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��]�� _̂̀_àbcdQceQfd̀bgafda_hQihjklQfdiQm_̀fncob̀_lQbdQ̀p_Q_eeoj_d̀lQehcmQfQ

ofhk_QqhfrbobfdQafda_hQpclsb̀foQfdiQfdQ_tfojf̀bcdQceQ_ac̀cubacockvQ

�

��������#��w�����,)�;�##����;:)�;�����&1����x)����-#5y�-)�6#5������9 )�z��#��3)�

*�����y�,.)�{����{,)�;�����#��2-;P�

+���#���.���5�P��Y�Z�|���Z<�}[I.�� M�ZZ%[%\P������ZYPZYZ}~�P������P�Y�YPZZ%[%\P��

�

�

�

�

�

�

�

�

�

�



Detection of anti-cancer drugs and metabolites in the effluents from a
large Brazilian cancer hospital and an evaluation of ecotoxicology*

Mariana de Oliveira Klein a, Sergio V. Serrano a, b, �Alvaro Santos-Neto c,
Claudinei da Cruz d, Isabella Alves Brunetti d, Daniel Lebre e, Maíse Pastore Gimenez e,
Rui M. Reis a, f, g, Henrique C.S. Silveira a, h, *

a Molecular Oncology Research Center, Barretos Cancer Hospital, Barretos, S~ao Paulo, 14784-400, Brazil
b Barretos School of Health Sciences-FACISB, Barretos, S~ao Paulo, 14785-002, Brazil
c S~ao Carlos Institute of Chemistry, University of S~ao Paulo, S~ao Carlos, S~ao Paulo, Brazil
d University Center of the Barretos Educational Foundation (UNIFEB), Barretos, S~ao Paulo, Brazil
e Center for Applied Mass Spectrometry, Sao Paulo, Brazil
f Life and Health Sciences Research Institute (ICVS), Medical School, University of Minho, Braga, Portugal
g ICVS/3B’s-PT Government Associate Laboratory, Braga/Guimar~aes, Portugal
h University of Cuiab�a, Cuiab�a, Mato Grosso, Brazil

a r t i c l e i n f o

Article history:
Received 18 May 2020
Received in revised form
5 September 2020
Accepted 13 October 2020
Available online 16 October 2020

Keywords:
Anti-cancer drugs
Hospital wastewater
Wastewater treatment plant
Liquid chromatography-mass spectrometry
Acute toxicity

a b s t r a c t

The use of chemotherapy agents has been growing worldwide, due to the increase number of cancer
cases. In several countries, mainly in Europe countries, these drugs have been detected in hospitals and
municipal wastewaters. In Brazil this issue is poorly explored. The main goal of this study was to assess
the presence of three anti-cancer drugs, 5-fluorouracil (5-FU), gemcitabine (GEM) and cyclophosphamide
(CP), and two metabolites, alpha-fluoro-beta-alanine (3-NH2-F) and 20-deoxy-20 ,20-difluorouridine (2-
DOH-DiF), in effluents from a large cancer hospital, in the municipal wastewater treatment plant
(WWTP) influent and effluent, and also to evaluate toxicity of the mixtures of these compounds by
ecotoxicological testing in zebrafish. The sample collections were performed in Barretos Cancer Hospital
of the large cancer center in Brazil. After each collection, the samples were filtered for subsequent Liquid
Chromatography Mass Spectrometry analysis. The presence of CP, GEM, and both metabolites (3-NH2-F
and 2-DOH-DiF) were detected in the hospital wastewater and the WWTP influent. Three drugs, GEM, 2-
DOH-DiF and CP, were detected in the WWTP effluent. Two drugs were detected below the limit of
quantification, 2-DOH-DiF: <LOQ (above 1400 ng L�1) and CP: <LOQ (above 300 ng L�1), and GEM was
quantified at 420 ng L�1. Furthermore, 2-DOH-DiF (116,000 ng L�1) was detected at the highest level in
the hospital wastewater. There were no zebrafish deaths at any of the concentrations of the compounds
used. However, we observed histological changes, including aneurysms and edema in the gills and areas
of necrosis of the liver. In summary, we found higher concentrations of CP, GEM and both metabolites (3-
NH2-F and 2-DOH-DiF) were detected for the first time. There is currently no legislation regarding the
discharge of anti-cancer drugs in effluents in Brazil. This study is first to focus on effluents from specific
treatments from a large cancer hospital located in small city in Brazil.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

There are an estimated 14.1 million new cases of cancer each

year in the world, with an annual incidence projected to rise to 21.4
million new patients by 2032. (Ferlay et al., 2015). With this
increasing rate of new cases of cancer, there will be more extensive
use of chemotherapy agents. These drugs are highly cytotoxic and
intercalate into DNA, causing damage, especially to cell replication
and signalling or to the inhibition of cell proliferation (Bialk-
Bielinska et al., 2017). Therefore, there is a growing concern about
environmental contamination with anti-cancer drug residues.
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These drugs have non-selective action; they affect all replicating
cells, and thus have carcinogenic, mutagenic, and teratogenic po-
tential (Brunton et al., 2011; Souza et al., 2018). Since some of these
drugs also act as endocrine disruptors, they are believed to cause
damage to humans and animals even at low doses (Mullot et al.,
2010). It is hypothesized that, due to their mode of action, basi-
cally, all eukaryotic organisms are prone to damage caused by these
compounds (Bialk-Bielinska et al., 2017; Mullot et al., 2010).

Anti-cancer or antineoplastic drugs are not entirely broken
down by human metabolism and are passed into the effluents
through the urine and faeces of cancer patients at different levels.
Chemotherapeutic contamination of effluents may be of the order
of nanograms tomicrograms (Isidori et al., 2016; Mater et al., 2014),
and due to their low biodegradability, they remain in the sewage
treatment system and the environment even after treatment in
wastewater treatment plants (Llewellyn et al., 2011).

Several studies performed in different countries, but predomi-
nantly in Europe, indicate the presence of anti-cancer drugs in
wastewater effluent discharged from hospitals and wastewater
treatment plants (WWTP) at concentrations in the order of
magnitude of ng L�1 to mgL�1 (Aherne et al., 1990; Castiglioni et al.,
2005; Cesen et al., 2015; Ferrando-Climent et al., 2014; Ferrando-
Climent et al., 2013; Ferre-Aracil et al., 2016; Franquet-Griell
et al., 2015; G�omez-Canela et al., 2012; Gouveia et al., 2020;
Isidori et al., 2016; Kosjek et al., 2013; Kovalova et al., 2009;
Kümmerer et al., 2016; Mahnik et al., 2007; Mullot et al., 2009;
Negreira et al., 2013; Santana-Viera et al., 2019; Santos et al., 2018;
Yin et al., 2010). On the other hand, the recent study realized by
Nassour et al. (2020) which conducted a systematic review with 75
publications, found that the 4 most studied anticancer agents in
WWTP were cyclophosphamide (39 publications), tamoxifen (30
publications), ifosfamide (29 publications) and methotrexate (17
publications) with concentrations measured ranging between 0.01
and 86,200 ng L�1, possibly because they are the most commonly
used anticancer drugs in the corresponding countries.

The target drugs of this study were cyclophosphamide (CP), 5-
fluorouracil (5-FU) and gemcitabine (GEM) as well as two metab-
olites, alpha-fluoro-beta-alanine (3-NH2-F), a 5-FU metabolite, and
20-deoxy-20,20-difluorouridine (2-DOH-DiF), a gemcitabine metab-
olite. These drugs were selected due to their percentage of excre-
tion and use in Brazil and other countries as published in past
studies (Kasel et al., 2004; Micromedex, 2005; Weigel, 1999).
Therefore, this study was performed in a large cancer center in
Latin America studying the selected the anticancer drugs based on
the quantity of consumption in this Institution. The Barretos Cancer
Hospital is located in the city of Barretos (S~ao Paulo state, Brazil),
was founded in 1962 to attend oncological patients from the local
region and other rural areas of the State of S~ao Paulo (Palmero et al.,
2016). Currently, the hospital is recognized as one of the largest and
most sophisticated oncological treatment centers in Latin America,
with approximately 4000 medical visits per day, with an around
120 beds, that receives approximately 200 patients daily for
chemotherapy treatment. Many patients come from different re-
gions of the country, totalizing about 11,000 new cases per year
with all cancer treatment costs being covered entirely by the Bra-
zilian Public Healthcare System (SUS) (Palmero et al., 2016). The
main types of cancers treated in the hospital, based on the year
2018, correspond to non-melanoma skin (22.8%), tumors of the
digestive system (15.5%), urological tumors (13.6%), tumors of
breast (11.6%), gynecological tumors (10%) and head and neck tu-
mors (8.3%), and the most used drugs in order of consumption, in
mg, were 5-fluorouracil, gemcitabine, ifosfamide, cyclophospha-
mide, carboplatin, paclitaxicel, asparaginase and transtuzumab.

