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The growing use of cytostatic drugs is gaining relevance as an environmental concern. Environmental and
distribution studies are increasing due to the development of accurate analytical methods, whereas eco-
toxicological studies are still lacking. The aim of the present study was to investigate the acute and
chronic toxicity of six cytostatics (5-fluorouracil, capecitabine, cisplatin, doxorubicin, etoposide, and
imatinib) belonging to five classes of Anatomical Therapeutic Classification (ATC) on primary consumers
of the aquatic chain (Daphnia magna, Ceriodaphnia dubia, Brachionus calyciflorus, and Thamnocephalus
platyurus). Acute ecotoxicological effects occurred at concentrations in the order of mg L™, higher than
those predicted in the environment, and the most acutely toxic drugs among those tested were cisplatin
and doxorubicin for most aquatic organisms. For chronic toxicity, cisplatin and 5-fluorouracil showed the
highest toxic potential in all test organisms, inducing 50% reproduction inhibition in crustaceans at con-
centrations on the order of ug L~'. Rotifers were less susceptible to these pharmaceuticals. On the basis of
chronic results, the low effective concentrations suggest a potential environmental risk of cytostatics.
Thus, this study could be an important starting point for establishing the real environmental impact of

Keywords:
Cytostatics
Anticancer drugs
Acute toxicity
Chronic toxicity
Rotifers
Crustacea

these substances.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

For years the scientific community has been studying the pres-
ence and effects of pharmaceuticals in the aquatic environment,
but only in the last few years, the focus of scientific concern about
anticancer drugs has been growing due to their ever-increasing use
(Johnson et al., 2008). Chemotherapy is growing because the inci-
dence rates of some cancers are increasing (US National Institute
of Health, www.cancer.gov) and higher doses of antineoplastic
agents are being prescribed for the enhanced ability to control
their side effects (Suhail et al., 2012). Additionally, treatment is
moving towards the administration of a combination of more
drugs (Shi et al, 2012). Furthermore, chemotherapy has been
changing from in-patient to out-patient cancer treatment (Lenz
et al., 2007), with higher environmental concern over the presence
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of cytostatics not only in hospital effluents, but also in municipal
wastewater treatment plant effluents at concentrations from ng
to ugL~! as shown in Table 1. Anticancer drugs can be excreted
as parent compounds or as one or more metabolites and, once in
the water, they can undergo biotic and/or abiotic transformations
into different compounds that can be more persistent and more
toxic than the parent compounds (Mompelat et al., 2009).

The concern is that cytostatic drugs interfere with the structure
and functions of DNA and affect not only target cells, but also non-
tumoral cells. Generally, these drugs are present at low concentra-
tions in the environment, concentrations below those of other
pharmaceutical classes. However, each living organism may poten-
tially be affected by their peculiar molecular mode of action and by
the fact that they are expected to exert effects at very low concen-
trations. The development of accurate analytical methods has
allowed the detection of the most abundant anticancer agents in
aquatic systems, such as 5-fluorouracil (5-FU), ifosfamide, and
cyclophosphamide (Kovalova et al., 2009; Kosjek et al., 2013;
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Table 1
Occurrence and predicted environmental concentration, refined by excretion rates, of cytostatic pharmaceuticals in aquatic systems.

Cytostatic Matrix Concentration detected Refined PEC Ref.

5-FU Hospital effluent <5.0-27 ngL! - Kovalova et al. (2009)
Hospital effluent 20-122 pugL7! - Mahnik et al. (2004)
Hospital effluent <8.6-124 pgL! - Mahnik et al. (2007)
Hospital wastewater - 2.03 ugL! Hartmann et al. (1998)
Municipal wastewater - <23nglL! Tauxe-Wuersch et al. (2006)
Surface water - 2.65ng L-1 Straub (2009)
Wastewater influent - 448 ngL! Straub (2009)
Surface water - 7.91 ngL™! Besse et al., 2012
Hospital wastewater 35-92ngL! - Kosjek et al. (2013)
Municipal wastewater 47-14ngL™! - Kosjek et al. (2013)

CAP Surface water - 3.52 ng L-1 Besse et al. (2012)
Wastewater influent 8.2-27ngL! - Negreira et al. (2013)

CisPt as Pt compound Hospital influent 3-250 ug L! - Lenz et al. (2007)
Hospital effluent 2-150 ug L! - Lenz et al. (2007)

DOX Hospital effluent 0.1-0.5 ug L! - Mahnik et al. (2006)
Hospital effluent <10ng L' - Yin et al. (2010)
Hospital effluent <0.26-1.35 pug L-1 - Mahnik et al. (2007)
Surface water - 0.19ngL! Besse et al. (2012)
Wastewater influent 45ngL! - Martin et al. (2011)

