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Pharmaceuticals have brought enormous benefits to humanity
in terms of healthier and longer lives. They continue to be
prescribed in increasing amounts and it is not surprising that
they are considered as environmental contaminants of emerg-
ing concern. Pharmaceuticals are excreted through faeces and
urine as a mixture of unaltered parent compounds and metab-
olites and can enter the aquatic environment via hospital and
wastewater treatment plant effluents, landfill leachates and, to
a minor extent, in the discharge from the pharmaceutical in-
dustry. Their continual input into the aquatic compartment
means that they are continuously present in the environment.
Anticancer drugs (antineoplastic or cytostatic agents) are a
group of highly active chemotherapy agents designed to pre-
vent or disrupt the proliferation of tumour cells. These drugs
interfere directly or indirectly with the structure and functions
of DNA, which affect besides tumour cells also non-target
cells and tissues of exposed organisms. When compared to
many other groups of pharmaceuticals (e.g. nonsteroidal
anti-inflammatory drugs, antibiotics and lipid regulators), they
are prescribed in much lower quantities, and their levels in
the aquatic environment are either below or at the current
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limits of analytical detection (sub ng/L). Many of these drugs
are mutagenic, carcinogenic, teratogenic and/or toxic to repro-
ductive systems and are classed as highly hazardous
compounds. The question remains as to whether chronic
exposure to anticancer drug residues at present levels could
have a detrimental effect on the environment and human
health.

In 2011, a review paper by Kosjek and Heath (2011) re-
vealed the need for enhanced analytical methods that form the
basis for a true evaluation of the environmental impact of
cytostatic pharmaceutical residues. The recently completed
EU’s 7th FP project “CytoThreat” was set up to investigate
the effects of anticancer drugs in the environment. It also
addressed the need to develop new analytical methods for
determining environmental exposure to cancer drug residues
(parent compounds, metabolites and transformation products)
and possible biomarkers, all of which, can be used to provide
the necessary ecotoxicity data for making an accurate environ-
mental risk assessment. This special issue brings together 11
papers from 25 research institutions in 12 countries dealing
with the occurrence, fate and adverse effects of anticancer
drug residues in the environment.

The papers are grouped under three thematic headings:

(i) Developing analytical methods for determining the oc-
currence and fate of cytostatic drug residues including
their metabolites and transformation products during wa-
ter treatment and in the environment

Three publications fall under this heading. The first paper
describes an interlaboratory comparison for determining se-
lected anticancer drugs in aqueous samples (Heath et al.
2016). The exercise involved the commonly prescribed drugs
cyclophosphamide, ifosfamide, 5-fluorouracil, gemcitabine,
etoposide, methotrexate and cisplatinum in aqueous matrices
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including hospital wastewater, wastewater treatment plant ef-
fluent and surface waters. Given the small number of labora-
tories analysing cytostatic drug residues, only four com-
pounds (cyclophosphamide, ifosfamide, methotrexate and
etoposide) fulfilled the necessary criteria of having a statistical
minimum of five independent laboratory measurements.
Among these compounds, methotrexate yielded the highest
within-laboratory repeatability for all three matrices. Overall,
interlaboratory reproducibility was poor, and the smallest ab-
solute differences between the spiked and measured values
were determined in river water.

Besides the parent drugs (cyclophosphamide, ifosfamide,
etoposide), the fate of their metabolites and transformation
products in a lab-scale wastewater treatment plant was also
addressed. The findings are reported in two publications. In
the first paper, Cesen et al. (2016) describe the development of
an analytical method for determining cyclophosphamide,
ifosfamide and their selected metabolites/transformation prod-
ucts: carboxy-cyclophosphamide, keto-cyclophosphamide
and N-dechloroethyl-cyclophosphamide in wastewaters. The
LOQ of the developed method were in low nanograms per
liter. The method was applied to hospital wastewater and in-
fluent and effluents from a receiving wastewater treatment
plant. In hospital effluent, levels up to 3 ug L' were detected,
while in influent and effluent from the water treatment plant
were below the LOQ. The authors also describe the formation
of transformation products during UV and UV/H,0O, treat-
ments and tentatively identified three novel transformation
products. In a second paper by Kosjek et al. (2016), the fate
of etoposide during microbiological breakdown is described
with the primary focus on identifying biotransformation prod-
ucts. In total, five transformation products were proposed;
among them, four etoposide transformation products are de-
scribed for the first time. Even though the chemical structures
of these new compounds cannot be confirmed due to the lack
of authentic compounds, their molecular formulae can be used
to target them in monitoring studies.