CP is used for the treatment of brain and bone cancer, leukemia

and other autoimmune diseases (Colvin, 1999). It is an alkylating
agent that must bemetabolized in the liver by the P450 cytochrome
complex enzymes, releasing metabolites such as non-nitrogen
mustard, which intercalates into DNA (Chan et al., 1994; Colvin,
1999). CP is considered a persistent compound and is already
found in municipal effluents and rivers (Kiffmeyer et al., 1998;
Kümmerer et al., 2000). 5-FU and GEM have similar modes of ac-
tion, with pyrimidine base structures, which affect the S phase of
the cell cycle and inhibit enzymes that are crucial for DNA repli-
cation (Xie, 2012). GEM is used to treat breast, pancreatic, ovarian
and lung cancer (Toschi et al., 2005). 5-FU is administered in cases
of colorectal and breast cancer, as well as aerodigestive tract can-
cers (Longley et al., 2003).

Some studies have evaluated the toxicity and genotoxicity of
these compounds, such as the drugs as CP and 5-FU. Araujo et al.
(2019) observed morphological changes in the intestinal-
condition parameters and in the interocular distance, as well as
mutagenic effects on L. catesbeianus tadpoles with administration
of quantities between 0.2 mgL�1 and 123.5 mgL�1 (environmental
concentrations) of CP and 5-FU. Misik et al. (2019) evaluated and
described the results of risk assessments concerning their envi-
ronmental safety, which are based on data generated in the
framework of a coordinated European Union project (“Cytothreat”).
This study concluded that the most sensitive species in experi-
ments concerning acute toxic and long term effects were in general
crustacea (daphnids), and after chronic treatment, the most pro-
nounced effects were detected with imatinibe (IM) followed by
cisplatin (CDDP) and 5-FU. Grzesiuk et al. (2019) demonstrated that
exposure to CP at concentrations registered in the environment
significantly affect Daphnia species in measured parameters as
survivorship, number of eggs, growth rate, and population growth
rate. All of these studies emphasize that anti-cancer effluent, even
at low concentrations, can affect aquatic biota.

These evaluations of toxicity and genotoxicity have typically
studied the effects of each drug separately, with few studies eval-
uating their combined effects as environmental contaminants. For
this type of analysis, Zebrafish (D. rerio) has been found to be a safe
and attractive model for use in bioassays due to its small size, ge-
netics, breeding capacities, and especially its molecular and phys-
iological similarity to humans (Chakravarthy et al., 2014) also for
analysis with anti-cancer drugs (Gajski et al., 2016; Karas et al.,
2019; Kovacs et al., 2016; Misik et al., 2019; Novak et al., 2017)
and cancer development studies (Farooq et al., 2019; Yen et al.,
2014).

Furthermore, cytostatic drugs as ifosfamide (IF), CP and their
metabolites were quantified in hospital wastewater and municipal
wastewater treatment plant (WWTP) in a hospital specialized in
the treatment of cancer in Slovenia, Europe (Cesen et al., 2016a).
The drugs levels detected were 2690, 47.0, 13,200, 2100 and
178 ng L�1 for CP, IF, carboxy-CP, N-decl-CP and keto-CP, respec-
tively, while in influent and effluent samples concentrations were
below LOQs.

In Europe antineoplastic drugs are the only pharmaceutical
products explicitly classified as “hazardous” under the Waste
Framework Directive of the European Commission (Directive,
2008). However, in Brazil and most low to middle-income coun-
tries, less than 40% of the municipal wastewater is treated (SNIS,
2018). Moreover, the Brazilian regulatory laws that refer to the
discharge of effluents do not establish precise limits for anti-cancer
or any other drugs (ALESP, 1976; ANVISA, 2018; CONAMA, 2011).
There have been very few previous ecotoxicological risk assess-
ments performed in Brazil. Recently, Souza et al. (2018) used high-
performance liquid chromatography with fluorescence detection
(HPLC-FLD) to evaluate the presence of anti-cancer drugs in a
general hospital wastewater at the following concentrations:
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irinotecan (<limit of detection (LOD) of 3.40 mg L�1), doxorubicin
(<LOD of 4.69 mg L�1), epirubicin (<LOD of 6.22 mg L�1) and
daunorubicin (<LOD of 3.69 mg L�1). In this way, we believe that this
kind of study is extremely important for a deeper understanding of
the presence and real impacts of these drugs and their interactions
on ecosystems.

During the treatment in Barretos Cancer Hospital patients come
of different Brazilian regions, usually reside in the same neigh-
bourhood as the hospital and since, much of the excretion of the
anti-cancer drugs and metabolites occurs when the patients are no
longer at the hospital. The city of Barretos currently has seven
active wastewater treatment plants. The wastewater from the
Barretos Cancer Hospital is discharged along with the wastewater
from the domestic effluents industrial waste from parts of the city
close to wastewater treatment plant (WWTP). This facility is the
only active sludge treatment plant in Barretos city. In this treatment
system, the water returns to the environment Ribeir~ao das Pit-
angueiras stream.

Against this background, with a lack of clear guidelines in cur-
rent legislation in Brazil we undertook evaluation of effluent from
the largest cancer treatment center in Latin America. Also, it is
known that the anticancer drugs were not removed from all the
effluents using conventional technologies at the WWTP’s. More-
over, the environmental impact of chemotherapy residues in the
effluent treatment systems in Brazil is unknown. Therefore, the
main goal of this study was to assess the presence of three most
commonly used anti-cancer drugs in the Barretos Cancer Hospital,
5-FU, GEM and CP, and two metabolites, 3-NH2-F and 2-DOH-DiF,
during a six-month collection period of wastewater from Cancer
Hospital, the influents and effluents of the municipal wastewater
treatment plant (WWTP) and also the acute toxicity assessment of
the mixtures of these compounds by ecotoxicological testing using
zebrafish.

2. Materials and methods

2.1. Standards, reagents, and handling of the anti-cancer drugs

Formic acid, triethylamine, phenyl isothiocyanate (PITC) and all
of the standards (drugs and metabolites) were acquired from
Sigma-Aldrich® (Missouri, USA). Acetonitrile (ACN) and n-hexane
were acquired from Tedia® (Ohio, USA), and methanol (MeOH) was
acquired from J.T. Baker® (New Jersey, USA). The ultrapure water
was obtained using a Millipore Milli-Q Integral 3 system. Further
information on the drugs and metabolites as well as the CAS
numbers are described in the Supplementary material of the sup-
plementary material.

The anti-cancer drugs and their metabolites are toxic substances
that require special caution when handling them. All the stock
solutions were prepared in safe environments in laminar flow
cabinets and with proper safety equipment. All the material
contaminated with the drugs was disposed of as hazardous waste
to receive proper treatment.

2.2. Preparation of analytical standard stock solutions

The solutions were prepared separately for each analytical
standard. Approximately 1.00 mg (99%) of the analytical standard
wasweighed in a 2mL eppendorf amber flask. Then,1000 mL (or the
volume required to reach the desired final concentration) of 50%
ACN/50% H2O (v/v) solution was added. The solutions were stored
in a refrigerator at 3 �C, reaching a final concentration of
1.00 mg mL�1 (1000 mg mL�1).

2.3. Study sites and sample collection

The study areawas the city of Barretos (S~ao Paulo state) in Brazil,
with approximately 120,000 inhabitants (IBGE, 2016). The economy
of the city is mostly composed of agriculture (primarily, by cane
sugar, oranges and soybeans), trade and services (IBGE, 2016).