ET Hospital effluent 6-380ngL™! - Yin et al. (2010)
Hospital effluent 110-600 ng L ! - Catastini et al. (2008)
Surface water - 0.87 ngL™! Besse et al. (2012)
Wastewater effluent 34nglL™! - Martin et al. (2011)
Wastewater influent 15ngL! - Martin et al. (2011)

M Surface water - 4.99ngL! Besse et al. (2012)

5-Fluorouracil (5- FU), capecitabine (CAP), cisplatin (CisPt), doxorubicin (DOX), etoposide (ET) and imatinib (IM).

Negreira et al., 2013), those occurring at lower concentrations,
such as doxorubicin (DOX), vincristine, and etoposide (ET), and
new compounds, such as imatinib mesylate (IM), temozolomide,
and capecitabine (CAP) (Besse et al., 2012; Negreira et al., 2013).

Though the number of studies on the detection of anticancer
agents in the environment is increasing, studies on the ecotoxico-
logical effects of these compounds and the associated risk to
human health due to their presence in the aquatic environment
are lacking (Xie, 2012). Therefore, the aim of the present study
was to investigate the toxicity of six cytostatics belonging to the
five classes of the World Health Organization (WHO) Anatomical
Therapeutic Classification (ATC) scheme, on different organisms
in the aquatic chain.

5-FU and CAP are pyrimidine analogues characterized as
antimetabolites. This class of drugs inhibits DNA polymerase and
induces cell cycle arrest and apoptosis. CAP is the pro-drug of flu-
orouracil and rapidly metabolizes to the active 5-FU (Straub, 2009).
Cisplatin (CisPt) is an inorganic platinum agent belonging to the
class of platinum-derived drugs. These platinum compounds form
highly reactive platinum complexes that bind to nucleophilic
groups in DNA, inducing DNA cross-links and DNA-protein
cross-links, resulting in apoptosis and inhibition of cell growth
(Kartalou and Essigmann, 2001). CisPt has been classified by the
International Agency for Research on Cancer (IARC) as a presum-
able carcinogen in humans (group 2A), whereas ET, a topoisomer-
ase II inhibitor belonging to the class of mitotic inhibitors, has
already been classified by IARC as a carcinogen in humans (group
1). DOX is characterized as a cytotoxic antibiotic (anthracycline
class). Anthracyclines interact with DNA, intercalating between
two base pairs to block DNA replication and prevent DNA relega-
tion by stabilizing topoisomerase II (Xie, 2012). Other mechanisms
of action are controversial despite the drugs’ extensive clinical
utilization (Minotti et al., 2004). Imatinib mesylate is a selective
tyrosine kinase inhibitor belonging to the new class of kinase
inhibitors. Tyrosine kinases play a critical role in the modulation
of growth factor signalling. Activated forms of these enzymes can
cause increased tumor cell proliferation and growth, induce anti-
apoptotic effects, and promote angiogenesis and metastasis
(Blume-Jensen and Hunter, 2001).

In order to evaluate the potential ecotoxicological effects of the
six cytostatics described above, acute and chronic toxicity assays
were carried out on primary consumers of the freshwater aquatic
chain. Our results could be utilized for the evaluation of the poten-
tial environmental risk from these compounds as only limited data
currently exists. The stability of compounds in stock solutions and
test solutions was also investigated in order to establish possible
differences between nominal and actual concentrations.

2. Materials and methods
2.1. Test compounds

5-FU (CAS: 51-21-8), CisPt (CAS: 15663-27-1), ET (CAS: 33419-
42-0), and DOX (CAS: 25316-40-9) were supplied by Sigma-
Aldrich (Milano, Italy). CAP (CAS: 154361-50-9) and IM (CAS:
220127-57-1) were supplied by Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

2.2. Chemical analysis

For 5-FU, CAP, ET, and IM, analytical HPLC was carried out using
a Varian 1200 Series HPLC system equipped with a Varian 1200
G1311A quaternary pump, Varian 1200 G1329A auto sampler,
and Varian 1200 G1314B UV-Vis detector. Chromatographic
analyses were performed on a LUNA RP-18 column (5 pm,
250 x 4.6 mm i.d., Phenomenex) assembled with a pre-column
SecurityGuard™ HPLC system consisting of a Max RP guard
cartridge (4.0 x 2.0 mm, Phenomenex). An aliquot of each sample
(1 mL) was transferred into a HPLC vial and 20 pL injected. Chro-
matograms were integrated using Agilent Chemstation software
(A6.03.05).