(i) Assessing the ecotoxicological and genotoxic properties
of selected anticancer drugs and their mixtures

Seven publications fall under this heading. The paper by
Kovacs et al. (2016) reports the findings of acute toxicity
studies involving four cytostatic drugs: 5-fluorouracil (5-
FU), cisplatin (CDDP), etoposide (ET) and imatinib mesylate
(IM) in zebrafish (Danio rerio) embryos and in adult fish and
sub-chronic toxicity of 5-FU and IM in the early-life stage
toxicity test. The tested drugs were characterized by low acute
and sub-chronic toxicity, which indicates low susceptibility of
fish towards these drugs. However, a previously published study
by Kovacs et al. (2015) reports how chronic two-generation
exposure of zebrafish to 5-FU at environmentally relevant
concentrations (10 ng L") caused histopathological changes
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in the liver and kidney, impaired their DNA integrity and in-
duced massive whole-transcriptome changes. It can be conclud-
ed that standard acute and sub-acute toxicity tests, recommended
by EMA guidelines (EMA 2006), are not adequate for
predicting of potential delayed adverse effects of anticancer
drugs. For predicting the adverse effect of DNA reactive anti-
cancer drugs in vertebrates, chronic exposure toxicity studies
including the detection of a genotoxic effect are recommended.

Misik et al. (2016a) reports the impact of 5-FU, CDDP and
ET on the fertility of higher plants using pollen abortion ex-
periments. All compounds increased the frequencies of abor-
tive grains with the lowest effective doses between 1 and
10 mg/kg of dry soil. Pichler et al. (2014) reported that IM
also induces pollen abortion, however at a higher effective
dose (>150 mg/kg). In higher plants (7radescantia and
Allium), the induced genotoxic effects of the four drugs indi-
cates that induction of DNA damage is one mechanism that
accounts for the induction of abortive pollen (Misik et al.,
2014). However, the doses at which induction of abortive
grains as well as genotoxic effect were detected are four to
six orders of magnitude higher than the concentrations pre-
dicted in the environment.

In two papers, the cytotoxic and genotoxic effects of the
selected anticancer drugs in in vitro test systems are described.
Gajski et al. (2016) reports the findings of a comparative in
vitro toxicological characterization of 5-FU, CDDP and ET
towards zebrafish liver (ZFL) cells, human hepatoma
(HepG?2) cells and human peripheral blood lymphocytes
(HPBLs). Their cytotoxic and genotoxic potential were
different in different cell lines with ZFL being the most
sensitive and HPBLs the least sensitive. The authors
concluded that ZFL cells provide a relevant and sensitive
tool to screen genotoxic potential of environmental
pollutants in the frame of environmental hazard assessment.
Novak et al. (2016) applied the model with HepG2 cells to
explore the differences in the mechanisms of genotoxic effects
of 5-FU, CDDP, ET and IM. The analysis of changes in the
expression of genes involved in response to DNA damage,
apoptosis and oncogenesis revealed that 5-FU, CDDP and
ET, but not IM, de-regulated expression of these genes sug-
gesting that IM has a different mechanism of action. Contrary
to 5-FU, CDDP and ET, IM most likely does not interact
directly with DNA. Importantly, the genotoxic effects of the
tested anticancer drugs were observed at their therapeutic con-
centrations, which may lead to increased risk of delayed ad-
verse side effects in patients. Their findings also indicate that
exposure to 5-FU, CDDP and ET, that interact with DNA
directly, may represent a higher risk for delayed effects such
as cancer, reproductive effects and heritable disease than ex-
posure to IM.

The residues of pharmaceuticals in the environment typi-
cally occur as complex mixtures, and therefore, even though
the concentrations of an individual compound might be low, a
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so-called cocktail effect might be of ecotoxicological signifi-
cance. Genotoxicity of binary mixtures of 5-FU, CDDP, ET and
IM were studied in 7radescantia micronucleus assay by Misik
et al. (2016b). The authors found clear evidence for synergism
in experiments with mixtures with IM and antagonism in a
high-dose experiment with a mixture of 5-FU and ET. The
effects of the mixtures were observed at concentrations several
orders higher than the predicted environmental concentrations,
and it is unlikely that the residues of anticancer drugs in the
environment causes adverse effects in higher plants.