The baseline levels of contamination used for this study were
similar to those of Fernando-Climent et al., (2014), who evaluated
WWTP effluent in Girona (96.000 habitants), Italy a small city
which is the central referral hospital for patients at that part of Italy.
The collection points of the effluent samples were determined ac-
cording to other studies (Cesen et al., 2015; Ferrando-Climent et al.,
2014; Isidori et al., 2016) and comprised sampling the hospital
wastewater as well as the WWTP IV influent and effluent.

The collection samplings were performed in two periods: (i) dry
season (July to September) and (ii) rainy season (November to
January). In total there were six collection campaigns. In each
campaign, effluent samples were collected in two days, one sample
per collection day, per collection point (Hospital wastewater,
WWTP influent and WWTP effluent), totaling twelve samples per
collection point (Fig. 1). Wastewater samples, 500 mL from each
sampling point were collected in sterilized glass bottles, immedi-
ately (less than 30 min) transported to the laboratory in a cooler
box, for subsequent filtration using a PES (polyethersulfone)
0.22 mM filter from Sarstedt®, placed in an 50 mL amber glass flask,
stored in cold chamber at 5 �C for three days and analysed by Liquid
Chromatography Mass Spectrometry(LC-MS/MS).

2.4. Analytical method

For the method development and sample analysis two LC-MS/
MSsystems available were used: (1) HPLC system (quaternary
pump, degasser) with an autoinjector model series 1100 from
Agilent Technologies® coupled with a triple quadrupole mass
spectrometer (MS/MS) model API 2000™ (Sciex, Canada); and (2)
HPLC system (binary pump, degasser) with an autoinjector model
series 1260 from Agilent Technologies® coupled with a hybrid
triple quadrupole linear ion trap mass spectrometer (MS/MS)
model 3200 QTRAP™ (Sciex, Canada). The compounds were
ionized by electrospray (ESI) and analysed in the MS/MS system by
Multiple Reaction Monitoring (MRM) mode, that allowed their
quantitation in hospital wastewater samples. The results were
analysed by the Analyst software version 1.4.2 and 1.5.1 (Sciex,
Canada).

The hospital effluent samples were prepared in two different
procedures: (1) For the analysis of the CP, GEM and 2-DOH-DiF
compounds the strategy used was the sample filtration using an
0,45 mm pore membrane and direct injection into the LC-MS/MS;
and (2) To increase the selectivity by improving the retention
time of the molecules, the analytical method for the compounds 3-
NH2-F and 5-FU in the hospital effluent samples included the
derivatization with the agent phenyl isothiocyanate (PITC) before
LC-MS/MS analysis (Kwanyuen and Burton, 2010; Zheng et al.,
2015).

2.4.1. Sample preparation for reaction with PITC
The PITC solution (phenyl isothiocyanate, d ¼ 1.132 g mL�1) was

prepared at the concentration of 0.1 mol L�1 in ACN by diluting
12 mL of PITC with 988 mL of ACN (final vol. of 1.0 mL), followed by
agitation (Shi et al., 2013).

The triethylamine solution (d ¼ 0.73 g mL�1) was prepared at
the concentration of 1.0 mol L�1 in ACN by diluting 139 mL of trie-
thylamine with 861 mL of ACN (final vol. of 1 mL). For sample
preparation, 100 mL of the hospital wastewater sample (filtered)
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was aliquoted in a 1.5 mL eppendorf tube and 50 mL of PITC solution
and 50 mL of the triethylamine solution were added, followed by
vortexing for 10 s and finally incubation for 20 min at 40 �C under
agitation (350 rpm). The sample was removed from the tube, and
200 mL of n-hexane (clean-up) was added, followed by vortexing for
30 s. Twenty microliters of the aqueous phase was removed and
transferred to the vial or well (96-well injection plate) containing
180 mL of H2O for injection into the LCeMS/MS system.

2.4.2. LC-MS/MS analysis
The chromatographic separation of the compounds was per-

formed in a 3 mm ultra-aqueous 150 � 2.1 mm reverse-phase col-
umn from Restek® (room temperature) by applying a flow rate of
200 mL min�1 for the following mobile phases: A, aqueous solution
containing 0.1% of formic acid and B, 50% ACN/50% ultrapure water
(v/v) solution containing 0.1% formic acid. The elution gradient was
as follows: 0.00 min, 10% B until 0.50 min; at 0.51 min, switch to
100% B until 9 min; and at 9.01 min switch back to 10% B until the
end of the 14min chromatographic run. The injection volume of the
sample was 5 mL.

The samples were analysed using the ESI-MS/MS system using
two acquisition methods, the positive mode (monitored com-
pounds 3-NH2-F, CP, and GEM) and negative mode (monitored
compounds 5-FU and 2-DOH-DiF as well as the reaction products
with PITC of 3-NH2-F and 5-FU). For the positive mode, the
following ionisation conditions were optimised: capillary voltage
(þ)5200 V; curtain gas 20 a.u. (arbitrary units); temperature
350 �C; heater gas 55 a.u.; and nebuliser gas 50 a.u. For the negative
mode, the ionisation conditions were optimised as described
above, except for the applied voltage, which was (�) 4200 V. The
MS/MS system was operated in the multiple reactions monitoring

(MRM) mode, selecting the precursor ion in the first quadrupole
and two product ions (one for quantification and another for
qualitative confirmation) in the third quadrupole, which were
fragmented in the second quadrupole, for each analysed
compound.

The limits of detection (LODs) and quantification (LOQs) were
estimated for the analysed compounds, as described in Table 1.
They were obtained by spiking a blank domestic sewage waste-
water at 250 ng mL�1 and extrapolating the obtained signal-to-
noise ratio to 3 and 10, respectively, for LOD and LOQ. In order to
have a simple method to estimate the concentration of the analytes
in the samples, a single point calibrationwas used for quantification
by spiking 250 ng mL�1 of the standards into a sample previously
tested as blank. Since a simple filtration was employed for the
preparation, a recovery close to 100% is expected and, therefore,
matrix effect is estimated equal to process efficiency (Table 1) and
measured as the relation of the analyte spiked in blank sample
matrix and the analyte spiked in water (Matuszewski et al., 2003).

2.5. Ecotoxicology and histology test

For the acute toxicity tests adult specimens of Zebrafish (Danio
rerio) weighing between 1.50 and 2.0 g were acclimated in a
bioassay room in 100 L aquariums with continuous aeration system
promoted by air pumps, with temperature at 25.0 ± 2 �C, with a 12-
h photoperiod of light, and fed freely, once a day, with commercial
ration (28% crude protein) for ten days. After acclimatization, part
of the fish batch was submitted to the sensitivity test with the
substance reference potassium chloride (KCl) (ABNT, 2016) with
five concentrations 0.52; 0.91; 1.60; 2.81; 4.92 g L�1), with one
control, with three replicates and three fish per replica. The total

Fig. 1. Identification map of the effluent collection points in the municipality of Barretos, S~ao Paulo State, Brazil.
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number of animals per concentration was 9 animals to meet the
recommendation of the maximum density of 1.0 g L�1 of fish for
exposure to compounds. The 50% lethal concentration (LC50; 48 h)
of sodium chloride for zebrafish was 1.46 g L�1, with a 95% confi-
dence interval between 1.07 and 1.98 g L�1, and correlation be-
tween mortality response and concentration was R2 ¼ 0.94.

In the static acute toxicity tests (LC50; 48 h) of the isolated drugs
(CP, 5-FU and GEM) the fish were exposed to concentrations of 0.0,
0.1, 1.0, 3.4, 11.6, 36.4, and 118.0 mg L�1, with three replicates and
three fish in each replica, totaling n¼ 9. Test glass aquariums with a
capacity of 3.0 L of test solution were used, maintaining the
maximum density of 1.0 g of L�1

fish as recommended by Aquatic
ecotoxicology - Acute toxicity - Test method with fish (Cyprinidae)
(ABNT, 2016). For the performance of the acute toxicity test, the
initial water quality was temperature 25.0 ± 2.0 �C, pH 7.5 and
hardness of 45.0 ± 2.0 mg CaCO3 L�1, >4.0 mg L�1 of dissolved
oxygen (ABNT, 2016).