5-FU, CAP, ET, and IM were identified by comparing retention
times with authentic standards and quantified using standard cali-
bration curves. A total of 20 pL of each standard dilution in 1:1
methanol:acetonitrile was used to prepare 5-point calibration
curves, which were linear in the analytical ranges (0.1-1000 mg L™!
for 5-FU, 1-1000 mg L~ for CAP, 10-1000 mg L~! for ET and IM).
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For 5-FU, isocratic elution in a mixture of purified water and
methanol (9:1, v/v) containing 0.1% formic acid was carried out
over 20 min at a flow rate of 0.3 mLmin~' with detection at
254 nm (modified from Baek et al., 2010). The 5-FU retention time
was 14.6 min. A solution of 5-FU (100 ppm) in D,0 was prepared,
measured, and then stored under the same conditions as the stock
solutions. 'H, 3C, and '°F NMR spectra were recorded in D,0 at
25 °C on a Varian Mercury Plus 300 spectrometer equipped with
5-mm probes. 'H, 13C, and '°F NMR spectra were acquired with a
standard pulse from the Varian library ('"H NMR: (D,0) & in ppm,
7.26 (1 H, s, ] = 5.4 Hz, H-6)).

For CAP, isocratic elution in a mixture of purified water and
methanol (1:1, v/v) was carried out over 20 min at a flow rate of
0.7 mL min~! with detection at 280 nm. The CAP retention time
was 15.2 min.

For ET, isocratic elution in a mixture of purified water contain-
ing 0.1% trifluoroacetic acid, methanol, and acetonitrile (52:45:3, v/
v/v) was carried out over 20 min at a flow rate of 0.7 mL min!
with detection at 229 nm. The ET retention time was 12.2 min.

For IM, isocratic elution in a mixture of purified water contain-
ing 0.1% formic acid and methanol (1:1, v/v) was carried out over
12 min at a flow rate of 0.7 mL min~! with detection at 268 nm.
The IM retention time was 7.5 min.

For CisPt and DOX, absorbance was measured in the range of
700-200 nm using a Cary model 1E double beam UV-Vis Spectro-
photometer with a spectral resolution of 2 nm. Repeated spectro-
photometric scans (10 min intervals) of 1 mg mL~! CisPt solution
in fresh water were recorded at 20 * 2 °C for 8 h. An aliquot of
1.5 mL of 50 mg L~! DOX solution in fresh water was placed in a
quartz cuvette and incubated at 20 + 2 °C with a 16:8 light:dark cy-
cle (500 lux). The spectrophotometric scans were recorded at fixed
time points chosen to investigate light-induced degradation under
test conditions (0, 1, 16, 24, 25, 40, 48, 49, 64, and 72 h). The DOX
concentration was measured by the absorbance at 480 nm (Ayax for
DOX).

2.3. Toxicity testing

To evaluate the environmental effects of the six anticancer
agents selected, aquatic acute and chronic toxicity tests were per-
formed on the following primary consumers: the anostracan crus-
tacean Thamnocephalus platyurus was used in acute tests, and the
rotifer Brachionus calyciflorus and the cladoceran crustaceans Daph-
nia magna and Ceriodaphnia dubia were used in both acute and
chronic tests. The selection of B. calyciflorus as a representative
aquatic organism in this study was justified by its environmental
abundance and role in several ecological processes in freshwater
communities. T. platyurus was used due to its high sensitivity to
toxicants (Tarczynska et al., 2001; Zaltauskaite and Brazaityte,
2013), D. magna and C. dubia due to their worldwide distribution
in freshwater and because they are largely used in both standard
acute and chronic toxicity testing.

5-FU, ET, and DOX were dissolved in dimethylsulphoxide
(DMSO), stored in the dark at 4 °C, further diluted in deionized
water (Elix 10, Millipore, Milan, Italy) and sonicated to obtain stock
solutions. The test solutions were prepared by mixing the appro-
priate volumes of the stock solutions and the test media. Because
of the low solubility of 5-FU and ET, we utilized DMSO as solvent
at the maximum concentration of 0.025% v/v. The maximum con-
centration of DMSO used in DOX test solution was 0.01% while Cis-
Pt, IM, and CAP were dissolved in deionized water. While acute
toxicity testing a carrier control with DMSO was performed at
the concentrations utilized. The concentrations used in the chronic
toxicity tests were based on results from acute tests when possible,
and from previous range-finding tests. In chronic tests it was not
necessary to dissolve pharmaceuticals in DMSO for the low

concentrations used. The acute bioassays were conducted under
static conditions, whereas the chronic bioassays were performed
under semi-static conditions.

