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Abstract

Cyclophosphamide (CP) and Cisplatin (CDDP) are antineoplastic drugs widely used in the
treatment of neoplastic diseases that have been detected in the aquatic environment. This review
summarizes the current knowledge on the presence in the aquatic environment of these two drugs and
their effects on freshwater and marine invertebrates, which include good model species in
ecotoxicology and risk assessment programs. The consumption levels, occurrence in freshwater and
marine ecosystems, and the impacts exerted on aquatic organisms, even at low concentrations, justifies
this review and the selection of these two drugs. Both pharmaceuticals were detected in different
aquatic environments, with concentrations ranging from ng L™ up to 22.1 pg L™ (CP) and 250 pg L™
(CDDP). The available studies showed that CP and CDDP induce individual and sub-individual
impacts on aquatic invertebrate species. The most common effects reported were changes in the
reproductive function, oxidative stress, genotoxicity, cytotoxicity and neurotoxicity. The literature
used in this review supports the need to increase monitoring studies concerning the occurrence of
antineoplastic drugs in the aquatic environment since negative effects have been reported even at trace
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concentrations (ng L™). Furthermore, marine ecosystems should be considered as a priority since less
is known on the occurrence and effects of antineoplastic drugs in this environment comparing to

freshwater ecosystems.
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1. ANTINEOPLASTIC DRUGS IN THE AQUATIC ENVIRONMENT

In the last decades, several substances have been continuously released into the aquatic
ecosystems, including Pharmaceutically Active Compounds (PhACs) (Desbiolles et al., 2018;
Mezzelani et al., 2018). Among these chemical substances are the antineoplastic drugs (also identified
as anticancer drugs, cytotoxic drugs or cytostatic drugs), which have received little attention up to
date, especially when compared to other classes of pharmaceuticals, such as antibiotics, anti-
inflammatory drugs and anti-depressants (Desbiolles et al., 2018; Kosjek and Heath, 2011; Mezzelani
et al., 2018). These drugs belong to a major class identified as “antineoplastic and immunomodulating
agents”, which are classified by the World Health Organization (WHO, 2019) as class L of the
Anatomical Therapeutic Chemical (ATC) classification, and includes four sub-classes: antineoplastic
agents (L01), endocrine therapy (L02), immunostimulants (L03), and immunosuppressants (L04).
Antineoplastic drugs are used in cancer treatments (chemotherapy) and several of them are
characterized for being cytotoxic, genotoxic, mutagenic and teratogenic, acting not only on target
tumor cells but also on healthy cells (Besse et al., 2012; Biatk-Bielinska et al., 2017; Filipi¢ et al.,
2020; Kosjek and Heath, 2011; Mater et al., 2014). The antineoplastic drugs main mode of action
includes the inhibition or alteration of the DNA transcription, interfering directly with the DNA
synthesis, or the interaction with proteins that regulate biological processes of the cells to disrupt or
control cellular proliferation (Besse et al., 2012; Gémez-Canela et al., 2020; Santos et al., 2017).

According to the World Cancer Report (2020) by the International Agency for Research on
Cancer (IARC), cancer is the second most common cause of death worldwide and has caused
approximately 9.6 million deaths in 2018. The estimations for the future points out that new cancer
cases will surpass 27 million per year by 2040, a 50% increase in the estimated 18.1 million new
cancer cases in 2018 (Wild et al., 2020). As a consequence, the amount of antineoplastic drugs
consumed per year and the development of new ones is also expected to increase during the next years
across the globe. In Europe, countries such as France, Spain, Germany and Portugal reported
consumption of antineoplastic drugs in the order of tons per year (Besse et al., 2012; Franquet-Griell et

al., 2017b; Kimmerer et al., 2016; Santos et al., 2017). In Spain, for example, the mean annual



consumption was approximately 23 tons per year between 2010 and 2015 (Franquet-Griell et al.,
2017b).

After consumption, these drugs can be excreted through the urinary and/or digestive system as
metabolites or the parent compound, being discharged into the hospital and household wastewaters,
eventually reaching wastewater treatment plants (WWTPs) (Isidori et al., 2016; Valcéarcel et al., 2011;
Zhang et al., 2013). However, low or inefficient removal rates of these pharmaceuticals in WWTPs
have been reported (Cesen et al., 2015; Franquet-Griell et al., 2017b; Martin et al., 2014; Negreira et
al., 2014b; Zhang et al., 2013). In fact, coastal zones and ultimately the marine ecosystems are
commonly the final destination for treated and non-treated wastewaters, and several pharmaceutical
classes have already been reported in these environments (Alvarez-Mufioz et al., 2018; Fernandez-
Rubio et al., 2019; Kdtke et al., 2019; Sathishkumar et al., 2020), presenting a threat to non-target
aquatic organisms derived from their bioactive behaviour. Currently, antineoplastic drugs can be found
in aquatic ecosystems in the ng L™ to pg L™ range (Buerge et al., 2006; Elizalde-Velazquez and
Gomez-Olivan, 2020; Zhang et al., 2013). Even at a lower concentration such as ng L™, these
pharmaceuticals may pose a risk to aquatic organisms (Fonseca et al., 2018, 2017; Trombini et al.,
2016). However, there is still a knowledge gap regarding the real effects of environmentally relevant
concentrations of antineoplastic drugs in non-target organisms, especially in marine species (Bebianno
and Garcia da Fonseca, 2020; Mater et al., 2014).

The fact that the concentration of antineoplastics in aquatic ecosystems is in the ng L™ range, or
even below, represents a challenge to the investigation of their effects. In particular, the lack of highly
sensitive analytical methods and equipment justifies the scarce information regarding concentration
levels of these pharmaceuticals (Heath et al., 2016; Kosjek and Heath, 2011). Moreover, the research
developed has been focused on the ecotoxicological effects in freshwater species, with a high
discrepancy between the number of studies with freshwater and marine species (Bebianno and Garcia
da Fonseca, 2020), a trend also verified for other pharmaceutical classes (Almeida et al., 2020a,
2020b; Gaw et al., 2014; Mezzelani et al., 2018). Furthermore, a limited range of aquatic species

belonging to different trophic levels, such as algae, bivalves, crustaceans, and fish, has been selected



for the evaluation of antineoplastic drugs toxic effects (Brezovsek et al., 2014; Jureczko and Przystas,
2019; Parrella et al., 2015; Trombini et al., 2016).