Then, a definitive acute toxicity test, for further histology test,
was performed at the following concentrations: 0.1 mg L�1 of
mixture 1 (0.0259 mg GEM þ 0.116 mg 2-DOH-DiF þ 0.020 mg CP
and 0.0135 mg 3- NH 2 eF); 1.0 mg L�1 of mixture 2 (0.0518 mg
GEM þ 0.232 mg 2-DOH-DiF þ 0.040 mg CP and 0.027 mg 3-NH2-
F); and 3.4 mg L�1 of mixture 3 (0.0777 mg GEM þ 0.348 mg 2-
DOH-DiF þ 0.060 mg CP and 0.0405 mg 3-NH2-F) with three rep-
licates and three fish per replica, totaling n ¼ 9. The choice of
concentrations used in zebrafish exposure was based on the
maximum concentration of each compound detected in the
wastewater in this study. Then we perform the tests with the
maximum concentrations of each detected compound (mixture 1),
and this value doubled (mixture 2) and tripled (mixture 3). Test
glass aquariums with a capacity of 3.0 L of test solution were used,
maintaining the maximum density of 1.0 g of L�1

fish as recom-
mended by Aquatic ecotoxicology - Acute toxicity - Test method
with fish (Cyprinidae) (ABNT, 2016). The use of mixed concentra-
tions of drugs based on the concentrations obtained in the residue
analysis aims to simulate the possible environmental exposures
that may occur for zebrafish. The cytoxicity and genotoxicity in liver
cells of Zebrafish (D. rerio) of mixtures of 5-fluorouracil (5-FU) and
cisplatin (CDDP) based on the maximum concentration present in
the effluent of a hospital oncology ward (Novak et al., 2017).

The LC50; 48 h estimate was performed with Trimmed
Spearman Karber software (Hamilton et al., 1977). During the
definitive test (0, 24 and 48 h) the following water quality variables
were monitored: pH, dissolved oxygen (mg L�1), temperature (�C)
and electrical water conductivity (mS cm�1).

After testing for acute zebrafish drug toxicity, the gills and liver

were removed and immersed in buffered formaldehyde fixative
solution (0.1M phosphate buffer; pH 7.2) for 24 h. After fixation, the
fragments were dehydrated, diaphanized and included in Histo-
sec® (Merck). Next, a manual microtome microtomy was per-
formed, obtaining 5.0 mm thick sections, which were stained with
Hematoxylin-Eosin and PAS (Schiff Periodic Acid) (Behmer et al.,
1976).

2.6. Data analysis

The statistical analyses and preparation of graphs were per-
formed using the SPSS software from Windows® version 21.0. The
quantitative data obtained in the tests were described using mea-
sures such as the mean, standard deviation, minimum and
maximum. The concentrations of drugs and metabolites in the ef-
fluents were evaluated in regard to the distribution of the variables
according to each collection point and at the different months, in
addition to percentage calculations.

3. Results

3.1. Detection of compounds at environment

The limits of detection (LOD) and quantification (LOQ) were
determined for each compound, which are described in Table 1.
Four of the five target compounds were detected in the analyses;
only 5-FU was not detected due to the inherent difficulties of
detecting the low molecular weight of this compound for estab-
lishing LOD and LOQ limits.

GEM, CP, 3-NH2-F, and 2-DOH-DiF were detected in the hospital
wastewater and in the WWTP influent, and three drugs (GEM, 2-
DOH-DiF, CP) were detected in the effluents treated by the waste-
water treatment plant located approximately 5 km from the initial
discharge point, only GEM was quantified at 420 ng L�1 (Table 2)
(Figs. 1 and 2).

In comparison to the anti-cancer drugs, the metabolites were
detected inmore samples from the hospital wastewater andWWTP
influent. The 5-FUmetabolite (3-NH2-F) was detected in 5 of the 12
collections from the hospital wastewater and in 2 of the 12 col-
lections from the WWTP influent. The GEM metabolite (2-DOH-
DiF) was detected in 6 of the 12 samples of hospital wastewater, 2 of
the 12 samples of the WWTP influent and 1 of the 12 samples of
WWTP effluent. Therefore the 3-NH2-F was not detected in the
WWTP effluent (Table 2) (Fig. 3).

Regarding the drugs identified, CP was detected in 5 of the 12
samples of hospital wastewater, in 4 of the 12 samples of WWTP

Table 1
Limits of detection (LOD) and quantification (LOQ) for the analytes and their respective electrospray ionisation modes of analysis.

Analysis 3200 QTRAPc Analysis API 2000d

Substance Abbreviation MRM Transition (m/z)a ESI
Mode

Process efficiencyb LODe (ng L�1) LOQf (ng L�1) LODe (ng L�1) LOQf (ng L�1)

5-Fluorouracil 5-FU 128.9 > 42.0 Negative 40% 2650 8840 4000 13,400
5-Fluorouracil þ PITC 5-FU þ PITC 261.9 > 110 Negative 8% 13,000 43,500 20,100 67,000
Alpha-fluoro-beta-alanine 3-NH2-F 108 > 90 Positive �95,5% 5700 19,000 53,600 179,000
Alpha-fluoro-beta-alanine þ PITC 3-NH2-F þ PITC 240.9 > 106 Negative �4% 1600 5340 660 2200
Cyclophosphamide CP 261 > 140 Positive 6% 300 1000 1520 5080
Gemcitabine GEM 264 > 112 Positive �5% 600 2000 30 100
20-Deoxy-20 ,20-difluorouridine 2-DOH-DiF 263 > 220 Negative 43% 1400 4720 1130 3780

a Showed an MRM quantitation transition.
b Matuszewski et al., (2003).
c Analysis using 3200 QTRAP e Nov/2017, Dez/2017 e Jan/2018.
d Analysis using API 2000eJul/2017, Aug/2017 e Sep/2018.
e LOD e Calculated by Signal/Noise ¼ 3.
f LOQ e Calculated by Signal/Noise ¼ 10.
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influent and in 6 of the 12 samples of WWTP effluent, although it
was not quantified due the values were below the LOQ. GEM was
detected in 4 of the 12 samples of hospital wastewater, 4 of the 12
samples of WWTP influent and 2 of the 12 samples of WWTP
effluent, with one quantified and another below the LOQ (Table 2)
(Fig. 3).

The only drug that was not detected in any of the six samplings
was 5-FU, however, its metabolite (3-NH2-F) was found in the
hospital wastewater (<LOQ to 18,200 ng L�1) and in thewastewater
treatment plant influent (<LOQ to 13,500 ng L�1) (Table 2) (Fig. 2).

The highest levels detected in the hospital wastewater corre-
sponded to the GEMmetabolite (2-DOH-DiF), with a concentration
of 116,000 ng L�1 (Table 2) (Fig. 2). No significant differences were
observed between the presence of the drugs in the hospital
wastewater, WWTP influent andWWTP effluent between the rainy
and dry seasons. Overall, the drug levels when detected in this
study were higher in comparison to other studies performed in
different countries as can be observed in Table 3.

3.2. Acute toxicity and histological of zebrafish (D. rerio)

In the acute toxicity tests of the isolated drugs (LC50; 48 h) there
was no mortality at any concentration evaluated, thus the 50% le-
thal concentration of CP, 5-FU, and GEM were

considered > 118.0 mg L�1 for Zebrafish. Exposure for 48 h to CP
caused agitation in animals at concentrations of 3.4, 11.6, and
11.6 mg L�1 and lethargy in animals exposed to 118.0 mg L�1.
Exposure to 5-FU, and GEM did not cause any signs of toxicity in
fish at any concentration.

In the evaluation of the acute effects of the drugs, the gills of the
control (0.0 mg L�1) and of the mixture 1 in the concentration of
0.1 mg L�1 (0.0259 mg GEM þ 0.116 mg 2-DOH-DiF þ 0.020 mg CP
and 0.0135 mg 3-NH2-F) of zebrafish (D. rerio) were analysed. The
structure of the gill arches is composed of cartilaginous tissue and
dense connective cartilaginous tissue organized to support the
blood vessels and the mucous lining the epithelial cells. From the
gill arches both the primary lamellae and the secondary lamellae
contain internal blood vessels lined with mucous cells, chloride
cells, and single-layered cells. The interlamellar spaces presented
the same general organization and cell types (Fig. 4).

The acute toxicity evaluation for mixture 2 at the concentration
1.0 mg L�1 (0.0518 mg GEM þ 0.232 mg 2-DOH-DiF þ 0.040 mg CP
and 0.027 mg 3-NH2-F) showed cell hyperplasia coating of the
secondary lamellae and interlamellar spaces and disorganization of
the supporting structure of the secondary lamellae (Fig. 4).

