while an sdditi onal
impact could be exerted by an interaction between these sub-
atances, it cnnot be exchided that sulstances in wastewaters not
determimed in this study contribube to these effects. Indeed. in
Spain, Gradslor et al (2012) who mondtored the presence of
several pharmaceuticals (analgesics and anti-inflammatonies, lipid
regulstors, antibiotics) in wiban influent WW and effluent WW
from three different WWTPs found that conventional trestment
processes do not completely remove these persitent micro-
pollitants Furthermaore, in Spanish general hospitsl wastewasters,
different compownds | anslgesics and anti-inflammabnes, antibi-
otics, f-blockers, divretics, iodinsted contrast media) were houmd
(ng-mg L") that pose a risk to aquatic arganisms belonging to
different trophic levels (Mendora et sl 20051 In the Slovenian
indhuent and elfhoent sample, from diferent wadtewster trastment
plants, cther emerging contaminants such & Endodrine Disruptor

Srandamtined coeficie s | Beval) and povames o wiell a5 adjesed sk

codm e coelfichenrs am shown,
Pasay Extalguin Selwrance’ B poabe  adjE”
Cfubia ante  Logh viral ERL —DETS <001 043
Cfubia chevede  logoffpring  OHTAM DS O0M Q3@
T comer Bera MET 08 «Q00] OEE
Todscanda M Log OF TAM 0836 QB 0ES
* For abbeevisons se Take 0.

" Mg coeSiciens oo C, dulin dome and chiosic sy indicaes Bncreasad
Ropuicting v Bnuoyacing come er i, vkile By Trade srans 2 T afich 3 8375 4
i COte B e 1S e 2 R RSy,

investigated, Acute LOSO{Chronic BOS0 (AC) ratios were calculsted
They ranged from 123 (L-2Wi) to 22.9 (L-1Wi) for Slovenian
wxitewsters and Fom 18 (B-2Wi) to 554 (B-2H) for Spanish
aamypiles. Intere atingly, AC ratios were higher than 10§nall in stances
except for Spanish summer Wi and We with 18 and 44 values,
respedively, showing & more evident lethal than chronic effect
withiut a remarkable occurrence of the anticancer dnegs detected
(Tabdes 3 and 4) and fnally suggesting that other wni nvestigated
aubstances might have slfected the obsenved toxc effects. Another
e pected finding was observed in the cxe of the Spanish sum-
mer samplhing char scteri red by an incresde in chronic toxicity from
Wi to We with & corresponding increase in the concentration of
OH-D-TAM (from < LOD in the influent to 144 ng L" in the
effhuent, Table 3)

Imiresse in MN frequencies in Tradescantia corre lsted with Pr.
ERL amd TAM, the |stter wis sko enterad in 2 stepwide regresson
Pt covmypinnd s 2nd kinase inhi bitors can case genotoic effects and
imshece the formation of micranuclei in Tradescantia st @centra-
i in the order from hemsdreds of pg L to mg L. Howeveg in
imibotuwres, anticncer drugs are sble to muse additive or synergistic
effects st low concentrations (ug L") (Parrells et al_ 200 4b; Miik
et sl 2016) Ko et al (2004) showed how in other eulanyotic
madels tamosxifen could enhance erlotinib-indured cotoicity
through down- regulsting AKT-medisted thymidine phosphorylze
ex pression inmrexing the genmtosdcity of the real samples. Similar
el ts were abtsined in the comet ssaxy with ZFL cells, but in this
e, significant comelstions wene obtsined ondy for Pt and MET
wiith MET inchuded in the regresion mode L Pt @vmpmends are shle
o cause DINA strand breals in ZFL aker 24 and 72h stanting from
WD g L Gk et 2l 2005), but it was demonstrated that theus
drigs in mixture with MET can exert in in vilro experimental
madels & moderate synergiam at g L level (Chou et sl 19931

Cormelstion  analyses revesled that only 10-50% of the

Compounds (EDG) including estrone, 17 f-estradiol and estriol
were predent inng L7 levels 23 shown by Avberisk et sl (20030
Thede compounds are sble to slfect organiams (gonadsl abnor-
malities, reproduadive deficiencies, egg and offpring development
deficiencies, and vitellogenin indudion alterstions) at trace con-
centrations (ng L-1) (Campbell =t sl 2006 Midod et sl 2010
Bistan et &, 2011) Bistan et s (2011 ) underine the presemne of
other EDs such & nonylphenals and octylphenok in Slovenian
aurface waters, suggedting that the Slovenian trestment processes
are not efficient in removing persistent endocrine dismupting xe-
nobiotics. from wastewater. This is not swprising since WWTPs are
ot designed to remove micho organic pollutants. Gondidering that
honmomes and relsted anti-hormone, are wed in the endocr ne
anticancer therapy (Besse et sl 2012) and are discharged in the
onctlogical hospitsl watewsters, probably other hormonslly
active drugs could explsin the present findings. The endocrine
disneptors, a3 well x5 other emerging pollutants, s reported by
Kaspreyk-Horderns et s, 2009 amil Schag et sl 2001, soting
through nonsteroid receptors, transoariptionsl cosctivators and
several enzymatic pathways omild represent a risk for different
organiims, wp to be capable of slfecting human popul stion when
these xenobictic are fbund in vwa stewaters, especially when they
represent the main contributors to fver flows invalved in the hu-
man water recycling and reuse Also it should be noted that sc-
cording LINEP (hitp: | wwwiine poeg ipdlfSi clwa ter_scneenpdf) *A
ataggering 80—90 per cent of all wastewster genersted in devel-
oping cmmntries i discharged directly int surface water bodies™.
Similar dats concemning presence of pharmaceutical in these re-
gions are avail sble inwaork ofthe Rehman et sl (2005 and indicate
elevated health risk for human populstion in these sreas In this
context, mer data sbko wnderline imponane of proper wiste water
trestiment procedires

. Conclusions

Hospitsl wastewater can oontain high levels of anticancer drug
residues that vary with the therapewtic regimen. In owr study,
twelve ot of the fiftesn investigsted parent compounds were
present in Slovendan and Spantsh hospitsl snd nonddpal waste.
waters while six on seven TPs have ablo been identified. Inte rest-
ingly. & statistical correlstion between the results of the bmicity
teats andd the dnegs identified was found, so that the sim of this
atdy was reached Nevertheless several umknown compotmds
aurely mibght contribaite to the observed eflects The applied ecaf
genotosdcity tests demonstrated that hospitsl efffuents snd WWTP
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infhuents. and effluents could be harmdul for the aquatic environ-
et st concentrati ons of g L it may be desirable that messured
concentrations & well 23 bmdicityfgenotosd city results shimild be
considered for the emdronmental sk xsessment in order to
emncmurage the environmental agencies to endoroe regulstions that
these emerging pal hetants do not have yet