Kundi et al. (2016) investigated the genotoxicity of
binary mixtures of 5-FU, CDDP, ET and IM in Daphnia
magna and Ceriodaphnia dubia using the comet assay. The
results obtained for D. magna showed independent action that
produced additive effects for mixtures. The exception is IM +
5-FU that has an antagonistic interaction. In C. dubia, most
mixtures had antagonist interactions except for IM + 5-FU and
IM + CDDP that showed Bliss independence. This corrobo-
rate the findings of a previous reproductive toxicity study with
D. magna and C. dubia revealing that the majority of these bi-
nary mixtures exerted an independent action (Parrella et al.,
2014a). When comparing the effective concentrations of
a binary mixture to those of the single compounds (Parrella
et al., 2014b), combinations of anticancer drugs could be of
environmental concern because their effects occur at very low
concentrations that are in the range of concentrations encoun-
tered in aquatic systems.

Elersek et al. (2016) tested the effect of a mixture of 5-
FU + IM + ET on the growth inhibition of green alga
Pseudokirchneriella subcapitata and cyanobacterium
Synechococcus leopoliensis. At low effect concentrations,
the effect was in P. subcapitata clearly synergistic, while in
S. leopoliensis it was close to additive, and P, subcapitata was
more sensitive than S. leopoliensis. In addition, a previous
study of binary mixtures of the anticancer drugs revealed that
algae were more sensitive than cyanobacteria, and that these
mixtures can have compound-specific and species-specific
synergistic or antagonistic effects (Brezovsek et al., 2014).
These data provide additional confirmation that single com-
pound toxicity data are not sufficient for predicting the aquatic
toxicity of anticancer drug mixtures.

(i) Developing guidance on improving the environmental
and human risk assessment of cytostatics released into
the environment

In the paper by Kiimmerer et al. (2016), the authors ques-
tion whether or not risks associated with the presence of anti-
neoplastic drugs are underestimated based on a predicted en-
vironmental concentration trigger value of 0.01 pg L™ stated
in the EMA and 1 ug L' in the FDA guidelines. The authors
identified 102 active antineoplastic agents, which are environ-
mentally relevant. Based on consumption analysis, they

calculated that the share of drugs with DNA-damaging proper-
ties increased during the period 2006 to 2012 from 24 to 67 %.
As for the compounds that interact with DNA directly, no safe
action limit can be assumed and the authors propose that DNA-
damaging drugs are exempt from the action limit set by the
EMA and FDA guidelines for performing an environmental
risk assessment and recommend a case-by-case evaluation of
the risk associated with their presence in the environment.

The publications in this Special Issue of Environmental
Science and Pollution Research represent an important contri-
bution to our limited knowledge and understanding of the risk
posed by anticancer drug residues in the environment. They
cover the development of sensitive analytical methods for
characterizing cytostatic drug residues that will contribute to-
wards understanding their fate in the aquatic environment.
They also provide valuable information concerning the
ecotoxicity and genotoxicity of selected anticancer drugs and
reveal that their residues, although they occur at very low
concentrations, represent a possible threat to the aquatic envi-
ronment. These publications begin to fill in the many knowl-
edge gaps that exist and will contribute towards a more reli-
able environmental and human health risk assessment. In the
future, for the exposure assessment, research should focus on
systematic environmental monitoring to obtain data on the
distribution of anticancer drug residues including metabolites
and transformation products, whereas for hazard assessment,
targeted ecotoxicological studies of existing and new antican-
cer drugs and their mixtures are necessary.

Acknowledgments The guest editors sincerely thank Prof. Walter
Giger, a Scientist Emeritus at Eawag, the Swiss Federal Institute of
Aquatic Science and Technology, and a Professor Emeritus at ETH
Zurich for his support during the CytoThreat project and in the prepara-
tion of this Special Issue. We also acknowledge the support and help by
the ESPR Editor-in-Chief Prof. Philippe Garrigues and Ms. Géraldine
Billerot for their support.

References

Brezovsek P, Elersek T, Filipi¢ M (2014) Toxicities of four anti-neoplastic
drugs and their binary mixtures tested on the green alga
Pseudokirchneriella subcapitata and the cyanobacterium
Synechococcus leopoliensis. Water Res 52:168—177

Cesen M, Kosjek T, Busetti F, Kompare B, Heath E (2016) Human me-
tabolites and transformation products of cylophosphamide and
ifosfamide: analysis, occurrence and formation during abiotic treat-
ments. Environ Sci Pollut Res Int 23(11):11209-23

Elersek T, Milavec S, Korosec M, Brezovsek P, Negreira N, Zonja B,
Alda ML, Barcel6 D, Heath E, S¢anéar J, Filipi¢ M (2016) Toxicity
of the mixture of selected antineoplastic drugs against aquatic pri-
mary producers and their behaviour under the applied exposure
conditions. doi:10.1007/s11356-015-6005-2