In this way, the present paper constitutes an updated review concerning concentration levels of
anticancer drugs in aquatic environments and their impacts towards aquatic species. Aiming to identify
research topics of interest and knowledge gaps, the terms “Anticancer drugs” and “Aquatic” were
selected and introduced in the platform Scopus. It is important to highlight that the term “Anticancer
drugs” was used instead of “Antineoplastic drugs” since by using this last option fewer articles were
identified. To create visualization maps, the author’s keywords from all the obtained research articles
were chosen as an item of interest and the relation (link) between keywords was analysed by the co-
occurrence between the different keywords (Cheng et al., 2018). This analysis was carried out using
the VOSviewer 1.6.15, a software tool for constructing and visualizing bibliometric networks (van Eck
and Waltman, 2010). In the maps, each link is characterized by the number of publications in which
two keywords occurred together. Keywords were grouped into clusters, represented by different
colours. The search conducted, using “Anticancer drugs” and “Aquatic” terms, resulted in a total of
107 scientific articles found, published between 1990 and 2020. From these articles, 373 keywords
were obtained. Only connected keywords with a minimum threshold of co-occurrence (2) were
considered to obtain a significant number of keywords and, at the same time, more focused research
with representative clusters. A total of 67 keywords meet these criteria and are represented in Figures
1 and 2. In Figure 1 it is possible to identify circles with the same colours, which means keywords
belonging to the same cluster. The size of the circle is proportional to the weight of keyword
occurrence, being the weight related to the number of research articles in which the keywords occur.
From this representation, it is possible to understand that the research topics such as the risk
assessment, predicted environmental concentrations, genotoxicity, and cytotoxicity have been
receiving attention from the scientific community. In Figure 2, the average publication year of the
documents in which the keywords occurred is represented by different colours and, taking into account
the criteria already described above for the keywords selected to be analysed, only research articles
from 2014 to 2020 were considered. As in Figure 1, the size of each circle is proportional to the

weight of keyword occurrence.
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Figure 1: Keywords co-occurrence cluster analysis related to the “Anticancer drugs” and

“Aquatic” researched terms.
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Figure 2: Keywords co-occurrence temporal analysis related to the “Anticancer drugs” and

“Aquatic” researched terms. The colours represent the average publication year of the documents in

which the keywords occurred.



From Figures 1 and 2, it is possible to observe that the anticancer drugs 5-Fluorouracil, cisplatin
(CDDP) and cyclophosphamide (CP) have been raising concerns in the last few years in the scientific
community, especially since 2017. Considering the increasing number of publications, but also their
high consumption levels, their presence in different aquatic systems and risks to aquatic wildlife, CP
and CDDP pharmaceuticals were the target of the present review (Besse et al., 2012; Buerge et al.,
2006; Gouveia et al., 2019).

Aiming to summarize the current knowledge on the environmental levels of CP and CDDP and
their effects on marine and freshwater invertebrate species after laboratory exposures, Google Scholar,
Scopus, ScienceDirect and Web of Science were selected as databases for bibliographic searching.
The methodological approach used to identify research articles of interest was based on a combination
of keywords, related to CP and CDDP effects in aquatic invertebrates, such as: antineoplastic drugs,
cytotoxic drugs, cyclophosphamide, cisplatin, aquatic environment, freshwater environment, field
concentrations, marine invertebrate species, freshwater invertebrate species, effects, biomarkers,
toxicity. From this bibliographic search 78 research articles were obtained and used to build the entire
review paper, 49 of them related to CP and CDDP presence in freshwater and marine environments,
determination of their predicted environmental concentrations (PECs), and effects towards
invertebrate aquatic species.

Invertebrate species have been among the most used models to study the effects of
antineoplastic drugs, such as CP and CDDP, with fewer studies using vertebrate species. Invertebrates
have the potential to be used as bioindicators of environmental disturbances due to some important
characteristics, including sedentary and filter-feeding behaviour, wide spatial distribution and easy
sampling (Parmar et al., 2016; Scalici et al., 2020; Strehse and Maser, 2020). In particular, invertebrate
species, such as Daphnia magna (crustacean) and Mytilus galloprovincialis (bivalve), are worldwide
abundant and distributed, sensitive to a wide range of stressors, and widely used in laboratory
experiments to study physiological, cytotoxic, and genotoxic alterations, for example, caused by
pharmaceuticals (Almeida et al., 2018b; Freitas et al., 2019a; Mastroianni et al., 2020; Parrella et al.,

2014b; Russo et al., 2018a). Moreover, some of these species, namely bivalves, are also sessile



organisms and present a filter-feeding behaviour, being able to bioaccumulate several substances,
namely emerging contaminants such as pharmaceuticals, and reflect their effects (Almeida et al.,
2018a; Costa et al., 2020; Freitas et al., 2019b; Vaughn and Hoellein, 2018). For these reasons, the
present review focused on the impacts caused by CP and CDDP on invertebrate species, including
freshwater and marine species. From the 49 research articles related to CP and CDDP, only 14 aimed
to assess CP and CDDP effects towards invertebrate aquatic species. The majority (57%) of these
studies used crustaceans as model species, in particular D. magna, and only 3 used bivalve species.
The effects observed were mostly related to genotoxicity, survival capacity, and alterations on

reproductive behavior (Parrella et al., 2015, 2014b; Russo et al., 2018a; Zounkova et al., 2007).

2. CISPLATIN AND CYCLOPHOSPHAMIDE IN THE AQUATIC
ENVIRONMENT
Cyclophosphamide is an alkylating agent (LO1A group, ATC classification), more specifically a
nitrogen mustard analogue (LOLAA sub-group). Alkylating agents are the oldest and a major class of
chemotherapeutic drugs that act by attaching an alkyl group onto the DNA helix causing the inhibition
of the DNA replication and ultimately of the cell division (Fu et al., 2012; Kondo et al., 2010;
Kimmerer et al., 2016). Since the late 1950s, CP has been applied in the treatment of several
neoplastic diseases such as lymphomas, leukemia, ovary, and breast cancer, among other solid tumors,
being one of the most efficient and commonly used antineoplastic drugs, and is also identified as an
immunosuppressant (e.g.: autoimmune diseases) (Emadi et al., 2009; Lutterbeck et al., 2020).
Cisplatin is also an alkylating agent and belongs to a group of drugs defined as platinum-based
compounds (LO1XA sub-group). This drug has been widely used as a chemotherapy agent since the
end of the 1970 to treat several cancers, namely sarcomas, ovarian, lung, and especially testicular
cancer (Dasari and Bernard Tchounwou, 2014).
Although the consumption of antineoplastic drugs is known to be in the order of tonnes per year
in European countries, the consumption data for individual drugs is highly variable worldwide and

across countries (Besse et al., 2012; Gomez-Canela et al., 2020). Nonetheless, Gdmez-Canela et al.