Sexional fluctustions were observed for hopital watewster
regarding both aame and chronic toicity. However, the tosxdcity
doed ot conrelste with the totsl burden of the ssmples and the
regidues of anticancer drugs indicating that other wnidentified
podlutants contributed to theie differenes Baically, the effluents
T the WWTPS investigated shimild be diluted by more than 90K
o abtsin mo observed bmc effects i shown by NOEC valued

The possible presence of different pollutants in complex mix-
twres makes it difficult to @mprelend the sctusl ecological sk
poded by the targeted compounds Thus, & chemical charscterisa-
tion closely linked toan ecojgenotmicological approach xs wsed in
this study, can lesd to a better wnderstanding of the enviromnmentsl
tosdcfgenotoxic potentisl of xenobdotic mixtured
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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 pg/L and 1 pg/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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respansive genes and oncogenes e, jun, mycs). Although this chronic exposure to enwvi-
ronmentally relevant concentrations of 5-FU did not affed the reproduction of the exposed
mehrafish, it cannot be exduded that 5-FU can lead to depenerative changes, including
cancers, which over long-term exposure of several genemtions might affect fish pap-
ulations. The data from this study contriute to & bether understanding of the potential
consequences of chronic exposure of fish to low @noentations of anti-neoplastic drugs,
and they demonstrate that further studies into ot -penerafion tod city are nesded.

& 2015 Published by Elsevier Ltd.

1. Introduction

Potential risks associated with the release of pharmaceuticals
into the squatic environment are an important issue for
environmental regulators and for the pharmaceutical in-
dustry. Pharmaceuticals predominantly enter the aguatic
environment via the effluent from hospital and wastewater
trestment plants and & landfill leachates, and to a minor
extent in discharge from the pharmaceutical industry. Due to
the ubiquitous presence of pharmaceuticals in the environ-
ment that has arisen from their continual input into the
aquatic compartment, they are considered as ‘pseudo’-
persistent polhitants (Hemmando et al, 2006). The comncentra-
tions of the residues of pharmaceuticals in the emdronment
are relathvely low compared to other pallitants, which has led
to the belief that these compounds have no environmental
impact on living arganisms. Also, with ecotosdeological data
often based on acute toxicity at high concentrations, these
have besn congidered to be far greater than the actual con-
centrations in the environment. However, based on their
therapeutic functions and mechaniems of action, certain
groupsof pharmac euticalsare suspected to represent risks for
non-target organsms, even at concentration of a few mano-
grammes per litre, particularly under conditions of chronie
exposure ([ohnson et al , 2008).

Ome such group of pharmaceuticals is the cytostatic anti-
cancer drugs. Their main purpose is to prevent uncontrolled
proliferation of cancer cells, through inhibition of cell growth
orthrough inducingthe death of cancer ¢ ells via interactions
with DMA function and cell signalling Due to their mecha-
nisms of action, many cytostatics are clagsified & mutagenic,
carcinogen ic andfor toxdc to reproductive systems, and it can
be assumed that they can elicit these effects in exposed non-
target aquatic arganisms (Johnson et al, 2008 Lenz et al,
2007).

The fluoropyrimidine S-fluorouracil (5-FU is an antime-
tabolite that exerts its anticancer effects through inhibition of
DMA synthesis and replication, by inkibition of thymidylate
synthase, and by incorpomation of 5-FU metabolites into RMA
and DMA {longley et al, 2003). 5-FU wis ntroduced =% a
chemot erapeutic agent maore than 50 years ago, and is sl
the comemstone of mast of the currently applied regimens for
the treatment of patients with cancers of the gastrointestinal
tract, breast, and head and neck (van Kuilenburg and Maring,
201%). Therefore, it is not surprising that 5-FU & one of the
mostconsumed of the cytostatic drugs(Besse et al |, 2017). The

predicted e nvironme ntal conoe ntra tions have been for 5-FUin
diffe rent EU countries caloulated to be from 25 ng/Lto 8 ngfL
Birah, 2010 Beste et al., 2012 Johnson et al, 2008,

Eeotoxicity and environmental ocourrence of 5-FU have
been extensively studied over the last 10 years ar so. In
reproduction tests with the alga Pseudokirchneriela subcapi tata
and the cyancbacteria Anabaena flos-aguae, 5-FU was shown to
be highly tosde (half maxdimal effective concentration [ECs),
=012 mgL and ~0034 myl, respectively] (Bresoveek et al
2014; Strauh, 2010). Much lower taicity of 5-FU was reported
for an acute toxicity assay with a crustacean (ECsn, 21 mg),
while in a chranic reproduct jon sssay in this crustacean, 5-FU
wras highly toaic with the ‘noobserved effect concen tration’ at
~ 0002 m@L (Parrella etal, 2014). In 2ebrafish Danio rerid), 5-
FUJ was not toxic after acute exposure and showed low
tosdeity through a chronic 3-day early life-stage tosdcity
assay (Strauh, 2010). Based on these data, and taling into ae-
count the predic ted environmental concentrations according
to the guidelines on the environmental risk assesement of
medicinal products for human wse ([Furopean Medicines
Agency, 2008, Stauh 2010) concluded that 5-FU does not
represent asignificant risk to aquatic environments.

H L 5-FU i g wic. In mammalian test systems, it
has been shown to induce chromosomal damage in vivo
Ohuchida et al. 1992 and in vitro (Lorge et al, 2005 Oka et al,
2006). 1t & well nown that e xposure of aquatic srganisms to
genotordc compounds can Jead to genetic alterations, even at
very low concentrations. In aquatic organisms ving in water
that is polluted with genotoxic contaminants numerous
studies have shown genotaxic effects fie, DNA damage,
micronuclel, mutations) (Dalogresi and Hayashi 2011
Frenzilli et al, 2009), and in fish and mussels, tumours have
also been reported (Pinkney et al | 2011 Myers et al | 2009,
Chronic exposure to genotoxic contaminants in aquatic or-
fanisms might cause gamete logs, decreased reproductive
sucoess, embryonic mortality, abnormal development, and
changes in genetic diversity (Anderson and Wild, 19%4;
Fasshenderand Braunbeck, 2013).