EMA (European Medicines Agency) (2006) Guideline on the environ-
mental risk assessment of medicinal products for human use.
London 1 June 2006

@ Springer


http://dx.doi.org/10.1007/s11356-015-6005-2

Environ Sci Pollut Res

Gajski G, Geri¢ M, Zegura B, Novak M., Nunié¢ J, Bajrektarevi¢ D, Garaj-
Vrhovac V, Filipi¢ M. (2016) Genotoxic potential of selected cyto-
static drugs in zebrafish liver cell line, human hepatoma HepG2 cells
and human lymphocytes. doi:10.1007/s11356-015-4592-6

Heath E, Cesen M, Negreira N, de Alda ML, Ferrando-Climent L,
Blahova L, Nguyen TV, Adahchour M, Ruebel A, Llewellyn N,
S¢ancar J, Novakovié S, Mislej V, Strazar M, Barcel6 D, Kosjek T
(2016) First inter-laboratory comparison exercise for the determina-
tion of anticancer drugs in aqueous samples. doi:10.1007/s11356-
015-4982-9

Kosjek T, Heath E (2011) Occurrence, fate and determination of cytostatic
pharmaceuticals in the environment. Trends Anal Chem 30:1065-1087

Kosjek T, Negreira N, Heath E, Lopez de Alda M, Barcelo D (2016)
Biodegradability of the anticancer drug etoposide and identification
of the biotransformation products. doi:10.1007/s11356-016-6889-5

Kovacs R, Bakos K, Urbnyi B, Kovesi J, Gazsi G, Csepeli A, Appl AlJ,
Bencsik D, Csenki Z, Horvath A (2016) Acute and sub-chronic
toxicity of four cytostatic drugs in zebrafish. doi:10.1007/s11356-
015-5036-z

Kovacs R, Csenki Z, Bakos K, Urbanyi B, Horvath A, Garaj-Vrhovac V,
Gajski G, Geric M, Negreira N, de Alda ML, Barcelo D, Heath E,
Kosjek T, Zegura B, Novak M, Zajc I, Baebler S, Rotter A, Ramsak
Z, Filipic M (2015) Assessment of toxicity and genotoxicity of low
doses of 5-fluorouracil in zebrafish (Danio rerio) two-generation
study. Water Res 77:201-212

Kundi M, Parrella A, Lavorgna M, Criscuolo E, Russo C, Isidori M
(2016) Prediction and assessment of ecogenotoxicity of anti-
neoplastic drugs in binary mixtures. doi:10.1007/s11356-015-
4884-x

Kiimmerer K, Haif} A, Schuster A, Hein A, Ebert I (2016) Antineoplastic
compounds in the environment—substances of special con-
cern. doi:10.1007/s11356-014-3902-8

Misik M, Filipi¢ M, Nersesyan A, Misikova K, Knasmueller S, Kundi M
(2016a) Impact of common cytostatic drugs on pollen fertility in
higher plants. doi:10.1007/s11356-015-4301-5

Misik M, Filipi¢ M, Nersesyan A, Misikova K, Knasmueller S, Kundi M
(2016b) Analyses of combined effects of cytostatic drugs on micro-
nucleus formation in the Tradescantia. doi:10.1007/s11356-015-
5837-0

Misik M, Pichler C, Rainer B, Filipic M, Nersesyan A, Knasmueller S
(2014) Acute toxic and genotoxic activities of widely used cytostatic
drugs in higher plants: possible impact on the environment. Environ
Res 135:196-203

Novak M, Zegura B, Baebler S, Stern A, Rotter A, Stare K, Filipic M
(2016) Influence of selected anti-cancer drugs on the induction of
DNA double strand breaks and changes in gene expression in hu-
man hepatoma HepG2 cells. doi:10.1007/s11356-015-5420-8

Parrella A, Lavorgna M, Criscuolo E, Russo C, Fiumano V, Isidori M
(2014a) Acute and chronic toxicity of six anticancer drugs on roti-
fers and crustaceans. Chemosphere 115:59-66

Parrella A, Kundi M, Lavorgna M, Criscuolo E, Russo C, Isidori M
(2014b) Toxicity of exposure to binary mixtures of four anti-
neoplastic drugs in Daphnia magna and Ceriodaphnia dubia.
Aquat Toxicol 157:41-46

Pichler C, Filipi¢ M, Kundi M, Rainer B, Knasmueller S, Misik M (2014)
Assessment of genotoxicity and acute toxic effect of the imatinib
mesylate in plant bioassays. Chemosphere 115:54-58