2.4. Acute toxicity tests

The B. calyciflorus (ASTM E1440-91) test was performed on
organisms less than 2 h old that hatched from cysts supplied by
MicroBioTest Inc. (Nazareth, Belgium). The hatching occurred 16—
18 h before the start of the test in synthetic freshwater (moder-
ately hard dilution water ASTM, 80-100 mg L~' CaCOs, pH 7.5 %
0.3) at 25+ 1 °C and under continuous illumination (3000-4000
lux). Five to seven concentrations (0.3 mL of test solution for each
test well) of each compound were tested in six replicates with five
animals.

The T. platyurus test was performed following the new standard
guideline [SO 14380 (2011) over 24 h of exposure using second-
and third-instar fairy shrimp larvae hatched from cysts. The hatch-
ing occurred 20-22 h before the assay in the same synthetic fresh-
water as the rotifers with the same light and temperature
conditions. Tests were performed in 24-well plates with 10 crusta-
ceans per well (1.0 mL of test solution), five to six concentrations,
and three replicates per concentration.

The C. dubia test was performed over 24 h of exposure using
young organisms less than 24 h old and following EPA-600-4-90
(applied to reference toxicant) procedures (US EPA, 1993). At least
the third generation from mass cultures (starting organisms from
Aquatic Research Organisms, Inc., Hampton, NH, USA) was used,
as well as organisms hatched from ephippia (MicroBioTest) after
3-4d of incubation under a light source of 6000 lux at 25+ 1 °C
in synthetic ISO medium (hardness 250 mgL~! expressed as
CaCO0s) in order to observe potential differences. Tests were per-
formed in 24-well plates with 10 crustaceans per well (1.0 mL of
test solution), five to eight concentrations, and three replicates
per concentration.

For each test considered above, plates were incubated in dark-
ness at 25 °C for 24 h. The test parameter was mortality, and the
concentration that resulted in a 50% effect in 24 h was indicated
as the LCs.

The acute D. magna Straus test was performed over 48 h of
exposure on neonates less than 24 h old at 20 + 1 °C in the dark fol-
lowing the OECD 202 (2004) and ISO 6341 (1996) guidelines. As for
C. dubia, experiments were performed on both organisms coming
from mass cultures and ephippia. The synthetic freshwater (ISO
medium) was aerated before use. Tests were performed with five
daphnids per vessel (9 mL of test solution) and four replicates for
each of five to six concentrations. The test endpoint was the inhi-
bition of mobility, and the concentration found to immobilize
50% of crustaceans in 48 h was considered as ECs.

2.5. Chronic toxicity tests

The B. calyciflorus test was based on population growth inhibi-
tion over 48 h of exposure (ISO 20666, 2008) and performed on
young organisms less than 2 h old. Cysts were hatched as previ-
ously described for the acute test. Tests were performed in 48-well
plates with one rotifer per well (0.9 mL of test solution) and six
replicates of each of five to seven concentrations in moderately
hard dilution water (ASTM E1440-91). The organisms were fed
with 0.1 mL of a fresh suspension of 107 cells/mL of the unicellular
alga Pseudokirchneriella subcapitata. Plates were incubated in dark-
ness at 25 °C for 48 h.

The inhibition reproduction tests on D. magna (OECD 211, 2008
and ISO 10706, 2000) were performed over 21 d of exposure on
young female organisms less than 24 h old that were part of the
third-fifth generation isolated from a healthy mass culture. The
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organisms were transferred to glass beakers (one organism in each
beaker) containing 50 mL of sample concentrations. Crustaceans
were maintained and tested in moderately fresh water (hardness
170 mg L™, expressed as CaCOs; ISO 10706). All test media were
exchanged three times a week (semi-static conditions). The off-
spring produced by each parent animal were counted and removed
at renewal time starting from day 9-11 of exposure.

The inhibition reproduction tests on C. dubia were performed
over 7 d (ISO 20665, 2008). C. dubia stock cultures were maintained
in synthetic water with ISO medium (hardness 250 mgL™! ex-
pressed as CaCOs3). Females were exposed individually in beakers
with 25-30 mL of test solution. All test media were exchanged five
times per week (semi-static conditions). Daily, at the renewal time,
the offspring produced by each parent animal were counted and
removed starting from the fourth day of exposure.