(2020) compiled the consumption data of the most widely used antineoplastic drugs, reporting for CP
the European mean value of 10.4 pg/inhab/day. Although Gomez-Canela et al. (2020) report did not
include the European mean value for CDDP, other authors have identified consumption values ranging
from 0.65 to 1.090 pg/inhab/day in France, United Kingdom and Portugal (Besse et al., 2012; Gdmez-
Canela et al., 2020; Rowney et al., 2009; Santos et al., 2017). After consumption, these drugs are
discharged into wastewaters effluents at different concentration levels. In hospital wastewater effluents
(HWWs), for example, to the best of our knowledge, the maximum value reported for CP was
687,000 ng L™ (Gouveia et al., 2019; Hamon et al., 2018). On the other hand, the maximum value
reported for CDDP in HWWs was 266,000 ng L™ (Gouveia et al., 2019). The biodegradation of CP is
very low since it is a polar compound, highly soluble in water, with a low octanol/water partition
coefficient (log K, of 0.63) and a half-live in the order of years, showing thus the capacity to persist
in the aquatic environment (Buerge et al., 2006; Heath et al., 2016). Cisplatin also presents some
concerning physico-chemical properties. Being a polar compound and highly soluble in water (with a
very low log K,, of -2.19), CDDP is rapidly hydrolyzed into different new transformation products
that constitute new, stable, and potentially more toxic mixtures (Fonseca et al., 2017; Ghafuria et al.,
2018; Parrella et al., 2014b; Russo et al., 2020). The hydrophilic properties of CP and CDDP suggest
that they can persist into the water phase, being unlikely their elimination by sorption onto sewage
sludge in WWTPs and, thus, increasing the potential risk of releasing these drugs into the environment
through wastewater streams discharge (Ghafuri et al., 2018; Kosjek and Heath, 2011). In fact, the
removal rates of these drugs in the WWTPs is highly variable and inconsistent across the literature,
with values of removal ranging from 10% to 100% for CP, depending on the treatment applied
(Gomez-Canela et al., 2012; loannou-Ttofa and Fatta-Kassinos, 2020; Isidori et al., 2016). The
removal rates may also vary according to the specific quantification levels of each facility, with
different literature values. As an example, Ferrando-Climent et al. (2013) reported a limit of
quantification (LOQ) of 3.6 ng L™ when analyzing CP whereas in a study conducted by Llewellyn et
al. (2011) the LOQ obtained ranged between 0.11 ng L™ and 0.4 ng L™ for the same drug. For CDDP,
Lenz et al. (2007) reported a removal rate of 51% using a membrane bioreactor as an advanced
biological treatment, an alternative to the conventional activated sludges in WWTPs.
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As a consequence of the limitations to detect these drugs under environmental conditions, PECs
have been previously determined by different authors for CP and CDDP, as identified in Table 1.
However, information reported in the literature concerning the PECs for antineoplastic drugs is still
scarce and variable, with values ranging from 2.94 to 70.2 ng L™ and from 0.1 to 0.8 ng L™ for CP and
CDDP, respectively (Franquet-Griell et al., 2015; Gdmez-Canela et al., 2020; Misik et al., 2019).
Published PECs, which are presented in Table 1, were calculated based on the available
consumption data of the pharmaceutical selected, excretion rates, elimination rates in WWTPs, and a
dilution factor into the receiving waters, aiming to estimate the concentrations of the pharmaceutical in
the aquatic environment, namely influents and effluents of WWTPs and rivers (Gomez-Canela et al.,
2020). Most of the PECs presented in Table 1 were calculated according to the European Medicine
Agency (EMA) guidelines, using Eq. 1:

consumption X Fexc X (1 — Fwwtp)
WWinhab X inhab X DF X 365

PEC =

where, consumption is the total amount of each pharmaceutical consumed per year in a defined zone;
Fexc is the excreted fraction of the parent drug through the urinary and/or digestive system; Fwwtp is
the fraction of the pharmaceuticals removed in the WWTPs, so (1-Fwwtp) corresponds to the fraction
of pharmaceutical's release from WWTPs to surface waters; WWinhab is the volume of wastewater
produced per inhabitant per day; Inhab is the number of inhabitants of the selected study zone, and DF
is the dilution factor from the WWTP effluents to the surface waters and a default value of 10 was
assumed by the authors, as suggested by EMA guidelines. This equation is considered the most
accurate to estimate PECs (Gomez-Canela et al., 2020).

Although for most of the studies PECs were obtained by using this equation, some authors
used slightly different equations. For example, Kiimmerer and Al-Ahmad (2010) did not consider the
excreted fraction of the parent drug through the urinary and/or digestive system and the fraction of the
pharmaceuticals removed in the WWTPs as independent values and so, these authors considered
losses by the metabolism as well as due to adsorption and biodegradation in the same value. Martin et

al. (2014) also calculated the PECs without considering the excretion rates of the drugs through the
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urinary and/or digestive system. Moreover, some authors have defined specific assumptions in order to
be able to calculate the PECs for some regions. Among them, Besse et al. (2012) and Ghafuria et al.
(2018) have considered an Fwwtp value of 1 in the cases where the WWTP removal rates were not
available. This value corresponds to a scenario where no removal of the drugs occurs at the WWTPs,
corresponding to the worst-case scenario.

Despite the limitations on drugs quantification, the presence of CP and CDDP in different aquatic
compartments from different countries worldwide has been detected by different authors, as
summarized in Table 2. When analysing Table 2 it is possible to conclude that freshwater ecosystems
have received higher attention comparing to marine environments, a trend also verified for other
pharmaceutical classes (Almeida et al., 2020a; Fabbri and Franzellitti, 2016; Mezzelani et al., 2018).
To the best of our knowledge, there are no studies regarding the presence of CP and CDDP in the
marine environment.