The present study was conducted to determine whether
continuous exposure of zebrafish to 5-FU 001, 10 and
100 pgl) through two subsequent generations can induce
genotosxic effects, changes in gene expression, histopatho-
logical changes, andior have effects on reproduction and
fitness. This exposure to 5-FU was initiated with adult zebra-
fish, and then continuwed on throwgh the hate hlings and adults
of the F1 generation, and the hatchlings of the F2 generation,
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to day 33 post-fertilisation_ In addition to standard tosdeolog-
jcal endpoints, such as the zebrafish survival, growth and
reproduction, the induction of DHNA damage and micronu-
cleus formation were determined a8 genotoxicity endpoints.
DHA damage was determined at the level of single cells, for
the gills, lver, Hdneys, ponads and blood cellswsing the comet
assay. This cometassay i a sensitive method for the detection
of single-strand fand double-st rand) breaks, alkali-labile sites,
DHA-DMNA/DMA—protein cross-linking and single-strand
breaks associated with incomplete excision repair (Tice
et al, 2000). Complementary to the comet assay, the micro-
nuclews sstay was applied to determine chromasomal dam-
age in erythrocytes, Micronuclel are formed during cell
divigion and can occur at different times after DNA damags,
depending on the cell-cycle kinetics and the mechanisms of
induction (Bolognesi and Hryashi, 2011). Both of thete assays
have broad applicability in aquatic animals and they have
been applied in numerous laboratary exposure and emviron-
mental monitoring studies (Bolognesi and Hayashi, 2011;
Frenzli et al, 2009). Furthermare, in the present study,
whole genome gene expression profiling was performed on
the F1 genemtion zebrafish liver samples. Changes in gene
expression can either be related to adaptive processes or can
be used as indicators of tosde effects (Cimrdot et al, 2004
furthermaore, they can indicate harmful impacts of chemicals
in cases where clamssical tosdcological endpoints show no
obvious adverse effects (Williams et al, 2014).

2, Materials and methods
21 Test argandsm

The AR line of zebrafish [0 rerio) originated from the Depart-
ment of Aquaculiure of Szent Btvan Unversity (Hungary). The
parent genemation was maintained in a recireulation system
(ZebTes; Tecniplast lne ) under a light regime of 14 h light'10 h
dark. The parameters of the recirculation system water wene
temperature, 25 + 05 “C; pH, 7.4 + 0.2 and conductivity,
535 + 50 p& During the study period, the zebmafish wene
maintained at 24 °C—26 °C under a light regime of 14 h light!
10 hdark. The animal protoco] was approved by the Hungar-
jan Animal Welfare Law (KIV-1-000/2303-42012).

22 Test substance and chemniml] analyses

5-FU (CAS 51-21-8% Sigma—Aldrich) was maintained as a
100 mgL stock sohrtion in dimethykulphoxide (DMS0). The
nominal ¢ oncentrat jons of the exposure to 5-FLU were 001 pgf
L, 10 pgl and 100 pgl were obtained by dilution of stock
solution in clean recirculation system water. The final con-
centration of DMS0 in all of the test solutions was 1 plL
{0L1%:). Twho control groups were used: the recirculation sys-
tem water alone (control), and the recinoulation system water
supplemented with 1 pl'L DMSO jvehicle contral). All of the
treatments were carried out in duplicate.

The study was performed under semistatic conditions
during the treatments, with complete renewal of the recinu-
lation system water every 3 days Chemical analyses of sam-
ples of the water were performed immediately after the

complete renewal at the end of the second day (48 h of
treatment) and the end of the third day (72 h of teatment].
Analysis of water samples with nominal concentrations of
10 pgl and 100 pg/l 5-FU was performed using ulra-
high-pedformance liquid chromatography—tandem mass
spectrometry  (UHPLC-MSMS) with a Q Exactive hybsid
quadrupale-Orbitrap mass spectrometer equipped with an
electrospray jonisation source. Analysis of water with the
nominal concentration of L01 pg'L 5-FU was performed using
salid-phase extraction followed by gas chromatography 50—
ME/ME, using an Agilent 450-GC system linked to an jon-trap
40-ME méss spectrometer. For further details, see Supple-
mentary Materials,

23,  Exposure conditions during the tuwo-generation
tesclcity tests

The conditions of exposure of zebrafish to 5-FU and sampling
times for the determination of different toxicological pamm-
eters are shown in Fig L

231 The FO generation

The tests were initinted with a selec tion of sexually mature, 6-
manth dld, adult zebrafish as the parent [F) genemtion.
Sevenfemale and 11 male zebrafish were exposedtoS-FU for 2
weeks, and were spawned twice during the two successive
weeks Fertilised eggs from the second spawning were mined,
and 130 e mbryos wene mndomly selected for each replicate.

232 The Fl generation

Developing embryos were exposed in 10-cm Petri dishes until
the free-suwrimming larval st age (S days post fertilisation [dpf])
and then placed into 1-L polycarbonate tanks con taining the
relevant treatment water. The larvae were fed twice a day
with small-grain dry feed (SDS Litd). From 10 dpf, the diet of
the larvae was supplemented with Antemida nauplii, with the
tanks clean ed of unconsumed food every day. After 21 dpf, the
larvae were reared in 3-L polycatbonate tanks. Asmation was
applied to the water from this stage From 33 dpf, the exposure
continwed in 5L tanks with 55 zebrafish larvae per replicate
and from the sscond month of age in 8-L polycarbonate tan s

The Fl genemtion sebrafish spawned for the first ime at
the age of 5 months, and then on a weekly basis. In all of
experimental groups, 8—15 females and an equal number of
males were rmndomly selected for spawning. These zebrafish
spawrned in groups of 2—3 females and the same number of
males. The spawning groups wene placed into the spawning
tanks with males separated from females 1] the beginning of
the spawning. Eggs were collected when all of the zebrafish
had finished spawning. Following the fifth spawning eggs
from the zebrafish within the same replicate were mixed, and
100 eggs per replicate were selected for the F2 generation. To
determine fecundity, the numbers of spawned eggs and
unfertilised eggs were o d, and the bers of spawned
epgs and infertile eggs were normalised to the number of fe-
males wsed for the given spawning event.