@ Springer

Ester Heath studied Chemistry at
the Faculty of Natural Sciences,
University of Ljubljana, Slovenia.
She has been employed at the
Jozef Stefan Institute in Ljubljana,
Slovenia, since 1991. She carried
out the experimental part of M.Sc.
at University of Plymouth,
Plymouth, Great Britain, and grad-
uated in 1994 (M.Sc.) and 1998
(Ph.D.) in Chemistry at the
University of Ljubljana, Slovenia.
She spent 2 years on postdoctoral
studies at the McGill University,
Montreal, Canada. Upon her return
to the Jozef Stefan Institute, she set up a research group to study new emerg-
ing contaminants in the environment. Currently, she is the Head of Laboratory
for Organic Analytical Chemistry within the Department of Environmental
Sciences, Jozef Stefan Institute and appointed Associate Professor in the
Ecotechnology programme at the Jozef Stefan International Postgraduate
School in Ljubljana, Slovenia. Her main research interest is environmental
organic chemistry and she has dedicated the last decade to the cycling and fate
of new emerging contaminants during water treatment and in the
environment. Since 2011 she has been acting as an Editor for
Environmental Science and Pollution Research.

Metka Filipi¢ PhD holds BS in
Food Technology and PhD in
Biology at University of Ljubljana.
She is the head of the Department
for Genetic Toxicology and Cancer
Biology at the National Institute of
Biology and Professor of
Toxicological Chemistry at the
Faculty of Pharmacy, University of
Ljubljana. In 2001-2002, she was a
visiting researcher at the Columbia
University, New York, under the
fellowship of the International
Union Against Cancer. The topics
of her research are on the subject
of the molecular mechanisms of genotoxicity and potential carcinogenicity
of different natural and manmade pollutants such as cyanobacterial toxins,
metals, food borne heterocyclic aromatic amines, residues of pharmaceuticals,
molecular mechanisms of protective action of natural compounds against
genotoxicity of different pollutants as well as development of new test sys-
tems and methodologies in this field. She was the coordinator of the EU FP7
project “CytoThreat”. She is the member of editorial boards of Mutation
Research—Reviews, Food and Chemical Toxicology and Radiology and
Oncology. At European Food Safety Administration (EFSA), she acts as an
expert in different scientific panels and working groups.


http://dx.doi.org/10.1007/s11356-015-4592-6
http://dx.doi.org/10.1007/s11356-015-4982-9
http://dx.doi.org/10.1007/s11356-015-4982-9
http://dx.doi.org/10.1007/s11356-016-6889-5
http://dx.doi.org/10.1007/s11356-015-5036-z
http://dx.doi.org/10.1007/s11356-015-5036-z
http://dx.doi.org/10.1007/s11356-015-4884-x
http://dx.doi.org/10.1007/s11356-015-4884-x
http://dx.doi.org/10.1007/s11356-014-3902-8
http://dx.doi.org/10.1007/s11356-015-4301-5
http://dx.doi.org/10.1007/s11356-015-5837-0
http://dx.doi.org/10.1007/s11356-015-5837-0
http://dx.doi.org/10.1007/s11356-015-5420-8

Environ Sci Pollut Res

Tina Kosjek holds BS in
Pharmacy (University of
Ljubljana) and PhD in
Ecotechnology (Jozef Stefan
International Postgraduate School,
Ljubljana). She has worked at
IDAEA, CSIC (Barcelona), at the
Danish Technical University, DTU
Environment, (Lyngby, Denmark)
and at the University of Antwerp
(Antwerp, Belgium). She has ex-
pertise in environmental and organ-
ic analytical chemistry, bioanalysis,
new emerging contaminants, sam-
ple preparation, liquid and gas chro-

matography and mass spectrometry (tandem, high resolution). Tina Kosjek
benefited from a number of national and international fellowships and was
involved in international projects (COST Action 636, EU FP6 NORMAN,
EU FP7 Cytothreat, EU Life + DEMOCOPHES).

Marina Isidori is associate profes-
sor of Hygiene at the Second
University of Naples, Italy,
Department of Biological,
Environmental and
Pharmacological Sciences and
Technologies, where she teaches
courses in the master degrees of
Biology and of Food Science and
Human Nutrition. Her research field
is focused on the toxic and
genotoxic effects of environmental
and food pollutants in in vivo and in
vitro experimental systems and re-
cently, in exposed humans trying to

understand the nature of associations between the environment and human
health. Her expertise covers also the endocrine disruption activity of chemical
hazards in water and food.

@ Springer



	Fate and effects of the residues of anticancer drugs in the environment
	References