A combination of 5 g L~ each of yeast (Saccharomyces cerevisiae),
alfalfa, and flake food (YCT), in addition to the unicellular green alga
Pseudokirchneriella  subcapitata (108 cells/mL from cultures),
provided suitable nutrition for crustaceans; the organisms were
fed daily with 200 pL of the YCT/algae (1/1) suspension. Five to
ten concentrations, ten replicates per concentration were incubated
at 20+ 1 °C for D. magna and 25 + 1 °C for C. dubia, with a 16:8 h
light:dark cycle (500 lux). For all chronic tests, a test-medium con-
trol series (negative control) was used in addition to the test series.
The reproductive output of the females exposed to the cytostatics
was compared to that of the negative control to determine the
reproduction inhibition concentrations (ECy).

2.6. Quality assurance/control procedures in acute and chronic toxicity
testing

The accuracy of the acute and chronic tests was measured using
K5Cr,07 and CuS04-5H,0 (Sigma-Aldrich Chemicals), respectively,
in reference toxicant tests in order to verify that the L(E)Csos were
in the known ranges for the acute and chronic toxicities of the
organisms. Control charts of organisms were filled with the intra-
laboratory data from several acute and chronic toxicity tests with
rotifers, crustaceans, and reference toxicants in order to guarantee
the precision of the tests. Temperature, hardness, dissolved oxy-
gen, conductivity, and pH were checked at the beginning and at
the end of each test. For each test, data was processed only if the
validity criteria were satisfied according to the respective standard
guidelines.

All people involved in the experiments with cytostatics were
aware of the risks. Lab work was performed in compliance with
current safety guidelines and the use of personal protective equip-
ment. Furthermore, proper disposal procedures for hazardous
wastes were followed.

2.7. Data analysis

The cytostatics were tested at least three times (three indepen-
dent assays) for each organism. The results from the three respec-
tive assays were pooled and analysed using ToxRat Professional
software, Ver 2.10.05 (Alsdorf, Germany) to calculate the effective
percentages. Prism5 (Graphpad Inc., CA, USA) was used to estimate
the concentrations giving x% effect (L(E)Cx) by non-linear regres-
sion (log agonist vs. normalized response-variable slope). The
L(E)Csp value, corresponding to the 50% immobilization for D. mag-
na and mortality for other organisms, were the test parameters in
acute tests, whereas ECsg, ECyo, and EC;o were used in chronic tests
as inhibition reproduction effect concentrations. For long-term
toxicity, the Lowest Observed Effect Concentration (LOEC) and
the No Observed Effect Concentration (NOEC) were estimated by
ANOVA and Dunnett’s multiple comparison test comparing the

mean number of live offspring produced per parent in each expo-
sure concentration to the control mean.

3. Results and discussion
3.1. Chemical results

HPLC demonstrated that 5-FU, CAP, ET, and IM were stable in
aqueous stock solutions when stored at 4 °C in the dark. 5-FU
was stable under storage conditions since 'H, '3C, and '°F NMR ac-
quired soon after dissolution and after 10 d were super-imposable
(Fig. 1 supplementary data). The actual concentrations of these
cytostatics diverged from the nominal concentrations at the start
of the test by less than 10%, and as such the nominal concentra-
tions were reported as the actual concentrations. HPLC demon-
strated that 5-FU, CAP, ET, and IM were also stable under test
conditions in 3 d.

Spectrophotometric analysis demonstrated that CisPt was very
reactive in test media. Soon after dissolution, a decrease in the
absorbance around 301 nm (Aax for CisPt) and an increase around
248 and 272 nm were observed until 2 h (Fig. 1), then a general in-
crease at all three wavelengths was observed until a stable mixture
was established (8 h). These observations were interpreted as the
result of the hydrolysis and anation of CisPt in the test solution
(Miller and House, 1989a; Miller and House, 1989b; Miller and
House, 1990).

In agreement with previous studies (Nawara et al., 2012), the
DOX concentration exponentially decreased during the light peri-
od, resulting in approximately 60%, 30%, and 20% of the starting
concentration after the first, second, and third light:dark cycle,
respectively (Fig. 2).

3.2. Acute toxicity results

No significant differences were found between the results ob-
tained using laboratory cultures and ephippia. Carrier controls
showed no toxicity at the concentrations tested. L(E)Cso values
for the cytostatics are reported in Table 2. D. magna and T. platyurus
were more sensitive to anticancer agents than C. dubia and B. caly-
ciflorus. Among the pharmaceuticals tested, the most toxic were
CisPt and DOX for most organisms, with L(E)Csg values in the order
of mg L1, followed by IM, 5-FU, and CAP. ET exhibited low toxicity
and it was not possible to perform experiments at concentrations
higher than 120 mg L~! for its low solubility in the test medium.
Then, its median effective concentration was possible to be calcu-
lated only for T. platyurus. No effect on B. calyciflorus was found for
5-FU, CAP and ET, up to 200, 500 and 120 mg L™, respectively,
while IM was the most toxic among the compounds tested on this
organism (LCso=3.82mgL!).