At the age of 4 months, some of the Fl zebrafish were used
for genotosxicity tests and gene expression anahyeis (see Sec-
tions 25 and 26, respectively]. The rest were contimeed under
the relevant treatment in paralle]l with the F2 generation. At 7
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Fig. 1 — Outline of the experimental design of the two-genemtion exposure study with 5FU ffor details, see Seciion 2.9,

Exposure conditions during the two generation toodcity test). Dotted lines represent fish tansfers to larger tanks.

months of age, the F1 generation zebrafish were sacrificed
using 0.02% Tricaine (Tricaine methanesulphanate; CAS. 236-
85-2, Sigma—Aldrich), for kistopathology analyees and deter-
mination of standard Jength and wet weight. Standard length
wit determined from digital photographs of the zebmfish,
using the open-source software Image] (httpe//image] nihgow/
ii/). The wet weights were messured using laboratory scales
with 0.0001 g resalution Qdettler-Toledo ARN4-5). Additional
sampling of the liver was performed for the micranucleus
sy,

233, The F2 generation
Treatment of the F2 generation was conducted as described

ahove for the Fl genemtion, and terminated at 33 dpf
Following over-anaesthesin of these zebmafish with 00X
Tricaine, their standard lengths and wet weights were
determined.

24.  Histopathalogy analyss

Histapathological changes were determined on 7-month-old
Fl zebmafish, for the skin, gill, gut, hepatopancreas, Kdney
haematopoietic tisue, nephnons, neural tisswe and male and
female gonads. Whole F1 zebrafish {four per analysis) were
fieed in buffered formalin, dehydrated in sscending aleshol
concentrations, impregnated with xylol, and embedded in
Faraplast at 56 °C. Sections of 3 pm—4 pm thickness were
prepared, cleared of paraffin, and stained with haemalaun
and eosin for microscopy examination.

25, Genotoxidiy assays
251, Comet assay

The comet msay was performed on the gill, liver, ponads and
blaod cellsof adult4-month-ald F1 sebrafish (4 per treatment) .

Immediately after these, F1 zebrafish were sacrificed, bload
samples and samples of gills, liver and gonads were taken,
immersed in chilled homogenisation buffer, and mechand-
cally homogenised, to obtain cell suspensions according to
Enezevit et al. (2011). The alkaline comet assay was carried
out o described by Singh etal (1985 Briefly, the whols blaod
or cell suspension was embedded in agarose matric and the
cells were lysed {25 M HaCl, 100 mM EDTAMa;, 10 mM Tris, 1%
sodium sarcosinate, 1% Triton X-100, 10% DM S0, pH 10) for at
least 1k at 4°C. 25 M NaCl, 100 mM EDTAMa,, 10 mM Tris, 1%
sodium sarcosinate, 1% Triton X-100, 10% DMS0, pH 10) for 3 h
at 4 °C. Then, the slides were placed into allaline solstion
{300 mM MaOH, 1 mM EDTANa,, pH13) C, for 20 min at 4 °C,
and then electrophoresed for 20 min at 1 VWem. Finally, the
slides were neutralised in 0.4 M Tris buffer {pH 75), stained
with 10 pg/ml ethidiem bromide, and analysed at
X« magnification under an epifluorescence microscope
(Zeiss, Gittingen, Germany) connected to an image analysis
system [Comet Assry T; Perceptive Instruments Ltd., Haver-
hill, Sudfolk, UK). The tail intensity parameter (% tail DNA) was
used to messure the level of DNA damage, and a total of 100
randomly chasen nuce were examined from each slide.

252 Miconuclews assay

The induction of micronuclel formation was determined in
erythrocytes of blood samples callected from 4-month-old
and 7-month-ald Fl zebmafish @ per treatment). Peripheral
blood samples were smeared onto slides. The slides were left
to sir-dry, stained with 5 d Hoechst 33342 dye, and analysed
at 400= under an epifluorescence microscope (Olympus BX-
51; Tokyo, Japan), and evaluated for micromuclei that
showed blue luarescence. For the presence of micronucle a
total of 2000 randomly s lec ted cells with complet & cytoplasm
were examined from each shide. The criteria for micronuclel
identification were: (4) smaller than one-third of the main
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nucled; fb) on the same plane of foc us &= the main nucle; §d) of
the same calour and intensity as the main nucle; i) of an oval
or round shape; and fe) cearly separated from the main
nnclei

26, Toxkcogenomic analyses

Gene expression analysis was performed on liver samples
igplated from 4-month-old F1 zebmafich exposed to 001 pg'l
and 1.0 pg/l 5-FU. and vehicle-exposed 0.1% DMED) lhver
samples were uSed as the control. The RHA was isolated by
Diirect-zal RNA Miniprep (ZymoResearch) Fomthe lhves 10F1
zebmfish per treatment condition from each of the two rep-
licates. The RNA from 3 fish from the same treatment, repli-
cate and gender was posled, DMase treated 0.2 Ufg RNA
DMagal Invitrogen). RMA quality and quantity was checked
using a Agilent Bioanalyser (RMA 6000 Mano kit, Pukaryote
Aszay).

Zebrafish Vi4 = 44 Gene Expression Microarrays = M K,
AMADID (26437, Agilent) were used for the transoiptome
profiling The total RN A was labeled wsing Low Input Juick-
Amp Labelling Kit fone-colour) and the hytridisstions and
waghes were performed using Gemne Expression Hybridization
Kit, following manufacturer protocals. The hybridised slides
were scanned on a DNA microarmay scanmer, and the signals
were extracted, with quality control performed using the
Feature Extraction 10.7.31 Softwane fall Agllent Technal ogies).
The data discssed in the present study hinre been deposited
in the HCB] Gene Expression Omnibus (Edgar et al., 2002) and
are acoessible through GEO Series acossion number
GSEG303.

Ta validate the microarray data, the expression of eight
genes (myea, jun, nfkbiab, slprl, igfbplh, pakdh, gaddds, cthc
Supplementary Material, Table 52) was analsed by quanti-
tative PCR, using the RHA of 10 zebrafish per treatment {5
males, 5 females; not all inchided in the microamay analysis).

27,  Statistiml analysis

Statistical analyses were conducted using the statistical soft-
warne GraphFad Prism 4.0 (GraphPad, La Jolla, Californda, USA)
Analysis of varance (ANOVA) with Tukey's tests was wied to
anahyze fish lengths and wet weights. ANOVA with Dunnet's
tests was wbed toanalyse the feaumdity and fertllisation data
Statistical significance was set at p< 0.05.