From Table 2 it is possible to observe that CP and CDDP are found in freshwater ecosystems in
concentrations up to concentrations of 22100 ng L™ and 250 pg L™, respectively. However, it is also
possible to observe that these two compounds can be at concentrations lower than the limit of
detection (LOD). Concerning the CDDP concentrations found in the literature, it should be taken into
account that the majority of the data are related to the total concentrations of platinum (Pt) based
cytotoxic drugs, which includes not only CDDP but may also include carboplatin and oxaliplatin,
among others. Pt-based compounds can be used as coordination complexes to treat 50% to 70% of
cancer patients (Vyas et al., 2014) and, as a consequence, research has been focused on the detection
of these drugs as complexes. Moreover, the difficulties in the detection and identification of individual
Pt-based drugs in the environment, namely CDDP, can also justify the lack of results for this drug
(Turner and Mascorda, 2015).

Higher concentrations of CP and CDDP were found in HWW which can be explained by the fact
that hospitals are one of the main sources of antineoplastics drugs since the majority of cancer patients
are treated at these facilities (Olalla et al., 2018). Along with the HWW, WWTP influents also present
high concentration levels of CP and CDDP, a direct consequence of the increase in outpatient
treatments for cancer patients (Bohlandt et al., 2017; Ferrando-Climent et al., 2013). Regarding the
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concentrations found in WWTP effluents, the range of concentrations is very similar to the ones found
in WWTP influents, reinforcing the inefficient removal of these drugs by WWTP.

Most of the studies related to the CDDP and CP quantification were made in Europe, mainly in
Spain (Ferrando-Climent et al., 2014, 2013; Franquet-Griell et al., 2017a; Gomez-Canela et al., 2014;
Isidori et al., 2016; Negreira et al., 2014a; Olalla et al., 2018; Vidmar et al., 2015) (Table 2). Asia and
North America have also reported the presence of these drugs in surface waters (Azuma et al., 2016,
2015; Rabii et al., 2014; Usawanuwat et al., 2014; Yin et al., 2010) (Table 2). However, information
regarding the presence of CP and CDDP in Africa and South America surface waters was not found.
Fewer research efforts have been made to study the presence of pharmaceuticals in Africa and South
America when comparing to other parts of the world, being the majority of research concentrated in
well-developed countries (Hughes et al., 2013; Wilkinson et al., 2019). In Africa, in a study conducted
by Fekadu et al. (2019), several pharmaceuticals, belonging to different classes, have been detected in
surface waters with maximum concentrations 20,000 times higher than in European countries,
reinforcing the urgency for advanced WWTP in these regions and the necessity to prioritize the
monitoring of pharmaceuticals such as antineoplastic drugs for which, and to the best of our
knowledge, there is no data regarding their presence.

From Table 2, it is also possible to verify that the presence of CP and CDDP concentrations found
are in the same range, regardless of the country and the freshwater system, from low to high ng L™,
across countries. In Spain, for example, Isidori et al. (2016) reported a CP concentration ranging from
1080 ng L™ to 22100 ng L™ in Barcelona hospital effluents. Also, in effluents from a hospital located
in Barcelona values ranging from 0.004 pg L™ and up to 4.72 pg L™ were reported by Gémez-Canela
et al. (2014). In another study conducted by Olalla et al. (2018), CP was detected in concentrations up
to 3000 ng L™ in Valencia hospital effluents. In Slovenia, Vidmar et al. (2015) reported CDDP
concentrations up to 0.352 ng mL™ when studying hospital effluents and WWTP influents and
effluents. Contrarily, Isidori et al. (2016) found concentrations of this drug up to 352 ng L™ in
Slovenian HWWs and WWTPs.

Comparing with predicted values of CP and CDDP (Table 1), it is possible to conclude that
the measured environmental concentrations (MECSs) of these two drugs are in the same concentration
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range (Table 2). The highest PEC for CP, with a value of 70.2 ng L™, was reported by Rowney et al.
(2009) in WWTPs effluents in the United Kingdom. As for rivers, the highest PECs were reported in
Spain by Martin et al. (2014) and Ortiz de Garcia et al. (2013), with very similar values. All MECs in
WWTPs effluent and surface waters in Spain were higher than the PECs calculated for this country
(Tables 1 and 2). The same observation was made in other countries, namely in Portugal where a study
conducted by Gouveia et al. (2020) with WWTPs effluents, revealed higher MECs values than the
PECs calculated by Santos et al. (2017) and Cristovdo et al. (2020). Regarding the case of Spain,
Franquet-Griell et al. (2017a) calculated the PECs for several antineoplastic drugs according to
consumption data for northeast Spain, and taking into account the results obtained the most widely
reported drugs were further monitored in Besos River (Barcelona). In this study, CP was among the
drugs selected to be monitored, having a calculated PEC of 2.57 ng L™ and MEC ranging from 5.0 -
13.7 ng L™ Although the PEC was underestimated, the PEC/MEC was considered reliable for this
drug. Regarding the PEC obtained for CDDP, the results were also in the same range as the measured
concentrations presented in Table 2. The highest PEC of this drug reported, 0.00278 pg L™, was
obtained by Ghafuria et al. (2018) in Iran for HWW. The same authors have calculated the PEC/MEC
ratio, after quantification of this drug in the HWW of the study area (Table 1), being the results
considered within the acceptable range.

Despite the PECs of CP and CDDP in freshwater and marine environments, to the best of our
knowledge, there is no information regarding concentrations of CP and CDDP in the marine
environment. However, in a freshwater environment, the maximum concentration detected was of
22100 ng L™ and 250 pg L, respectively. Furthermore, there are no studies published on CP and
CDDP concentration levels in wild freshwater and marine aquatic invertebrate species. Moreover, the
effects of these drugs on aquatic invertebrate species were evaluated only after laboratory exposures,
being the effects on field organisms still unknown. Data regarding the effects of CP and CDDP on
aquatic invertebrate organisms is still scarce and there is no information regarding the potential for
bioaccumulation of these drugs in these organisms. In the following section, the effects on aquatic

invertebrate species exposed, under laboratory conditions, to CP and CDDP are discussed.
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3. LABORATORY STUDIES: CYCLOPHOSPHAMIDE AND CISPLATIN
EFFECTS IN FRESHWATER AND MARINE INVERTEBRATES
Several laboratory studies have been performed in order to assess CP and CDDP toxic effects on
aquatic invertebrates and are summarized in Table 3. The minimum concentration tested for CP and
CDDP was 0.1 ng L™ and the maximum concentration tested was 2000 mg L™ and 10 mg L™,
respectively. Acute and chronic assays were performed in different species with both drugs. The
minimum exposure period using CP and CDDP was 24 h and the maximum was 14 days. The effects

observed in freshwater and marine species are described in the following sections.