Formixture 3 (Fig. 4), the 3.4 mg L�1 concentration of 0.0777mg
GEMþ 0.348 mg 2-DOH-DiFþ 0.060 mg CP and 0.0405 mg 3-NH2-
F, in addition to the effects described for mixture 2, secondary

Table 2
Anti-cancer drug and metabolite concentrations determined in the wastewater samples.

Sample identification Concentrations of the drugs (ngL1)

Local Season Date and time CP 5-FU 3-NH₂-F GEM 2-DOH-DiF

Hospital wastewater Drya 7/19/2017e2 p.m. <LOD <LOD <LOD 570 13,080
7/20/2017e2 p.m. <LOD <LOD <LOD <LOQ 14,500
September 8, 2017e2 p.m. <LOD <LOD 3020 160 <LOD
October 8, 2017e2 p.m. <LOD <LOD 12,100 <LOD 116,000
9/13/2017e2 p.m. <LOD <LOD <LOD <LOD <LOD
9/14/2017e2 p.m. 20,700 <LOD <LOD <LOD 7490

Rainyb August 11, 2017e2 p.m. <LOQ <LOD 11,100 <LOD <LOD
September 11, 2017e2 p.m. <LOD <LOD <LOD <LOD <LOD
June 12, 2017e2 p.m. 29,100 <LOD 18,200 <LOD 6800
July 12, 2017e2 p.m. <LOD <LOD <LOD 25,900 74,200
1/24/2018e2 p.m. <LOD <LOD <LOD <LOD <LOD
1/25/2018e2 p.m. <LOQ <LOD <LOQ <LOD <LOD

WWTP influent Dry 7/19/2017e2 p.m. <LOQ <LOD <LOD 750 <LOD
7/20/2017e2 p.m. <LOD <LOD <LOD <LOQ <LOD
September 8, 2017e2 p.m. <LOD <LOD <LOD <LOD <LOD
October 8, 2017e2 p.m. <LOD <LOD <LOD 110 5400
9/13/2017e2 p.m. <LOD <LOD <LOD <LOQ <LOD
9/14/2017e2 p.m. <LOD <LOD <LOD <LOD <LOD

Rainy August 11, 2017e2 p.m. <LOD <LOD <LOD <LOD <LOD
September 11, 2017e2 p.m. <LOD <LOD <LOD <LOD <LOD
June 12, 2017e2 p.m. <LOQ <LOD <LOD <LOD <LOQ
July 12, 2017e2 p.m. <LOD <LOD <LOQ <LOD <LOD
1/24/2018e2 p.m. <LOQ <LOD 13,500 <LOD <LOD
1/25/2018e2 p.m. <LOQ <LOD <LOD <LOD <LOD

WWTP effluent Dry 7/20/2017e4:15 p.m. <LOD <LOD <LOD 420 <LOD
7/21/2017e4:15 p.m. <LOD <LOD <LOD <LOD <LOD
October 8, 2017e4:15 p.m. <LOD <LOD <LOD <LOD <LOD
November 8, 2017e4:15 p.m. <LOD <LOD <LOD <LOD <LOD
9/14/2017e4:15 p.m. <LOD <LOD <LOD <LOQ <LOD
9/15/2017e4:15 p.m. <LOD <LOD <LOD <LOD <LOD

Rainy September 11, 2017e4:15 p.m. <LOQ <LOD <LOD <LOD <LOD
October 11, 2017e4:15 p.m. <LOQ <LOD <LOD <LOD <LOD
July 12, 2017e4:15 p.m. <LOQ <LOD <LOD <LOD <LOD
August 12, 2017e4:15 p.m. <LOQ <LOD <LOD <LOD <LOD
1/25/2018e4:15 p.m. <LOQ <LOD <LOD <LOD <LOD
1/26/2018e4:15 p.m. <LOQ <LOD <LOD <LOD <LOQ

WWTP: wastewater treatment plant.
a All campaigns carried out in the months of July, August and September 2017 were analysed by the equipment Analysis API 2000. The specifics LODs and LOQs were

demonstrated in Table 1.
b All campaigns carried out in the months of November, December 2017 and January 2018 were analysed by the equipment 3200 QTRAP. The specifics LODs and LOQs were

demonstrated in Table 1.
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lamella fusion, lamellar aneurysm and blood stasis, and sub-
epithelial edema were also apparent (Fig. 4).

In the analysis of the zebrafish liver, in the control (0.0 mg L�1)
there was cordonal organization of hepatocytes, with irregular
sinusoid capillaries intermingled with hepatocytes. These cells
were rounded with a central nucleus. After exposure to mixtures 1
and 2 blood stasis in the sinusoid capillaries and in some regions of
cordonal organizationwas observed. Inmixture 3, in addition to the
changes described above, some pyknotic nuclei, nuclei degenera-
tion, loss of cytoplasm, necrosis points were also present in some
regions of the liver (Fig. 4).

4. Discussion

The use of chemotherapy agents has been growing worldwide,
due to the increased number of cancer cases. In several countries,
mainly in Europe countries, these drugs have been detected in
hospitals and municipal wastewaters. In the world there are de-
ficiencies in current legislation about regulation of effluents treat-
ments. In Brazil these issues are poorly explored. Furthermore, the
cytotoxic properties and the carcinogenic, mutagenic, and terato-
genic potential of residues of anti-cancer drugs in effluents from
medical facilities is a reason for concern for public and environ-
mental control agencies (Brunton et al., 2011; McKnight, 2003).
This study was performed in the large cancer center treatment in
Latin America, located in small city inside the State of S~ao Paulo. We

evaluated the presence of three anti-cancer drugs, 5-FU, GEM and
CP, and two metabolites, 3-NH2-F and 2-DOH-DiF, in cancer hos-
pital effluents, in the WWTP influent and effluent, and also
assessed the toxicity of the mixtures of these compounds by eco-
toxicological testing in zebrafish.

Drugs and metabolites are excreted in the urine and faeces of
cancer patients at different levels and have different administration
regimens in the hospitals, which are factors that affect the amounts
of the drugs detected in the effluents (Isidori et al., 2016; Kasel
et al., 2004; Micromedex, 2005; Weigel, 1999).The continuous
discharge of these persistent substances into the environment,
even at low concentrations, can lead to their accumulation at levels
considered toxic (Leblanc, 2004). In Brazil, where only approxi-
mately 40% of effluents are treated (SNIS, 2018), and there is no
legislation regarding the discharge of anti-cancer drugs in effluents,
the toxicity levels are concerning. Furthermore, it is relevant to
emphasize that after chemotherapy infusion, many patients return
to their cities of origin and excrete drug residues in locations
without any wastewater treatment, a common problem in Brazil. It
is also important to highlight that even with the application of
municipal wastewater treatment the drugs persist in Barretos
because standard treatment is only biological and mechanical, and
the process does not effectively remove chemical compounds such
as chemotherapeutic agents.

Also, the Barretos Cancer Hospital performs an average of 200
daily chemotherapy infusions and their discharge into a low

Fig. 2. Presence of anti-cancer drugs and metabolites in effluents by sampling and collection point. Identification of colours: red: cyclophosphamide; green: alpha-fluoro-beta-
ealanine; yellow: gemcitabine; and purple: 20-deoxy-20 ,20-difluorouridine. A ¼ concentration per collection point and per compound in the hospital wastewater; B ¼ concentration
per collection point and per compound in the WWTP effluent; and C ¼ concentrations per collection point and per compound in the WWTP influent. For some collections, repeated
samplings are shown because two collections were made.
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capacity wastewater treatment system (the city only has 120
thousand permanent residents) with a comparatively low dilution
rate, could explain the relatively high levels of these compounds.
Especially when compared to other studies performed in larger
centers from European countries, China (Yin et al., 2010) and
Canada (Garcia-Ac et al., 2009; Rabii et al., 2014) with larger ca-
pacity treatment systems (Table 3). In addition, these cited studies
were evaluating effluents from general hospitals with a much
smaller proportion of patients who were undergoing chemo-
therapy. It is probable that drug levels we detected in the effluents
were considerably higher, because the sampled hospital area re-
ceives only cancer patients. Also, the evaluationwas derived from a
large cancer hospital based in a small town, so that drug levels in
effluent are expected to bemore concentrated than those in general
hospitals with other services.