Statistical evaluation of the comet and micronuclews assay
data was performed with the free software R (wwwr B-praject.
org). For the data from the micronucleus assay, Poisson
regresion was used to compare the controls and the varying
concentrations of 5-FU. Differences in the % tall DHA in the
camet asay for the contrel and 5-FU groups were evaluated
statistically using mixed affects modelling for nested experi-
mantal designe Statistical significance was et ot p <005,

The microwrmay data analysis was performed in the R
environment fversion 2151) using the Bocondwctor litraries
limma and ven. Vsn nommalisation (Huber et al, 2003 was
used toeliminate technical differences betwesn armays. Linear
made] statistics (Smyth, 2005) was used to find differentially
expresed genes (p < 001) between the control and the sm-
Hes at both of the concentrations of 5-FLL

Gene st entichment analysds (Subramanian et al, 2005)
whirs performed to search for the gene ontology slim gene sets
that were significantly altered by the 5FU treatments (for
detail description, see Supplementary Materials).

3 Results and discussion

The implications of chranic exposure of aquatic organisms
imd humams to the residues of anticancer drugs at low con-
centrations thatare relevant to enviran mental pallution are to
a large extent unknown, In the present study, we examined
the effects of exposure of zébrmafish to 5-FU acoss FO 1o F2
fenemations, in terms of their survival, growth and reprodue-
tHon, while ales examining histalogical parameters, induction
af genotoxic effects, and changes in whole genome
transcription.

31, Treatment conditions

The expasure of the zebmfish to 5-FU wat performed under
semistatic conditions, with complete renewal of the recinou-
lation system water every 3 diye. The chemical analyses of
the water samples showed that at the time of water renevwral,
the measured concentrmtions of 5-FU did not differ from the
naminal concentrations of 1.0 pg/L and 100 pg'l. 5-FU by morne
tham 20%, while the measured concentration in the samples
with the nominal concentration of 001 pg/l 5-FU was greater
by 40% (Table 1) The measurements of the concentrations of
5-FU in the treatment water ot the end of the second and the
third dmys showed significant time-dependent decresses
(Takle 1). In the samples of t e treatment water with an nitial
mominal concentration of 100 pg'l. 5-FU, after 48 h this con-
centration had declined by 90%, and after 72 h 5-FUJ was no
lomger detected. In the samples of the treatment water with
the initial nominal concentration L0 pgil. 5-FU, this concen-
tration was belowr the detection limit alreadyafier 481 In the
s=mples of the treatment water with the nominal

Table 1 — Concentrations of 5-FU in the treatment waber

within each of the 3 day renewals under the semistatic
conditions used.

Hominal 5-FUF Sampling Measured 5-FU

coneentration periad concentration

gL gl

100 Start 039 + OF1
4zh M54 25
Tih nd”

10 Start 115 4 0.0
4zh nd”
7zh nd*

oo Start Q04 4 OLE0E
izh OO 4 DLO0E
Tih Q004 4 0000

* Motdewcid limit of desmction, 0.033 pgil) Mo thatthe method
fior chemdical analysis of 5-FU at the two highe concenmmations s
different from that the lowest concentration (gee Section 7 7. Test
subgstance and chemical anstyses) and that e two methods have
different limits of detection.
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concentration of 001 pg/l 5-F, thEs concentmtion had
decreased by 55% after 48 h, and by 68% after 72 h, compared
to the measured concentration of 5-FUF at the time of water
renewal The exposure during the experiment i shown alko
% time weighted concentrations, which are at 100 and 1 ug/L
Jower than nominal concentrations (Table 1).A previowsstudy
showed that in HPLC water, 1.0 pg'l 5-FU i relat hrely stable
Hegreim et al | 2013). However, 5-FU has been shown to be
photodegradable, with a half-1ife of 15 min (Kogjek etal | 2013;
Lim et al, 2014). This might in part explain the mapid degra-
dation of the 5-FU during the treatme nts that were per formed
under the light regime here {14 h Light10 h dark] Big-
accumulation of the 5FU in the zebmfish could alse be
another contributing factar (Ud-Douls et al, 2012). In the
environment, fuchsations in taxicant ¢ onoentrations are &x-
pected, and thene fore the e mistatic exposure conditions wsed
in the present study cam be considered to mimic the pulse
exposure to 5-FU that can be expected in an aquatic envi-
ronment. For this reason we uwied for the presentation of the
results the nominal concentrations of 5-FU at the renewals of
the treat ment waber.

32  Sunval and growth of the F1 and F2 generation
zehrajish

HNo mortalities were observed during the 2-week treatment of
the FO zebrafish. In the Fl sebmfish, during the very early Life
stages (12 dpf], the mortality in the control and solent-
contral groups did not excesd 10% At 33 dpf, the Fl1 zebma-
fish mortality in control and all of the testment groups
ranged between 358% + 81% and 562% + 3.2%; and was not
related to the 5-FU exposure (Table 2.

Inthe F2 zebrafish at the very early life stage (12 dpf], the
maortality in the contrals was higher than in the Fl sebmafish.
Althaugh the mortality of treatment groups was higher than
solvent control group it was neither significant nor doge-
dependent. At 33 dpd, the morntality in all of the groups of
the F2 zebrafish ranged between 61% and 700%, and remained
unrelated to the 5-FUJ exposure (Table 2). Similar high mar-
tality of zebrafish under semistatic treatment conditions were
reparted by Fasshender and Braunbeck (2013). They consid-
ered that the resson forsuch high overall mortality i the re-
newials of the water during this sensitive growth phase.
Furthermore, when the larvae were tansferred from 1-Lto3-L
tanks at 21 pdf they might haove experienced mechanical
damage along with difficulties in uniform fesding Like tha F1
generation also in F2 genemtion no 5-FU exposure related
mortality was observed.

Table 3 — Body parameters of F1 and F2 genemtion of
zebmafish exposed to 0.0, 1 and 100 pgl. 5-FU.

=
=]
o

Zebrafish Condition {nf" Length  Wet weight
gereration fmm) fmg)
F1{7 monshs)  Comiral 33 T390 4189 B85+ 32
DMS0 contrald 23" 22433160 2 B4 339
OO0 gL 5FU (34) 2414185 2 B34
10pgL5FI (33  MM$1T73 B8543
10pgL A 34) 054105 D5 add”
F2 (33 dpf) Comtrald (37 TI0L10E 3914013
DMS0 control (TE" 6574103 4534049
000 pgL5FU (74) 7104111  AST 4072
1.0 pgL. 5= 00 TAZTH100 45904028
100 gL 5-FU (5E) TIEL0EF  A5Es4 06D

"Sigrefi canthy different from solvent comirol p - OE.
* n = number of fish.
B vehicle comtrol 01% DMSOL

After 7 maonths, when the exposure of the Fl zebrafish ta 5-
FU was terminated, no significant differences were observed
beturesn the wet weights of the control group and the DMESD
contral group; however, there wene significantly Jower wet
weights in the 0.01 pg'l 5-FU group compared to the controls
P < 005 Table 3. A controversial effect was obberved at the
higher concentrations of 5-FU, a8 the 10 pg'l and 100 pg/L
groups showed higher wet weights than the control groups,
however the effect was not dose dependent (Table 3). These
effects might be related to histopathological changes in the
Ever and kidney gee Section 34The earhy life stage of the F2
zelrafich shovwed nosignificant differences in the wet weight
and standard length between any of the treatment groups
{Table 3).