3.1.1. Freshwater species

To the best of our knowledge, only two studies were performed addressing the impacts of CP
on freshwater invertebrate species, namely with Daphnia magna (Russo et al., 2018b; Zounkové et al.,
2007), Brachionus calycifloru, Thamnocephalus platyurus and Ceriodaphnia dubia (Russo et al.,
2018b) (Table 3). In the study conducted by Zounkové et al. (2007), D. magna was exposed for 48 h
to CP and an acute immobilization test was performed to assess the toxic effects of this drug. The 50%
effective concentration (EC50) value was calculated to evaluate the toxicity of CP and the EC50
obtained was 930 mg L™. According to these results, CP presented low toxicity to D. magna. On the
other hand, Russo et al. (2018b) performed a study that aimed to evaluate the acute and chronic
ecotoxicity of CP in rotifer (B. calyciflorus) and crustacean (T. platyurus and C. dubia) species, by
assessing the mortality and offspring reduction, respectively. The LC50 (concentration causing 50% of
mortality) was calculated for all species among with the EC50 values, except for T. platyurus for
which the EC50 was not calculated. For B. calyciflorus (LC50 = 1924 mg L™, EC50 = 89.84 mg L™),
T. platyurus (LC50 = 1396 mg L™), and C. dubia (LC50 = 986.6 mg L™, EC50 =58.03 mg L™) the
results showed that the LC50 and EC50 values obtained were several orders of magnitude higher (mg
L") than CP environmental relevant concentrations, which are in the ng-pg L™ range.

Regarding CDDP, six studies were performed to assess the effects of this drug in different
freshwater invertebrate species (Table 3). Zounkova et al. (2007) has also tested the effects of CDDP
(among other 4 cytotoxic drugs) in D. magna, P. putida and P. subcapitata following the same

methodology described above. Results showed that CDDP was the most toxic antineoplastic drug for
14



D. magna with an EC50 of 0.64 mg L™, while for P. putida (EC50 = 1.2 mg L™) and P. subcapitata
(EC50 = 2.3 mg L™) was one of the most toxic drugs. In another study conducted by Kolarevi¢ et al.
(2016), the ecotoxicological effects of CDDP were assessed in two bivalve species, the mussels Unio
pictorum and Unio tumidus, by exposing these species to concentrations ranging from 0.004 (1.20 pg
L) to 4 uM (1202 pg L), during 72 h. The authors used bivalves’ hemocytes to investigate the level
of DNA damage and the results showed that CDDP did not induce significant DNA damage. As the
authors explained, the main mode of action of CDDP includes the formation of crosslinks on the DNA
and, as a consequence, this drug blocks replication and transcription, interfering with the cell cycle and
causing damages in the organisms. Nonetheless, DNA damage should not be caused by the formation
of DNA crosslinks and a negative correlation should occur between the rate of crosslink formation and
DNA damage level. In order to assess the crosslink formation, the authors performed a comet assay,
and in the treatment of the in vivo assay with a concentration of 4 uM (1202 pg L™) the formation of
crosslinks was detected. Other studies have assessed the mortality and inhibition of reproduction in D.
magna and C. dubia (Parrella et al., 2014a, 2014b) as well as in B. calycifloru and T. platyurus after
exposure to CDDP (Parrella et al., 2014b) (Table 3). Parrella et al. (2014b) assessed mortality by
performing acute toxicity tests, where the species B. calycifloru, T. platyurus, and C. dubia were
exposed to CDDP for 24 h and D. magna for 48 h. Chronic toxicity tests were also performed to
evaluate inhibition of reproduction, with a duration of 21 days and 7 days for D. magna and C. dubia,
respectively, while growth was also investigated in B. calycifloru after a 48 h exposure period. The
authors concluded that according to the acute toxicity tests results D. magna (LC50 = 0.94 mg L™) and
C. dubia (LC50 = 2.50 mg L") were more sensitive to CDDP than T. platyurus (LC50 = 8.44 mg L)
and B. calyciflorus (LC50 = 6.52 mg L™). As for the chronic toxicity tests results revealed that D.
magna (EC50 = 1.63 pg L™) and C. dubia (EC50 = 16.83 ug L™) were more sensitive to CDDP
exposure than B. calyciflorus (EC50 = 440 pg L™). Parrella et al. (2014a) further evaluated the
inhibition of reproduction of CDDP acting as binary mixtures with other antineoplastic drugs in D.
magna and C. dubia, revealing that mixtures assays showed a synergic tendency on the treatment with
imatinib (IM) and CDDP on C. dubia at the lowest concentration tested (IM/CDDP = 7.0/2.1 pg L™).
Moreover, the same effect levels produced by single exposures were observed at lower concentrations
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when acting as mixtures. For example, the single exposure to CDDP at a concentration of 12.3 ug L~
'caused an offspring reduction of 43.8% in C.dubia while the mixture IM/CDDP at a concentration of
7.0/2.1 ug L™ caused an offspring reduction 57.1%. Regarding the genotoxicity induced in D. magna
and C. dubia by CDDP exposure, three studies have been published (Kundi et al., 2016; Parrella et al.,
2015; Russo et al., 2018a) (Table 3). Parrella et al. (2015) performed in vivo comet assay with D.
magna and C. dubia to evaluate the DNA damage produced by CDDP. The results obtained showed
that CDDP induced DNA damage in both species, with a no observed effect concentration (NOEC)
value of 0.001 ug L™ and 4.57 pg L™, and a lowest observed effect concentration (LOEC) value of
0.01 pg L™ and 14.65 pg L™, for D. magna and C. dubia, respectively. The results obtained by Kundi
et al. (2016) when testing mixtures of antineoplastic drugs to assess genotoxic effects were also in
accordance with the results reported by Parrella et al. (2014a), where mixtures of drugs induced effects

at a lower concentration than those effective in single drugs exposures.