Regarding individual drugs there was also some variation to
levels observed in other studies. For CP the maximum value found
in the hospital wastewater in this study was 29,100 ng L�1, while in
a study performed by (Cesen et al., 2015), a value of 22,000 ng L�1

was found, and the other studies reported values below
2000 ng L�1 (Ferrando-Climent et al., 2014; Ferre-Aracil et al., 2016;
Isidori et al., 2016; Negreira et al., 2013; Thomas et al., 2007; Yin
et al., 2010). Furthermore, considering the presence of CP in the
WWTP influents in this study, in July (2017) above the detection
limit of 1520 ng L�1 and below the limit of quantification of
5080 ng L�1, in December (2017) and January (2018) above of
detection limit of 300 ng L�1 and below the limit of quantification
of 1000 ng L�1, this concentrations are higher than the levels found
studies by Negreira et al. (2013) and Santana-Rodriguez (2019).
With regard to the presence of CP after treatment in theWWTP, we
detected in all campaigns in November (2017), December (2017)
and January (2018), with the detection limit of 300 ng L�1 and
below the limit of quantification of 1000 ng L�1, which is higher
than the levels of 25 ng L�1 found by Ferrando-Climent et al., (2014)
in Spain (2014), 21 ng L�1 found by Rabii et al., (2014) (2014) in

Canada and by another studies in Europe (Castiglioni et al., 2005;
Cesen et al., 2015; Isidori et al., 2016; Llewellyn et al., 2011;
Santana-Viera et al., 2019; Thomas et al., 2007). When evaluated
the toxicity and genotoxicity studies, Bialk-Bielinska et al. (2017)
evaluated the acute toxicity towards selected aquatic organisms,
bacteria Vibrio fischeri, algae Raphidocelis subcapitata, crustaceans
Daphnia magna and duckweed Lemna minor and although CF and IF
can be classified as non-toxic to all the investigated organisms,
their EC50 values are higher than 100 mg L. Other studies in
different organisms (bacteria, algea, cyanobacteria, invertebrates,
polychaetes and plants) have also demonstrated ecotoxicological
data of CP (EC50/LC50) above 100 mg L�1 (Cesen et al., 2016a;
Fonseca et al., 2018; Grung et al., 2008; Sanderson et al., 2003;
Zounkova et al., 2007). These studies corroborate with our acute
toxicity tests performed on zebrafish, when the isolated drugs there
was no mortality at any concentration evaluated.

Grzesiuk et al. (2019) rated how the exposure to CP and cisplatin
(CDDP), at detected in environment concentrations, influence
proteome profile, life history and population parameters of natu-
rally setting surface waters Daphnia pulex and Daphnia pulicaria,
concluding that, the individual growth rate was affected only by CP
and exclusively in the case of D. pulicaria, decreased number of eggs
was observed in both exposures and the proteome profile revealed
that tested anti-cancer modified expression of some proteins
involved in Daphnia metabolism, demonstrating that CP and CDDP
in low concentrations detected in environment effect freshwater
organisms. In our results in this study the exposure for 48 h to
isolate CP caused agitation in animals at concentrations of in low
concentrations and lethargy in animals exposed to high
concentrations.

The literature is poor in data concerning GEM in effluents, as
well as in toxicity and genotoxicity studies. Our study detected
levels of 25,900 ng L�1 in the hospital wastewater, which are
considerably higher than the values found in previous reports.
Isidori and collaborators in 2016 (Isidori et al., 2016), did not

Fig. 3. Average (blue line), minimum (orange line) and maximum (grey line) concentrations of each compost detected in the effluents, per point of collection. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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detected GEM in the effluent from a Hospital in Slovenia and was
only detected in the WWTP influent, at a level of 61 ng L�1. This
value is 12-fold lower then we observed in our study (750 ng L�1).
Additionally, we reported a level of 420 ng L�1 in the treatment
plant effluent in June.

We observed the predominance of the metabolites 3-NH2-F and
2-DOH-DiF in the hospital and municipal effluents. Additionally,
the compound detected at the highest concentration

(116,000 ng L�1) was the gemcitabine metabolite 2-DOH-DiF in the
hospital wastewater, in the literature themetabolite concentrations
used are oftenmore than twice as high as for GEM, and its clearance
is approximately one tenth that of the parent molecule (Benyumov
et al., 2011), likely reason why the metabolite is found in higher
concentrations than GEM. Benyumov et al. (2011), when evaluated
teratogenic effects in zebrafish eggs, while 2-DOH-DiF has shown
no evidence of teratogenicity, the screens showed that gemcitabine

Table 3
Comparison between the values detected in our study with those found by other authors in ng/L�1 (average ± SD or minimum to maximum detection) of analysed anti-
neoplastic drugs and metabolites in hospital wastewater, before treatment in wastewater treatment plants (WWTP influent) and after treatment in wastewater treatment
plants (WWTP effluent).

Substance Point of collection Concentration (ng L1) Reference

5-FU Hospital wastewater <LODa Our study, 2018 (Brazil)
2.1 ± 0.3 Isidori et al. (2016) (Spain)
6.9 ± 1 Isidori et al. (2016) (Slovenia)
35 to 92 Kosjek et al. (2013) (Slovenia)
90 to 4000 Mullot et al. (2009) (France)
<LOQb to 123,500 Mahnik et al. (2007) (Austria)
20 Mahnik, 2004 (Austria)

WWTP influent <LOD Our study, 2018 (Brazil)
3.5 ± 0.5 Isidori et al. (2016) (Spain)
3.1 ± 0.4 Isidori et al. (2016) (Slovenia)
4.7 to 14 Kosjek et al. (2013) (Slovenia)

WWTP effluent <LOD Our study, 2018 (Brazil)
<LOQ Isidori et al. (2016) (Spain)
<LOD Isidori et al. (2016) (Slovenia)
<LOD Kosjek et al. (2013) (Slovenia)

CP Hospital wastewater <LOD to 29,100 Our study, 2018 (Brazil)
1218 Santana-Rodriguez, 2019 (Spain)
114 to 1187 Ferre-Aracil et al. (2016) (Spain)
32 ± 1 Isidori et al. (2016) (Spain)
1080 ± 200 Isidori et al. (2016) (Slovenia)
0.4 to 22,000 Cesen et al. (2015) (Slovenia)
43 Ferrando-Climent et al. (2014) (Spain)
5.9 to 100 Negreira, 2014 (Spain)
<2 to 2000 Yin, 2009 (China)
<2 Thomas et al. (2007) (Norway)

WWTP influent <LOD to < LOQ Our study, 2018 (Brazil)
<LOD to 80 Gouveia et al. (2020) (Portugal)
6 ± 2.5 Isidori et al. (2016) (Spain)
27 ± 7 Isidori et al. (2016) (Slovenia)
<LOD to 27 Cesen et al. (2015) (Slovenia)
8 to 26 Ferrando-Climent et al. (2014) (Spain)
17 to 22 Rabii et al. (2014) (Canada)
<LOD to 38.8 Negreira, 2014 (Spain)
9 Garcia, 2009 (Canada)
<2 Thomas et al. (2007) (Norway)

WWTP effluent <LOD to < LOQ Our study, 2018 (Brazil)
<LOD to 45 Gouveia et al. (2020) (Portugal)
55.94 to 91.25 Santana-Rodriguez, 2019 (Spain)
<LOD Isidori et al. (2016) (Spain)
17 ± 5 Isidori et al. (2016) (Slovenia)
17 Cesen et al. (2015) (Slovenia)
7 to 25 Ferrando-Climent et al. (2014) (Spain)
18 to 21 Rabii et al. (2014) (Canada)
0.19 to 3.7 Llewellyn et al. (2011) (United Kingdom)
<2 Thomas et al. (2007) (Norway)
0.6 Castiglioni et al. (2005) (Italian)

GEM Hospital wastewater <LOD to 25,900 Our study, 2018 (Brazil)
<LOD Isidori et al. (2016) (Spain)
<LOD Isidori et al. (2016) (Slovenia)

WWTP influent <LOD to 750 Our study, 2018 (Brazil)
<LOD Isidori et al. (2016) (Spain)
61 ± 1 Isidori et al. (2016) (Slovenia)
<LOD Negreira, 2014 (Spain)

WWTP effluent <LOD to 420 Our study, 2018 (Brazil)
<LOD Isidori et al. (2016) (Spain)
<LOD Isidori et al. (2016) (Slovenia)
<LOD Negreira, 2014 (Spain)

WWTP: wastewater treatment plant.
a LOD: limit of detection.
b LOQ: limit of quantification.
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is a highly potent teratogenic agent. Gemcitabine treatment
(>25 mM) was associated with congenital malformations, which
became gradually apparent in 100% of the treated eggs and
decreased the survival rate at hatching 95e100%. 2-DOH-DiF is also
classified by the European Chemicals Agency (ECHA) in the GHS
Hazard Statements as a “danger”, causing genotoxic damage to the
germinative cells, being toxic for the aquatic life and causing irri-
tation when in contact with the skin and mucosa ((ECHA), 2018).
Importantly, this is the first report that detected 2-DOH-DiF, a
metabolite from gemcitabine, widely utilized in oncology in Brazil.
In the acute toxicity tests of the isolated drugs the exposure to 5-FU,
and GEM did not cause any signs of toxicity in fish at any
concentration.