These indings are in lne with the data from préeviows
studies where the adverse effectsin zelrafish exposedto 5-FU
were observed at concentrations of several higher orders of
magnitede. In a chronic 35-day early-life-stage toxdcty assay
with zebrafieh, the Jowest effective concentration for overall
subchronic effects was 100 mg/L5-FU {Straut, 2010).

33,  Developmental and reproduction parameters

Ho significant differences were abserved for the fecumdity of
the female zebrafish, in terms of the numbe r of eggs produced
per female, nor for the numbser of infertile females among the
contral and treated groups (Table 4] A significant difference
was found in the number of infertile eggs per female in the
10 pg/L 5-FU group compared to the control during the fifth

Table 2 — Mortality of the F1 and F2 zebrafish under the experdmental conditions wsed.

Condition F1 zebrafish mortality [% +5D] F2 zebmafish mortality [% +5D]
12dpf 3 dpf 12dpf  dpf
Comtral 2844 21E EE3E13 10 4 7.07 & 300
DO4E0 comirad EES 4 163 =274 1032 1254071 159
0.00 gL 5-AI 432 4 054 453 289 1954 212 21545
1.0 pgL 5-FU 1731 4 816 5516 4 336 165 4 212 My 2E
100 gL 5-FI 5774 272 415 4 006 205 4 1200 Tl

* Vehiche control 0.7 DRSO
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spawning event (p < 005} hovwever, this difference was not

%E EEE‘;‘J' dhserved In the other two 5-Fl—treated groups. At present,
h ddddd there are no data availsble regarding adverse effects of
.Ei g;ggg expasuTe to 5-FU on reproduction in fish mode ks Studies with
‘ﬁ d the Casmorhahditis elagans have shown that 5-FU mduces cell-

cycle arrest In germ cells, changes in vulva development,
reduced egg laying, and delay in reproductive time; howerer,
these goourred at concentrations higher than 06 mgl 5FU

Sth Spawning

differences betuesn the control and teatment groups m
terms of the dumtion of embryonic development. In laboma-

3
=322 {Kumar et al_, 2010).
‘gig %a:lglgl L]:::r::l'p}uhﬁﬂ]ibeﬂﬁmummmﬁwﬂn embryonic
""% dedrd development of the F1 and F2 zebrafish, and there were no

, tary mammals 5-FUJ is a well established teratogen Lo ot al,

E 2000} Also in the embryotoxdcity assay with Pmephales prom-
das exposure to 5-FU caused of embryo malformation {lowest
effect concentration, 50 mg'l 5FU) (DeYoung et al, 1994,
C However, the doses of 5FU wsed in these studies were n
E comparisan to the doses vsed in our study much higher 5-FU
4 cipes abnormalities in cell replication andfor cell death by
mhibition of thymidylate synthetase that leads to imbalanos
of the deaxyribonwcle otide pool @NTE) (Longley etal , 2003). A
3 biglogically based dose—response modelling of the relation-
ship betwesn administered dose of 5-FU, dNTPF poal pertur-
bations and malformations in rats showed that dNTP paool
pertuthations acowrred at lower doses than developmental
malformations (Lau et al, 2000). Therefore, homosastatic
mechanismis) responsible for the maintenance of normal
foetal development the lower doses actisdownstreamof dNTP
poal perhurbation. This explaing why m sebrahish expoded to
these low doses of 5-FU advese effects on development did
Tt aoouT.

{ffemale)
053 & 058
098 & 107
008 4 018

119 4 108
037 & 051

Ird Spawning
Fecundity Infertile eggs

feges spawned/
fomale)
1954 147
094 166
T4 129
3614 W04
157+ 153

* Dam from the 4t spasming @e not ghven as they wem significantly lower than those in fhe preceding and subseg

b yghiche comnod: 01%s DMS0.

Q00 & .00
Q00 & .00
Q00 & L0
117 4 241

LD o CLDOD

Infertile eggs

34. Histopathology analysis

2nd Spawning

Pecundity
(=gs spawned! (/female)

The histological examinations of the 7-month-old Fl zebrafish
reviei Jed histological changes to the hverand KHdmeyin these
Fl zebrafish treated with 5FU, while mo alerstions werne
dbserved inthe gonads of the F1 zebrafich of either sex, norin
the neural tisswes, gllk or mtestinal tract. The absence of al-
terations in the reprodwctive performance of fish comesponds
with histopathological obse rvations. Lipidosis and regressive
degeneration of the 1iver was dbserved in these Fl zetrafish
far all of the 5-FU treatment groups, but not in the contral and
solvent control Liver atrophy was observed in these Fl
sehrafish treated with the highest concentmtion of 5-FU
{Fig 2, 100 pg/L 5-FU). This supports the observations that
wet weights of these F1 fish groups exposed to 1 and 100 pgL

NG+ B3
934 8BS
B4+ B
T+ EE
/O TS

female)

Infertile egps
{#female)
DOLED 4 130
OUE 4 047
0L00) 4 000
0L00 4 0LO0
L0 4 0LOO

1st Spawning

2 @ - were significantly higher than those of the control groups.
EE? nﬂﬁ?ﬁ Similar histopat hological changes in the ver a5 observed in
g E-i i j R the present study have been cbserved in albing rats afterip.
[ % & g E é & treatment with low (10 mg 5-FUkg bow.) and thempeutc

L (20 mg 5-Flvkg b.ow) doses of 5-FU (B-Sayyad etal, 2009).