0.6

0.4+

Abs

0.2+

0.0+

T T T )
200 250 300 350 400
Wavelength (nm)

Fig. 1. Spectrophotometric scans of the hydrolysis and anation of 1 mg mL~! CisPt
solution over 2 h. Medium, 20 + 2 °C, 10 min intervals.
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Fig. 2. Spectrophotometric scans of 50 mg L~! DOX solution recorded at time points
0, 1, 16, 24, 25, 40, 48, 49, 64, and 72 h. Growth medium, 20 * 2 °C, 16:8, 500 lux.

5-FU was slightly toxic to D. magna but it had the lowest ECsq
value (0.28 mg L™!) with T. platyurus. CAP was the lowest toxic
drug for all organisms, with L(E)Cso values two or three orders of
magnitude higher than other chemicals. Furthermore, the CAP
ECso value for D. magna (224 mg L) was one order of magnitude
higher than that of its metabolite 5-FU, and the same order of mag-
nitude difference was reported by Straub (2009).

Regarding D. magna, the results were in agreement with those
of Zounkova et al. (2007) for 5-FU, CisPt, and DOX, but they differed
for ET.

The acute toxicity of the compounds tested occurred at high
concentrations, in the order of mg L™, far greater than the concen-
trations found in aquatic systems (Table 1). Many cytotoxic com-
pounds have high polarity and low volatility and are not
removed by wastewater treatment (Brausch et al., 2012), but their

Table 2

potential environmental effects remain largely unknown. 5-FU is
not degraded in wastewater treatment plants and it is detectable
at concentrations in the order of ng L~! (Kosjek et al., 2013). Data
is scarce regarding the presence of platinum compounds, but the
effluent Pt concentrations from a hospital in Vienna ranged from
2to 150 ug L~! (Lenz et al., 2007). DOX was also found in hospital
effluents by Mahnik et al. (2007), at concentrations ranging from
<0.26 to 1.35ugL~'. ET is detectable in hospital effluents at
concentrations of 6-380 ng L~! (Yin et al., 2010; Kosjek and Heath,
2011), and to the best of our knowledge nothing is known about
kinase inhibitors. Nevertheless, the persistent release of these
drugs might lead to long-term toxicity at lower concentrations
than acute effects, and chronic endpoints might be the most rele-
vant and important parameters for evaluating the real ecological
risk (Crane et al., 2006).

3.3. Chronic toxicity results

The chronic toxicity data for the six cytostatics, expressed as
ECsg, ECa0, and ECyq values in pg L1 is reported in Table 3. Among
the organisms tested, D. magna and C. dubia were the most
sensitive whereas B. calyciflorus was not particularly affected by
cytostatics. As expected, chronic toxicity occurred at lower concen-
trations than acute toxicity, and the lowest ECsq values were found
for CisPt and 5-FU on both crustaceans and rotifers. In crustaceans,
these drugs were toxic at concentrations in the order of units or
dozen of pugL~! and their activity was two or three orders of
magnitude less against rotifers. As reported in the chemical results,
CisPt is quickly hydrolysed into different compounds, and its toxic-
ity could be related to the newly formed stable mixture. ET and IM
induced 50% reproduction inhibition in crustaceans, in the order of
hundreds of ug L~! while CAP showed the lowest chronic potential,

L(E)C50 values in mg L™! for acute toxicity tests with 95% confidence range for the cytostatics tested.

Compd D. magna 48 h C. dubia 24 h B. calyciflorus 24 h T. platyurus 24 h
5-FU 20.84 (18.07-24.04) 501 (351-854) N.E. up to 200 0.28 (0.26-0.29)
CAP 224 (118-404) 1.23 x 10? (0.9 x 103-1.6 x 10°) N.E. up to 500 197.7 (174.7-223.7)
CisPt 0.94 (0.90-0.97) 2.50 (2.13-2.97) 6.52 (4.31-9.86) 8.44 (7.18-9.91)
DOX 2.14 (1.55-2.46) 5.18 (4.44-6.04) 12.69 (10.25-16.57) 0.31 (0.12-0.83)
ET 25% at 120 16% at 120 N.E. up to 120 74.85 (56.36-99.40)
IM 11.97 (9.37-15.45) 31.92 (27.61-36.98) 3.82 (3.63-4.04) 43.27 (31.39-59.65)

N.E. No Effect.