5-FU was the only drug not detected, which may be explained
by the high detection and quantification limits, given that other
authors detected concentrations of 2.1 ng L�1 to 123 ng L�1 (Isidori
et al., 2016; Kosjek et al., 2013; Mahnik et al., 2007; Mullot et al.,
2009), values below of detection and quantification limits were
defined in this study.

Nevertheless, it is also important to highlight that most of the 5-
FU is eliminated by the organism through the respiratory tract,
approximately 90% as carbon dioxide (Micromedex, 2005), a factor
that could decrease its renal excretion, which is the second

excretion route (Micromedex, 2005). The derived metabolite is
alpha-fluoro-beta-alanine, which is one of the last to be broken
down by the organism, and is metabolized from 5-fluoro-5,6-
dihydrouracil to alpha-fluoro-beta-alanine. Approximately 80% of
this compound is catabolized and excreted in urine (Hardman and
Limbird, 2001; Turci et al., 2003), which could explain its detection
in the effluents even without 5-FU detection.

Many different factors could influence the detection levels of
drugs in hospital wastewater, such as drug dose administration
(amount in mg); duration of inpatient time in the hospital; and
different use of wastewater in the hospital routine practices.
Furthermore, factors related to the wastewater collection network
of the neighbourhood or the district close to the hospital will in-
fluence the dilution of the compounds according to the coverage of
the local and treatment system. In addition, the distance travelled
from the hospital wastewater discharge point to the wastewater
treatment plant is an important consideration. Nassour et al. (2020)
conducted a systematic review of 75 publications and showed that
diverse methodological approaches were adopted to measure anti-
cancer drugs in the aquatic environment that could explain the
significant variation in anti-cancer concentrations detected.

In this study it was possible to evaluate damage caused to gill
and liver tissues in zebrafish, such as necrosis and changes in the

Fig. 4. Acute toxicity test in Zebrafish. A, B, C and D: immunohistochemistry from zebrafish liver. Control, mixture 1, mixture 2 and mixture 3, respectively. E, F, G and H:
immunohistochemistry from zebrafish gills. Control, mixture 1, mixture 2 and mixture 3, respectively.
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gills, when the animals were exposed to the drug mixtures at
concentrations equivalent to the levels detected in the hospital
effluent. Da Fonseca et al. (2019) described that a single compound
toxicity data are not sufficient to predict the environmental risks
offered by anti-cancer drugs when they occur in combination and
the mixtures of anti-cancer agents can elicit different trends of
biochemical effects as a result of subtle changes in their concen-
trations, even in low effluent concentarations of ng L�1. On the
other hand, in our work we followed the guideline of the Brazilian
Association of Technical Standards (2016) in the adults Zebrafish
assays with a time of exposure to drugs of 48 h. Recent studies have
evaluated the effect of anti-cancer drugs on exposure times shorter
than 96 h as recommended by other guidelines. In the study real-
ized by Liu et al. (2019) the exposure of the snout bream fish
(Megalobrama amblycephala) to 0.032 e 0.32, mg mL�1 of CP for
24 h was evaluated which caused an increase in the lactate dehy-
drogenase (LDH) release in the blood, interruption of the mito-
chondrial membrane potential and generation of reactive oxygen
species (ROS), with increased caspases-9, interleukins-1b (IL-1b)
and tumor necrosis alpha factor (TNF-œ), causing cytotoxicity, in-
flammatory response and induction of apoptosis. K�ovacs et al.
(2016) evaluated the exposure of adult zebrafish to concentra-
tions of 0.01; 1.0; and 100.0 mg L-1 of 5-fluorouracil (5-FU), for 72 h
and showed there was no effect on survival, growth and repro-
duction, however, in the histopathological analysis of the liver,
lipidosis and regressive degeneration were observed in all con-
centrations and hepatic atrophy at 100.0 mg L�1 and hypertrophy of
renal haematopoietic tissue at 0.01 and 1.0 mg L�1 and atrophy and
depletion of haematopoietic tissue and degeneration of the renal
tubular epithelium. These data corroborate our ecotoxicology
analysis of morphological changes and demonstration that the
mixture of drugs do not kill the Zebrafish. Isidori et al. (2016)
exposed ZFL cells to 10, 20 or 30% (v/v) of the wastewater sample
contained the anti-cancer drugs 5-FU, Pt (platinum), IF (ifosfamide)
and CP for 72 h and evaluated any induced DNA damage. Their
results demonstrated that concentrations that were several orders
higher than the levels detected in effluents induced DNA damage.
Similarly, Novak et al. (2017) evaluated cytotoxic and genotoxic
potential of CP and IF as individual compounds and in a complex
mixture together with 5-FU and cisplatin (CDDP) in ZFL. Both
compounds induced DNA strand breaks and genomic instability,
however, effects were only evident at relatively high concentra-
tions. These data are in agreement with our ecotoxicology results
using zebrafish.

Despite the interesting results, the present study harbours some
limitation that should be considered. Or note, pre-concentration of
the samples by solid-phase extraction (SPE) was not performed. On
the other hand, Cesen et al. (2016b) quantified IF and CP and their
metabolites in hospital wastewater, they used SPE for clean-up and
sample pre-concentration followed by chemical derivatization of
compounds (silylation and acetylation reaction) before GC/MS
analysis. The drugs were quantified in hospital wastewater, levels
up to 2690 ng L�1 for CP, while in influent and effluent (WWTP)
samples concentrations were below of LOQs. In our study we did
not use SPE, therefore, we developed and used two analytical
method based on: (1) direct water dilution of the wastewater
sample and injection in optimised LC-MS/MS system; and (2)
chemical derivatization using PITC reagent for the compounds 5-FU
and 3-NH2-F with available primary amino group, prior LC-MS/MS
analysis (Kwanyuen and Burton, 2010). These developed methods
provided reliable results with emphasis in simplicity and specificity
without compromise the sensibility, using this method it was
possible to detect drugs even with detection limits considered
higher.

Additionally, it is also necessary to evaluate whether the quan-
tities detected in the effluents offer potential risk to the environ-
ment or even to human health. In this context, studies that aim to
measure the ecotoxicological and genotoxic effects in different
plant and animal species, such as bacteria green algae (Zounkova
et al., 2010), herbaceous plants (Lutterbeck et al., 2015), zebrafish
liver (ZFL) cells (Gajski et al., 2016; Novak et al., 2017) and human
liver (HepG2) cells (Gajski et al., 2016; Mater et al., 2014; Novak
et al., 2016), have shown that they could present genotoxicity and
cytotoxicity at low levels, on the order of magnitude of mgL�1, and
with an increased effect when combined (Mater et al., 2014).
Therefore, further studies are needed to extend and validated the
presence of anti-cancer drugs in hospital and municipal effluents.
Samples should be evaluated using standardised techniques that
arewidely available for these types of detections, and evaluations of
the ecotoxicological and genotoxic effects of these compounds,
separate and as a mixtures should be performed. This approach
would provide a solid framework to formulate new public policies.