Slight hyperplagia of the haematopojetic tissue of the
Kdney was observedin these F1 sebrafich tre ated with 001 pg/
L oand 1.0 pg/l 5-FU. In the 100 pg'l 5-FU treatment group,
however, atrophy and depleion of the hasmatopaietic tesues
were also apparent, &% well as degenemation of the kidney
tutas lar e pithelium (tubulone phrosis) (Fig. 2). In zebrafish, the
argan of haematopaiesis is the kidney mamow, which is

3
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B
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Fig. 2 — Representative micrographs of liver and kidney sections of zebmfish exposed for 7 months to various
concentrations of 5-fluorourad (S-FU). Histological alterations are not seen in the liver (A) or kidney (B) of the zebrafish in
the control group. Minor adipose infiltration (lipidosis) (ai) can be seenin the liver of zebrafish exposed to 0.01 ug/L 5-FU (C)
and 1.0 ug/L 5-FU (E), accompanied by slight hyperplasia (h) of the haematopoietic issue in the kidney of the zebmfish
exposed to 0.01 uglL 5-FU (D) and 1.0 ug'L S-FU (F). Liver atrophy {la) is visible in the zebrafish exposed to 100 ug/L5-FU (G,
along with tubulonephrosis {t) in the kidney (). Magnification, 40x.

analogous to the mammalian bone mamrow (Amatruda and
Zon, 1999). Thus our observations in these F1 zebrafish are
in line with the well-documented myelotoxicity of 5-FU in
humans and rodents (Macdonald, 1999; Schuetz etal, 1984),

35.  Genotoxic effects

The genatoxic effects of 5-FU during the chronic exposure of
these F1 zebrafish were evahuated using the comet assay and
the micronucleus assay. With the comet assay, significantly
increased DNA damage was observed in liver cells at the

higher two 5-FU concentrations, and in the blood cells at
1.0 pg/l SFU {Fig. 3. There was also an increase in DNA
damage with 5-FU treatment in the gonad cells; however, this
was neither statistically significant nor dose dependent. No
increasesin DNA damage were observed in the gillcells. In the
liver of the 5-FU-treated F1 zebrafish, histopathological
changes were also observed, and it cannot be excluded that
the DNA damage observed was also the consequence of un-
specific cytotoxic effects (Vasquez, 2012).

In the erythrocytes from these F1 2¢brafish, a significant
dose-d <! i in mic leé Prmation was

¥
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Fig 3 — S-Flinduced DNA damage in blood, gill Ever and
gonad cells of 4-month-old Fi zehrafish. The zebrafish
were treated with 5-FU (0, 0.01, 1.0, 100 pg/l) as described
in the Materials and methods. DNA damage was assessed
with the allaline comet assay, and is expressed as
percentages of tail DNA. Data are means + 5D from 4
individual rebrafish, with 100 cells analysed per
concentmtion. Differences in % tail DNA between exposed
and control groups [DMS0 0.1%) were statistically
evaluated using B. The lewel of statistical significance was
set atp < 0.05.

detected at all ofthe concentrations of 5-FU (Fig. 4). Toconfirm
this, a second blood sampling was performed when the F1
zebmafish wene 7 months old. The increase of micronucle
frequency over the levelin the contral group was at the lower
two concentrations comparable in these F1 zebrafish after 4
months and 7 months of 5-FU exposure (-3 fold and 5 fold,
respectively). At the highest tested conce ntration the in create
of micronuclei frequency over the Jevel in the control group
was after 7 months higherthan after 4 months of 5-FU treat-
ment (~11 fold and & fald, respectively).

5-FU-induced micronuclel formation has been consis-
tently shown in m-wvo studies with rodents after 5-FU ip.
administration (Choudhury et al, 2001; Thou etal, 2015 and

F1 14 momth)

Fi (T mongk]

Fig 4 — 5-FU-induced micronuclel (MN) in zebrafish
erythrocytes. Zebrafish were exposed to 5-FU (0, 004, 1.0,
100 pg/L) as described in the Materials and methods. The
micronucle were determined in the F1 sebmfish treated
with 5FUJ for 4 months and 7 months. Data are

means + 5D from four individuals. Significant difference (&)
between treated and control 0. 1% DMS0) zebrafish is
indicated by * (P < 0.05).

after cutaneous 5-FU application (Zuniga-Gonzalez et al,
2007, and in fish after intra-abdominal 5-FU administration
(2.5 mgfegboar ) (Grisalia and Cordeins, 2000). However, thess
studies were short -term with a single administration of kigh-
dose 5-FU, which is not directly relevant for the present
enviran mental exposure scenario Here, we showthat chronic
expasiine to very low concentrations of 5-FU that are relevant
to environmental exposure can cause chromasomal damage.

36, Teodeogenomic analyses

Tosdcogenamics determines global transeriptomic responses
tochemical exposure, and can predict the effects and provide
information on the mechanms of action. The whole genome
gene expression analyses of the liver samples of the F1
zebrafish in response to chronic exposure to 001 pg/l and
10 gl 5-FU showed clear doge- dependent increases in the
number of differentially expressed genes At the lower 5-FU
concentration, 1879 genes were differentially expressed
while at the higher concentration, 4608 genes were differen-
tially excpressed (Fig. 5). Approsdmatehy 25 ofthe genes (1041)
were differentially expressed regardless of the 5-FU ¢ oncen-
tration. Far these genes, no dose-dependent responses were
seen, 85 their changes in expression were similar at both of
the 5-FU concentrations anahysed (data not shown). Our vali-
dation of the microarmay gene expression data by analysis of
the expression of eight biologically relevant genes (myca, jun,
nfkhiah, s1prl, igfhplb, pakdh, gaddds and ah) by quantitative
FCR showed good comelation jomelation coefficient, 091),
{Bupplementary Material, Table 53

The functional analysis of the tanscriptome signature
revealed that the targets of chronie exposure to 5-FU are
processes that are involved in primary metabolism, cell divi-
sion and dgnalling and immune and developmental pro-
oesses Supplementary Material, Table S4). Up-regulation of
genes involved in cell death and down-regulation of protein
synthesis observed at both of the 5-FU concentrations tested
can be linked to the primary effects of this cytostatic agent.

It has been shown before that induetion of DMA damage in
zebrafish embryos is reflected in the expression of genes
invohred in response to DNA damage and DMA repair, which
wies dependent of the dose and time of the inducens (Reinandy

.01 pgit 1 pgiL
I Lixll] 1930
447 A1 1637

Fig 5 —The of unique and ¢ on differ entially

expressed genes in liver samples of F1 zehmfish exposed
to 0.01 and 1 pg/L of 5PFU versus the wehide contrd §0.1%:
DMED) (p < 0.0%L no false discovery mbe; bad, up-
regulated; regular, down-regulated).
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et al |, 2013). Amongthe genes that are specifically invohved in
responses to DMA damage, there was deregulation of the
expression of the tumour suppressor gene pS3 and its down-
stream regulated genes cyclin-dependent kinase inhititors
pak 2a and pak 2, the growth armest and DHMA damage
inducible pene gaddds ab, th e pro-apoptotic and anti-apoptotic
genes hax andbel?, respectively, and the DNA repair gene xres
Bupplementary Material, Table 55). The observed up-
regulation of the expression of genes invalved in responses
to DMA damage and mepair can be linked with the dose-
depe ndent increase in DNA damage that we observed for the
liver of these 5-FU—treated zebrafish.