3.1.2. Marine species

Only four invertebrate species have been used to assess the toxic effects of CP in marine
organisms and two to assess the toxic effects of CDDP (Table 3). Canty et al. (2009) used the bivalve
species Mytilus edulis and the sea star Asterias rubens to evaluate the clearance rate (CR) and righting
time (RT), respectively, along with genotoxicity, and cytotoxicity induced by CP in both species. The
organisms were exposed to a concentration range between 18 mg L™ and 180 mg L™ for 7 days.
Regarding the behavioral responses in A. rubens, a significant increase in the RT was observed at 32
and 56 mg L™. Contrarily, cytotoxic effects were not detected at any concentration tested. However,
significant effects were observed regarding the induction of micronuclei (Mn assay) in the
coelomocytes and hemocytes and DNA strand breaks (assessed using the comet assay) at 32 and 56
mg L™ In M. edulis, although behavioral (evaluated by the determination of the CR rate) and
cytotoxic effects were not observed at the concentrations tested, significant differences in the
induction of micronuclei as well as DNA strand breaks were detected between exposed and non-

exposed mussels to CP. The authors also conclude that the results evidenced good correlations
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between behavioral and physiological responses and genetic damage in M. edulis and A. rubens after
exposure to CP.

The mussel M. galloprovincialis has also been used in ecotoxicological studies to assess the CP
(Fernandes et al., 2020) and CDDP (Trombini et al., 2016). Fernandes et al. (2020) exposed this
species to CP for 14 days to a 1000 ng L™ concentration and oxidative stress, neurotoxicity,
cytotoxicity and genotoxicity were evaluated. Results showed that CP induced oxidative stress and
damage along with DNA damage. Moreover, cytotoxicity and DNA damage were also detected in the
hemocytes from the exposed mussels. Taking into account the results obtained by Fernandes et al.
(2020), M. galloprovincialis seems to be a more sensitive species than M. edulis since cytotoxicity was
observed by this author in M. galloprovincialis at concentrations of CP much lower than the
concentrations tested in M. edulis by Canty et al. (2009), where cytotoxicity was not observed. Similar
results to Fernandes et al. (2020) were obtained by Trombini et al. (2016) when exposing M.
galloprovincialis to CDDP for 14 days to a concentration of 100 ng L™. This drug, at the concentration
tested, induced oxidative stress and alterations in the antioxidant capacity, assessed through the
quantification of the antioxidant enzyme activities (superoxide dismutase, SOD; catalase, CAT; total
glutathione peroxidases, T-GPx; and selenium-dependent glutathione peroxidase, Se-GPx), in M.
galloprovincialis. Furthermore, neurotoxicity and DNA damage in mussels hemocytes were also
reported by the authors.

Investigating the impacts of antineoplastic drugs in polychaetes, Fonseca et al. (2018) evaluated
the toxic effects of CP in Hediste diversicolor, after 14 days of exposure, at the following
concentrations: 10, 100, 500 and 1000 ng LY The endpoints evaluated were behavioral impairment,
neurotoxicity, oxidative stress, biotransformation metabolism, oxidative damage, and genotoxicity. As
for behavioral impairment, the burrowing behavior did not show a clear pattern over increasing CP
concentrations. Neurotoxicity was evaluated through the quantification of acetylcholinesterase (AChE)
activity and no significant differences were observed between treatments. Regarding antioxidant
enzyme activities analyzed (SOD; CAT; Se-GPx, T-GPx; glutathione S-transferases, GSTs) there were
no significant differences between the controls and the concentrations tested, although authors
reported an increase in SOD activity followed by a decrease along with increasing concentrations
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under the experimental conditions. The same authors have reported inhibition of T-GPx and GSTs
activities comparing to the controls and along with increasing CP concentrations. The results obtained
for the lipid peroxidation (LPO) showed that cellular damage occurred at higher concentrations. DNA
damage was also observed in all CP exposed conditions. On the other hand, Fonseca et al. (2017)
evaluated the toxic effects of CDDP in H. diversicolor. The behavioral impairment, neurotoxicity,
oxidative stress, biotransformation metabolism, oxidative damage, metal exposure and genotoxicity
were used as endpoints after al4 days exposure period to CDDP at a concentration of 0.1, 10 and 100
ng L. At the highest concentration tested significant burrowing impairment along with neurotoxicity
occurred, since inhibition of the AChE activity was observed. At 100 ng L™ of CDDP, the activity of
antioxidant and biotransformation enzymes (SOD, CAT, GSTs) were also inhibited, contrarily to the
significant increase verified in the metallothionein-like proteins. CDDP also induced oxidative damage
at the highest concentration tested. Genotoxicity was not observed at any concentration tested. In
another study performed by Fonseca et al. (2019) mixtures of antineoplastic drugs, including CP and
CDDP, were used to evaluate the toxic effects of these drugs in the same polychaete species (H.
diversicolor), by analyzing almost the same endpoints as Fonseca et al. (2018, 2017). In Fonseca et al.
(2019), the most relevant results were related to the observed synergetic effect of tamoxifen (TAM)
and CP, in one of the tested mixtures (CDDP — 100 ng L™, CP — 1000 ng L™, TAM — 100 ng L™),
which caused an additive interaction between CP and CDDP and, as consequence, the inhibition of
CAT activity. When CP was tested alone, at the same concentration), the antioxidant capacity was not
inhibited (Fonseca et al., 2018). Cellular damage was observed in all mixtures (1: CDDP - 0.1 ng L™ +
CP-10ng L'+ TAM-0.1ng L% 2: CDDP-10ng L + CP -100 ng L™ + TAM - 10 ng L?; 3:
CDDP-100ngL*+CP-500ng L™+ TAM-25ng L™; 4: CDDP-100ng L™ + CP - 1000 ng L™ +
TAM - 100 ng L™), including in the mixture 1, where the concentrations of CP and CDDP were 0.1 ng
L™ and 10 ng L™, respectively, reinforcing that results from drugs acting alone may not be the same as
the ones resulting from mixtures, since cellular damage was not observed at these concentrations when
drugs were acting alone (Fonseca et al., 2018, 2017). Moreover, mid-grade DNA damage was also