Table 3
Chronic ECsg, EC and ECy values in pg/L with 95% confidence range for 5-fluorouracil (5-FU), capecitabin (CAP), cisplatin (CisPt), doxorubicin (DOX), etoposide (ET) and imatinib
(IM).
Compd D. magna 21d C. dubia 7d B. calyciflorus 48 h
ECso ECyo ECyo ECso ECyo ECio ECso ECyo ECqo
5-FU 26.40 (20.60-  8.77 (5.81- 4.60 (2.75-7.82) 3.35 (2.20- 1.07 (0.55- 0.55 (0.25- 322 (285-364) 181 (149- 129 (101-
33.90) 12.56) 5.09) 1.86) 1.23) 216) 167)
CAP 20.5 x 103 5.8 x 10 28 x10%(1.6 x 10>~ 2.4 x 103 0.9 x 10° 0.5 x 103 15.4 x 10 5.8 x 10° 33 x 103
(15.5 x 103- (3.7 x 103 5.0 x 10%) (2.0 x 103 (0.6 x 103 (0.3 x 10°- (11.3 x 103- (3.5 x 10°- (0.1 x 103-
27.2 x 10%) 8.7 x 10%) 2.8 x 10%) 1.1 x 10%) 0.7 x 10%) 21.1 x 10%) 8.9 x 10%) 6.2 x 10%)
CisPt  1.63 (1.23- 0.49 (0.31- 0.25 (0.14-0.45) 16.83 (12.53-  4.03 (2.49- 1.75 (0.95- 440 (283-728) 182 (92-308) 108 (11-233)
2.18) 0.74) 22.65) 6.16) 3.27)
DOX - - - - - - 7.7 x 10° 6.2 x 10° 5.5 x 10°
(5.9 x 103~ (4.8 x 10%- (42 x 103~
9.9 x 103) 8.1 x 10%) 7.7 x 10%)
ET 239 (181-299) 137 (90-190) 98 (61-161) 204 (152- 127 (89-177) 96 (65-153) 3.7 x 103 1.7 x 103 1.0 x 103
256) (2.7 x 10°- (1.0 x 10°- (0.3 x 10°-
5.3 x 103) 2.5 x 10) 1.9 x 10%)
M 308 (147-872) 31.62 (8.57-  8.34 (0.55-37.24) 115 (63-209) 3.0 (0.99- 0.43 (0.16- 740 (550-980) 260 (150- 140 (70-270)
84.33) 9.30) 2.04) 400)

-Not determined.

http://dx.doi.org/10.1016/j.chemosphere.2014.01.013

Please cite this article in press as: Parrella, A., et al. Acute and chronic toxicity of six anticancer drugs on rotifers and crustaceans. Chemosphere (2014),



http://dx.doi.org/10.1016/j.chemosphere.2014.01.013

Table 4

A. Parrella et al./ Chemosphere xxx (2014) XxX—Xxx

Chronic NOEC and LOEC values in pg/L of the cytostatics (Dunnett’s test).

Compd D. magna 21d C. dubia 7 d B. calyciflorus 48 h
NOEC LOEC NOEC LOEC NOEC LOEC
5-FU 2.06 6.17 2.22 6.67 125 250
CAP 1900 6100 600 1900 3120 6250
CisPt 1 3 4.57 14.65 250 500
DOX - - - - 5000 10000
ET 1111 3333 97.6 3125 2500 5000
IM 2.98 9.54 0.27 0.87 70 150

—Not determinable.

with ECsq values in the order of mg L~'. Since DOX is stable in the
dark but degraded at the light, as shown by chemical analysis,
chronic toxicity tests were not performed on D. magna and C. dubia.
For this drug, the only chronic result was obtained for the rotifer
because the test is performed in the dark and the ECsq value was
slightly different from the acute value. From an environmental
point of view, the photodegradability of DOX could represent a
lower environmental risk, but further research is needed to
evaluate the possible toxicity of photoderivatives. The similar
toxicological sensitivities of D. magna and C. dubia are correlated
to their similar taxonomy and the knowledge of the potential
effects of drugs on these crustaceans is important for the ecosys-
tem because they are a food source for amphibians, fish, and other
organisms of the aquatic chain. For this reason, the chronic effects
on D. magna over 21 d of exposure are required by the European
Medical Agency (EMEA) for the further risk evaluation. Neverthe-
less C. dubia, which is largely used in North America, may be con-
sidered a suitable surrogate for D. magna, providing comparable
data in one-third the experimental time (Constantine and Huggett,
2010). Because C. dubia and B. calyciflorus are not frequently used,
no data about cytostatics is yet available on these organisms.