Cancer development i frequently associated with muta-
tiong, and consequently, deregulation of the expression of
oncogenes (Loeb et al, 2008). We observed up-regulation of
several oncogenes following the 5-FU treatments here (onoo-
penes: myc, jun, ete?, maf; Supplemen tary Material, Table 85).
Myc genes are key regulators of cell proliferation, and their
deregulation contributes to the genesis of most human tu-
mours (Adhikany and Eilers, 2005 Meyer and Penn, 2008). The
mechanisms of oncogenic activation of MY C generally invohre
chromosomal translocations and amplifications that result in
its elevated expression (Meyer and Penn, 2008). The observed
up-regulation of the expression of the myca oncogens and
other oncogenes can therefore be linked to the induction of
micronuclel detected inthe peripheral erythrocytesof thess 5-
FU—treated zebrafish,

37.  Significance of the observed genotoxde gffect and
transeriptamic changes in the context of emlagical risk

It i wel recognized that DMA damaging agents have a sig-
nificant ecological relevance since they cause genetic alter-
ations in somatic and germ cells that are associated with
serious adverse effects, which may occur even at low expo-
sure levels [Bolognesi and Cirille, 2014).

Onir study showed that chronie two-generation exposure of
zebrafish to 5-FU at concentrations that are relevant for
environmental exposure induced DNA strand breaks, micra-
nuclei, whole transeriptome changes and histopathological
changes, while the mproductive pammeters wene not
affected. The question is the significance of thess effects in
the context of ecological risk msessment.

Om the contrary to human risk asses sment that is aimed
to protect individuals, ecalogical risk assessment i aimed to
protect natural populations. In ecotosdcology the detri-
mental outcomes of the exposure to DNA damaging com-
pounds are congidered to be gamete loss, embryo morntality,
shnarmal develog t, meapl that may affect repro-
ductive success of exposed populations and heritable mu-
tations that my cause ncreabe or decreste in genetic
diversity jAnderson and Wild, 1994). Although there is a
clear evidence linking exposure of aquatic organiEms to
genotoxic contaminants and adverse effects such as DMNA
damage, chromosome aberrations, and cancer, it is still not
clear how these effects are expressed a8 adverse eff ect at the
level of populations. From the ecological point of view,
reproduction faflure is seen &5 a crucial link betwesn the
genotoxic effects in individuals and long-term population
changes.

At the applied & xposure conditions in our study we did not
observe any effect on the reproduction of exposed fish A
similar two-generation study with the model genotoxicant 4-
nitroquinaline-1-oxide have shown some evidence of causal
relationships betwesn genotoxic effects and impairment of
zebrafish reproduction although it was not clear whether the
effect was related to genotosxic pathway of 4-nitroquinoline-1-
oxdde [Diekmann et al , 20048, b). In a study with mode] gen-
otoin methy]l methansulphonate patermal exposure to this
compound resulted in DNA damage in spermatozoa and a
large amay of morphaogical abnarmalities during embryonic
an dlarval development (Devau ot al |, 2013). In our study 5-FU
did not induce significant increase in DNA damage in gonads
which may explain the lack of reproductive and develop-
men tal effects.

Genotoxic effects in somatic cells ame associated with
initiation and development of cancer and other degens mithe
disesees (Bonassi et al, 2011). In association with exposure to
specific clmses of DHA-damaging pollutants, it is not un-
commen to find epizootic neoplasms in aquatic species, such
a5 shellfish, echinoderms and fish (Finkney et al, 2011 Myers
et al, 2003). Therefore the observed up-regulation of the
expression of several oncogens indicate that chronic exposure
of fish to 5-FU may induce neoplasia. The presence of tumours
in populations of wild fish & for more than 20 years used a5 a
bioindicator of fish and ecosystem health (Pinkney et al,
2011), however g0 far no evidence has been found far come-
lation betwesn high incidence of tumours and steady decline
in population size in the environment.

Although 5-FU remaing to be one of the most exten shvely
used chemothermpeutics the data on its emironmental
pocurrence is imited. In the sewers of oncological wards 5-FU
has been detected at concentration ranges from 5 ng/Lto up
to 150 ng/L{Kosjek and Heath, 2011; Lin et al, 2014). There are
only twostudies in which munici pal wastewaters and surface
waters were analyzed for the ccourrence of 5-FU. In the
influent of municipal wastewater plant 4735 ng'l. 5-FU was
reparted while it was not detected in the effluent and the dver
water downstream the trestment plant {Eosjek et al, 2013).
Recently Lin et al. (2014) analyzed the sccumence of 5-FU in
hospital wastewater and river samples in two regions in
Tahwan They reported presence of 5-FU in 10 of 13 hospital
wiastewater samples and in 18 out of 20 river water samples.
The median concentration values were in the high papulated
region 120 ng/L W8-1500 ngl) in hospital water and 6.2
EO0-T0 ngl) in siver water samples whersse in the low
populated region the median concentrations in hospital and
river water samples wers 24 ng/L (#6-510 ng'L) and 56 ng/L
{35—160 ng/l), respectively. This study, at Jeast for Taiwan,
indicate ubiquitoes presence of 5-FU in surface waters at
concentrations that are in the range of the concentrations
appliedin our study. Thisimplies that pobential ecological risk
of saquatic exposure of vertebrate to 5-FU cannot be ruled out.

4, Condusions

Our study demonstrates for the first time that chronie two-
generation expasure of zebrafish to 5-FU at concen trations
that are rel for envi ntal exposure impairs their
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DHA integrity and induced massive whole-transcrdptome
changes, which over long-term exposure of several genera-
tions might affect fish populations. We suggest that for the
prediction of the adverse effects of genotaic cytostatic dnegs
to agquatic vertebrate, long- term, multiple generation studies
that inchide detection of genotaxic effect and transcriptomic
changes are wamanted To enable environmental sisk
agzessment more data on the accurrence of cytostaticdrugs in
surface waters are needed.
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Chapter 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 vitroin 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
SCl international journals, and presented at 9 national and international conferences.
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