observed in all mixtures.
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Overall, the present review shows that there is a lack of knowledge concerning the impact of CP
and CDDP on aquatic species, especially on marine species, with only 3 research articles using marine
species (M. edulis, H. diversicolor and M. galloprovincialis). The studies found were performed using
concentrations considered environmentally relevant (up to 1000 ng L™) when considering chronic
exposures. Moreover, the majority of laboratory studies published have been focused on the evaluation
of specific biomarkers, such as genotoxicity and neurotoxicity, considering drugs acting alone,
contrarily to what frequently occurs in the aquatic environment. Consequently, the effects of these
drugs on these species are almost unknown when acting as contaminant mixtures, and the real impacts
may be underestimated. Furthermore, due to the reduced number of research articles, the biological
effects of CP and CDDP on these organisms are not yet fully understood, although effects related to
oxidative stress, neurotoxicity, cytotoxicity and genotoxicity were reported for the species already

mentioned.

4. FINAL REMARKS

The environmental consequences of pharmaceuticals and other pollutants in the aquatic
environment are an issue of rising concern, with impacts that can range from molecular alterations to
effects at the population level. For this review, two antineoplastic drugs, CP and CDDP, were selected
based on their consumption values, occurrence in the environment, and the lack of toxicological data
available for aquatic organisms. Invertebrate freshwater and marine species were selected to review
the toxic effects of these to pharmaceuticals due to their importance as bioindicator species and value
as biological resources.

This review on the CP and CDDP occurrence in freshwater and marine environment showed
concentrations ranging from ng L™ up to 22.1 pg L™ and 250 pg L™, respectively, in different water
compartments. However, considering the limitations of the analytical techniques to measure this class
of pharmaceuticals in surface water and the variability reported, more studies are needed to better
understand their spatial and temporal concentrations. Predicted environmental concentrations were
also assessed within this review, being the values here presented similar to the detected environmental
concentrations and in the range of ng L™. Nonetheless, the lack of data, such as the consumption
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values, excretion rates, and removal rates of these drugs in WWTPs, is a major barrier to calculate
accurate PECs, which are an important and useful tool that allows to better prioritize pharmaceuticals,
more specifically antineoplastic drugs, that have a high probability to be detected in the aquatic
environment. The studies assessing the impacts of CP and CDDP on aquatic invertebrate species used
concentrations ranging from 0.1 ng L™ to 2000 mg L™ and from 0.1 ng L™ to 10 mg L™, respectively.
Oxidative stress, genotoxic and neurotoxic responses, as well as alterations on reproduction, were
detected at a minimum concentration of 100 ng L™, acting alone and as a mixture of drugs. It is also
important to notice that, although toxic effects can occur at higher concentrations than the PECs,
higher concentrations can potentially be found in specific aquatic environments, such as hospital
effluents, posing at risk aquatic species along with possible chronic exposure to these pharmaceuticals.
Moreover, although the majority of studies were performed with relevant environmental
concentration, none of them included a recuperation/depuration phase, which is important to
understand if the organisms are capable to re-establish their basal biological performance when the
drugs are no longer present in the environment. In addition, most of the studies did not consider the
drugs acting as mixtures and/or stressful climate change scenarios, which differs from what occurs in
the environment. Furthermore, this review supports the importance of increasing the monitoring

studies, especially on the marine environment where the lack of information is evident.
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Tables

Table 1: Predicted environmental concentrations (PEC) of Cyclophosphamide (CP) and Cisplatin (CDDP) in the aquatic
environment. PECyywrpe, PEC in wastewater treatment plants effluents; PECiyer, PEC in river.

Antineoplastic drug Location PECwwrre PEC.iver Reference
United Kingdom  70.2ng L™ (Rowney et al., 2009)
CP Germany 0.6ngL? (Kdmmerer and Al-Ahmad,
2010)
France >1.75 ng L* (Besse et al., 2012)
Spain 435ng L (Ortiz de Garcia et al., 2013)
Spain 456 ng L (Martin et al., 2014)
United Kingdom ~ 40.9ng L™ 41ngL? (Booker et al., 2014)
Spain 0.11 ng L* (Franquet-Griell et al., 2015)
Germany 0.01 pg L™ (Kdmmerer et al., 2016)
Spain 2.57 ng L* (Franquet-Griell et al.,
Portugal 136-149ngL°  (Santoset al., 2017)
India 13\?45 ng L* (Cristévao et al., 2020)
Portugal 0.837 ng L** (Cristévao et al., 2020)
Belgium 3.06 ng L > (Cristévéo et al., 2020)
United Kingdom 0.6 ng L™ (Rowney et al., 2009)
CDDP France 0.52 ng L™ P* (Besse et al., 2012)
Iran 0.00278 pg L™* (Ghafuria et al., 2018)
India 0.0141 ng L** (Cristévao et al., 2020)
Portugal 0.147 ng L (Cristévao et al., 2020)
Belgium 0.680 ng L™** (Cristévéo et al., 2020)

*PECs calculated based on Eq.1.

? Value recalculated by Franquet-Griell et al., (2015).
® Data presented correspond to the PEC without considering excretion rates.
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Table 2: Concentrations of Cyclophosphamide (CP) and Cisplatin (CDDP) in the aquatic environment. HWW, Hospital
Wastewaters; WWTP Influent, Wastewater Treatment Plant Influent; WWTP Effluent, Wastewater Treatment Plant Effluent.