In addition to ECsq values, also EC,g and EC;q values for chronic
toxicity are reported in Table 3. These estimates could be useful to
understand the slope in the low region of the concentration/effect
curves and preferred in the environmental risk assessment instead
of NOEC and LOEC. These latter are not measures of precision being
based on the operator decisions for the chosen concentrations and
their spacing (Fox, 2008). However, NOEC and LOEC are still the
most frequently used measures for chronic toxicity in the low
effect region; they are reported in Table 4.

Straub (2009) calculated the NOEC value for 5-FU according to
OECD 211 and reported that it was <10 pg L~!, representing the
lowest nominal concentration tested. Zounkova et al. (2010)
reported a 5-FU ECsq value for D. magna of 100 pg L' calculated
without confidence limits, approximately one-fold higher than
the value shown in Table 3 (26.40 ug L™'). This difference may be
due to the use of a broad concentration range (1:10 dilutions),
which was probably not appropriate for defining the EC, with con-
fidence limits since the OECD 211 relates that test concentrations
may be arranged in a geometric series with a separation factor
not exceeding 3.2. No chronic data is available in the literature ex-
cept for the alga P. subcapitata reported by Zounkova et al. (2007).
For this organism, CisPt and 5-FU exhibited the greatest toxic
effects even if at concentrations in the order of mg L~; the chronic
effect of DOX was similar to that found in our study for the rotifer.
Straub (2009) reported a CAP ECsq for algal growth inhibition of
2mg L™, which is similar to the effect shown in our study for C.
dubia (24mgL') and one order of magnitude lower than
D. magna and rotifers.

The dose-response curves with the respective error bars are
summarized in Fig. 3. The curves clearly show an evident dose-
response effect for all drugs tested underlining the different
responses of organisms to cytostatic concentration increasing. In
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Fig. 3. Comparison of the concentration/effect curves of 5-fluorouracil (5-FU),
capecitabine (CAP), cisplatin (CisPt), doxorubicin (DOX), etoposide (ET), and
imatinib (IM) on D. magna (A), C. dubia (B), and B. calyciflorus (C). Bars indicate
standard errors.

contrast to other drugs that have shown a rapid increase in concen-
tration/effect relationship, the trend of IM was different with an
evident response at only the highest concentrations.

In Table 5 the acute/chronic ratios (ACRs) are shown. As
reported by Brausch et al. (2012), this ratio can provide a useful
tool related to different modes of action of xenobiotics for multiple
endpoints. The highest ACR values were found for 5-FU, which
ranged from 789 for D. magna to ~1.5 x 10° for C. dubia, showing
an effect on a specific pathway, such as reproduction. The rotifer
had the lowest ACR values.

Comparing our chronic results to the Predicted Environmental
Concentration (PEC) values, refined by excretion rates, estimated
by Besse et al. (2012), a potential risk of the cytostatics investi-
gated may be considered. The 5-FU PEC was 7.91 ngL™! and IM
PEC was 4.99 ng L' (Table 1), two orders of magnitude lower than
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Table 5
Comparison of acute to chronic ratios (ACR) on different aquatic organisms for each
cytostatic.

Compd. D. magna C. dubia B. calyciflorus
5-FU 789 1.5 x 10° -

CAP 11 493 -

CisPt 588 147 18

DOX - - 2

ET - - -

IM 39 277 5

—Not determined because ECsq values for acute or chronic tests are not available as
reported in the text.

the C. dubia ECyo (Table 3) indicating a possible damage for the
aquatic ecosystem due to their increasing consumption and con-
tinuous release. DOX and ET exhibited a refined PEC value one or-
der of magnitude less than 5-FU and IM, indicating a lower
environmental concern.

4. Conclusion

The chronic ecotoxicological properties evaluated in the present
study, the contrasting literature data on biodegradability in the
environment, the high consumption amounts and the knowledge
of human metabolism of 5-FU do not allow us to exclude a risk at
long-term exposure for this cytostatic. As the occurrence data and
the fate of CisPt are still lacking despite its successfully use in anti-
cancer therapy, also in this case, our results cannot exclude harm
for the environment. The lacking of both consumption and environ-
mental fate data of IM do not let us to have a clear profile of its level
of risk, while it seems that ET, DOX and especially CAP should be of
less environmental concern considering their significant effects at
almost high concentrations. Further research will be needed not
only to investigate the effects of single compounds, but also those
of derivatives obtained by biotic and abiotic transformations that
occur in the environment. Furthermore, cytostatics are metabolized
in the human body, leading to the formation of compounds whose
degradation and environmental behavior are unknown. Impor-
tantly, in real water samples, single cytostatics act in mixtures with
other cytostatics, metabolites, transformation products, and other
pollutants with possible synergistic/antagonistic effects.
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