Antineoplastic

Environment

drug Location HWW WWTP WWTP Surface Reference
Influent Effluent water
Germany 146 ng L™ (Steger-
CP Hartmann etal.,
1996)
Germany  19ngL?- <6-143ng <6-15ngL’ (Steger-
45pg L Lt ! Hartmann et al.,
1997)
Italy 2.2-10.1ng (Zuccato et al.,
L? 2000)
Switzerlan 2-11ngL? 2-10ngL® 0.05-017ng (Buergeetal.,
d L? 2006)
Romania up to 65 ng (Moldovan,
L? 2006)
Germany 56 ng L* (Kimmerer and
Al-Ahmad,
China 100 ng L™ (Yin et al., 2010)
United 35-37ngL" (Llewellyn et al.,
Kingdom ! 2011)
Thailand 1907 pg Lt (Usawanuwat et
L? al., 2014)
Spain 46ngL* 89ngL"t (Negreiraetal.,
2014a)
Spain <LOQ- ND - 25.5 ng (Ferrando-
200.7 ng L™ L? Climent et al.,
2013)
Spain ND - 20 ng /L (Ferrando-
Climentetal.,
2014)
Spain <0.004-472 <0.004-0.01 <0.004- (Gbémez-Canela
pg Lt pg L 0.005 pg L* etal., 2014)
Japan up to 20 ng up to 20 ng (Azumaetal.,
L? L? 2015)
Japan 384 ngL* (Azumaetal.,
2016)
Spain 1080-22100 19-27ngL? 17ngL? (Isidori et al.,
ng L 2016)
Slovenia <LOD-32 <LOD-6ng <LOD (Isidori et al.,
ng L* L? 2016)
Spain 5.0-13.7ng (Franquet-
L? Griell et al.,
2017a)
Spain 46 — 3000 ng (Olalla et al.,
L? 2018)
Portugal ND - 80 ng up to 45 ng (Gouveia et al.,
L /L 2020)
Germany up to 3500 ng (Kiimmerer et
CDDP L2 al., 1999)
Austria 1.7 pg L? (Hannetal.,
2005)
Austria 3-250pgL? 2-150pglL? (Lenzetal.,
a a 2007)
Canada 17-22ngL? 18-21ngL? (Rabii et al.,
2014)
United 0.02 - 137.83 (Vyas et al.,
Kingdom  pgL*P 2014)
Slovenia  0.352pgl™® 00233pgl™ 00128 pglL™ (Vidmar etal.,
c c 2015)
Spain 0.0144 pgL™ 00079 pgL™  0.0059 pg L™ (Vidmar etal.,
c c c 2015)
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Slovenia
Spain

Iran

226 - 352 ng

L-l c
<LOQ®

47.2-146.2
ug L™

23-27ng L7
c

<LOQ®

<LOQ°

<LOQ°

(Isidori et al.,
2016)

(Isidori et al.,
2016)
(Ghafuria et al.,
2018)

LOQ, limit of quantification; ND, non-detected; LOD, limit of detection.
?Data presented correspond to the total Platinum-based cytotoxic drugs, cisplatin and carboplatin.
P Data presented correspond to the total Platinum-based cytotoxic drugs, cisplatin, carboplatin and oxaliplatin.

€ Data present corresponds to total platinum concentrations.

Table 3: Laboratory studies testing the effects of Cyclophosphamide (CP) and Cisplatin (CDDP)in aquatic invertebrate
species. Assay duration in hours (h) or days (d).

Antineoplastic Referenc  Environmen .
Laboratory studies
drug e t
. Concentration  Assay .
Species s tested duration Endpoints
CP (Cantyet Marine Mytilus edulis  18-180mgL" 7d Clearance rate
al., 2009) ! Genotoxicity
Cytotoxicity
Asterias 7d Righting time
rubens 18-180mg L" Genotoxicity
! Cytotoxicity
(Fonseca  Marine Nereis 10-1000ngL" 14d Behavioral
etal., diversicolor ! impairment
2018) Neurotoxicity
Oxidative
Biwgansforma
tion
Dridbtilism
damage
Genotoxicity
(Fonseca  Marine N. 0.1-100ngL? 14d Behavioural
etal., diversicolor a impairment
2019) Neurotoxicity
Biotransforma
tion metabolis
Oxidative
Sheesstoxicity
(Fernand  Marine Mytilus 1000 ng L™ 14d Oxidative
esetal, galloprovincia pteesotoxicity
2020) lis Cytotoxic
Genotoxic
(Zounkov  Freshwater Daphnia N/a* 48 h Mobility
aetal., magna
2007)
(Russo et Freshwater Brachionus 250-2000mg 24h Mortality
al., calycifloru Lt 48 h Reproduction
2018b) 6.25 -200 mg 24 h Mortality
Thamnocepha L™ 24 h Mortality
lus platyurus 125-2000mg 7d Reproduction
Ceriodaphnia L™
dubia 250 — 2000 mg
L-l
12.5-200 mg
L-l
CDDP (Trombin  Marine M. 100 ng L™ 14d Oxidative
ietal, galloprovincia Seesstoxicity
2016) lis Neurotoxicity
(Fonseca  Marine N. 01-100ngL?* 14d Behavioural
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et al.,
2017)

(Fonseca
etal.,
2019)

(Zounkov
aetal,
2007)
(Kolarevi
¢etal,
2016)

(Parrella
etal,
2014b)

(Parrella
etal.,
2014a)

(Parrella
etal.,
2015)

(Kundi et
al., 2016)

(Russo et
al.,
2018a)

“Not available

Marine

Freshwater

Freshwater

Freshwater

Freshwater

Freshwater

Freshwater

Freshwater

N.
diversicolor

D. magna

Unio
Unio tumidus
B. calycifloru

T. platyurus
C. dubia

D.magna
D. magna

C. dubia

D. magna
C. dubia

D. magna

C. dubia

D. magna

#Concentrations tested in ternary mixtures with other antineoplastic drugs.
®Concentrations tested in binary mixtures with other antineoplastic drugs.
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10 -1000 ng
L-l a

N/a*

0.004 - 4 pM
(1,20 - 1202 pg
!

N/a*

05-2.0ugL*
0.08 - 5.00 pg
L-l b
12.3-125.3 ug
L-l

2.1-50.20 yg
L-l b

0.001 — 100 g
L-l

0.03 —300 pg
L-l

0.1-100 pg/
L-l
0.07 - 3.6 ug
L-l b

0.3-300 ug L
1

0.0002 -0.01

ug L
10ngL?

14d

48h h

72h

24 h
48 h
24 h
24h
7d
48 h
21d
21d

7d

24h
24 h

24 h
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HIGHLIGHTS

e Upto22.1pug/L(CP)and 250 pg/L (CDDP) were detected in the aquatic environment.

e Predicted and measured environmental concentrations are at the ng/L and pg/L range.
e 0.1-2x10° ng/L (CP) and 0.1-1x10’ ng/L (CDDP) ranges were used in ecotoxic assays.

e Under lab conditions toxicity occurred in aquatic species at a minimum of 100 ng/L.”

¢ Inthe literature more studies addressed the freshwater than the marine environment.
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