5. Conclusions

The present study evaluated levels of anti-cancer drugs and
their metabolites throughout the collection and treatment system
of the Barretos Cancer Hospital wastewater and municipality
effluent treatment facility. The detected values were higher than in
other studies, which may be due to the characteristics of the study
area that contains a large dedicated national cancer hospital is a
small city. There is currently no legislation regarding the discharge
of anti-cancer drugs in effluents in Brazil. At present only in some
places in the word address this issue with public policy regulations.
This work is first study with focus on effluents from specific
treatments from a cancer hospital located in small city in Brazil.

Thus, the values found on the order of magnitude of ng L�1 are
lower than the levels considered toxic and genotoxic in some
studies. However, studies have shown that the mixture of the
drugs, which is how they are found in the environment, has an
increased ecotoxicological potential, emphasizing the need to
evaluate the presence of anti-cancer drugs and understand their
ecotoxicity and the potential genotoxic damage in the
environment.
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Table 1. Characterization of the analyzed molecules with name, abbreviation, molecular form, structures, 

CAS numbers, molecular weight (MW) and average percentage of the drug excreted (excretion). 

Name, abbreviation and 

molecular form 
Structure CAS 

MW 

(g/mol) 
Excretion 

 

5-Fluorouracil (5-FU) 

C4H3FN2O2 

 

 

51-21-8 130.07 

2 – 20% 

(Micromedex, 

2005) 

 

Alpha-fluoro-beta-

alanine (3-NH2-F) 

C3H6FNO2 

 

  

 
 

3821-81-6 107.08 

 

2 – 20% 

(Micromedex, 

2005) 

 

Cyclophosphamide (CP) 

C7H15CI2N2O2P 

 

 

50-18-0 261.08 

10 - 20% 

(Kasel D et 

al., 2004) 

 

Gemcitabine (GEM) 

C9H11F2N3O4 

 

 

95058-81-4 263.19 

10% 

(Weigel JA, 

1999) 

 

2'-Deoxy-2',2'-

difluorouridine 

(2-DOH-DiF) 

C9H10F2N2O5 

 

 

114248-23-6 264.19 

10% 

(Weigel JA, 

1999) 

 
 

 

 

 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C4H3FN2O2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C3H6FNO2&sort=mw&sort_dir=asc
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⎯ GEM reduces cell viability of HepG2 at concentrations above 0.1 ng/mL 

⎯ 2-DOH-DiF and 5-FU reduce cell viability of HepG2 at concentrations above 1 
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⎯ MNi in HepG2 were observed for CP, GEM, 2-DOH-DiF and 3-NH2-F at 

concentrations above 0.001 ng/mL 

⎯ MNi and NBDUs were observed for 5-FU at concentrations above 0.01 ng/mL. 
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ABSTRACT  

 

Antineoplastic agents are among the most toxic drugs. Their release in aquatic 

ecosystems has been reported, raising concerns about their adverse effects, including 

cytotoxicity and genotoxicity, on the organisms exposed. However, studies regarding its 

effects are scarce, especially in relation to their metabolites. In this study was performed 

cytotoxicity analysis through the MTS assay and genotoxicity with micronucleus 

evaluation in HepG2 cell line for the drugs 5-fluorouracil (5-FU) and its metabolite alpha-

fluoro-beta-alanine (3-NH2-F), gemcitabine (GEM) and its metabolite 2'-deoxy-2',2'-

difluorouridine (2-DOH-DiF) and cyclophosphamide (CP). The drugs concentrations used 

in this study were previously found in effluents of a large cancer hospital located in Brazil. 

The results showed the reduction in cell viability for GEM at concentrations above 0.1 

ng/mL (IC50 of 25.26 ng/mL), for 2-DOH-DiF and 5-FU at concentrations above 1 ng/mL, 

with IC50 of 83.65 ng/ml and 18.07 ng/mL, respectively. For CP and 3-NH2-F, no reduction 

in cell viability was evaluated at the concentrations evaluated. In genotoxic evaluation by 

cytokinesis block micronucleus (CBMN) the damage was observed in formation of 

nucleoplasmic bridges (NPBs) for CP at concentrations above 0.001 ng/mL and for the 3-

NH2-F, at concentrations above 50 ng/mL. Micronuclei (MNi) and nuclear buds (NBDUs) 

were observed at a significantly increased frequency for CP, GEM, 2-DOH-DiF and 3-

NH2-F at concentrations above 0.001 ng/mL, while for 5-FU the same damage was 

observed at concentrations above 0.01 ng/mL. The results showed that compounds 

evaluated at concentrations present in the environment induced cytotoxic and genotoxic to 

HepG2 cells. These data highlight the potential cytotoxic and genotoxic effects on different 

cell lines and organisms, of antineoplastic agents, and help in the to implementation of 

public policies that minimize possible environmental contamination. 

 

Keywords: Antineoplastic drugs, metabolites, cytotoxicity, genotoxicity, HepG2, 

micronucleus 
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1. INTRODUCTION 

Cancer is a leading cause of death worldwide, and it is estimated an increase from 

19.3 million cases in 2020 to 28.9 million cases in 2040 (Ferlay et al., 2020). Obviously, 

environmental pollution, the unhealthy lifestyle of population and increasing longevity 

have contributed to the increase in the incidence of cancer (Pilleron et al., 2019). 

Furthermore, the use the anticancer drugs globally have increased, principally in countries 

that there is the availability of this compounds (Aitken et al., 2019). In addition, several 

developed countries have specialized large cancers centers and are restricted the laws to 

discard these drugs (de Oliveira Klein et al., 2021; Isidori et al., 2016). Also, the use of 

anticancer drugs in development countries will continue to expand, what increase the risk 

of anticancer drugs from becoming a global environmental pollution issue (Li et al., 2021). 

The presence of antineoplastics in hospital effluents has been detected since the 

1980s (Aherne et al., 1985). Yet, only in 2000s, this topic gained greater intensity with the 

assessment of the presence of drugs, not only in hospital effluents, but also in municipal 

effluents, including effluent treatment stations. Several anticancer drugs were detected in 

the order of ng/L to µg/L (Azuma et al., 2019; Cesen et al., 2015; de Oliveira Klein et al., 

2021; Ferrando-Climent et al., 2014; Ferre-Aracil et al., 2016; Franquet-Griell et al., 2015; 

Gouveia et al., 2020; Isidori et al., 2016; Kosjek et al., 2013; Kundi et al., 2016; Mahnik et 

al., 2007; Santana-Viera et al., 2019; Santos et al., 2018). Furthermore, several studies 

showed that, after treating effluents contaminated with antineoplastic agents in treatment 

plants, not occur the total removal of these compounds (Brunton et al., 2011; Seira et al., 

2013; Zounkova et al., 2010; Zounkova et al., 2007). A recent review pointed out that, of 

the 100 antineoplastics approved for use by the US Food and Drug Administration (FDA), 

33 were detected in effluents, and of these, 26 are classified as cytotoxic (Li et al., 2021). 

On the other hand, there is a growing number of studies seeking alternatives for the 

treatment of effluents contaminated with antineoplastic agents, such as nanofiltration, 

ozonation, photochemical degradation and electrocoagulation (EC) treatment (Cristóvão et 

al., 2019; Ferre-Aracil et al., 2016; Franquet-Griell et al., 2017; Zaied et al., 2020). 

We recently reported the presence the anticancer drugs cyclophosphamide (CP), 

gemcitabine (GEM) and its metabolite 2'-deoxy-2',2'-difluorouridine (2-DOH-DiF) and the 

metabolite of 5-FU, alpha-fluoro-beta-alanine (3-NH2-F) in hospital and municipal 

effluents. Thus, we obtained the detection of GEM, 2-DOH-DiF and CP even after 

treatment in ETE, with values in the order of ng/ml (de Oliveira Klein et al., 2021). Our 



study was carried out in Barretos Cancer Hospital (HCB), one of the largest and most 

innovative cancer hospital in Brazil and Latin America (de Oliveira Klein et al., 2021).  

Antineoplastics are recalcitrant substances, also known as persistent, that is, they 

do not biodegrade in the environment, which makes their presence higher in effluents and 

in the environment (Mullot et al., 2009). In addition, these compounds cause damage in 

animals and plants (Li et al., 2021; Misik et al., 2019; Misik et al., 2016) and some studies 

characterize the action of this drugs in human cell lines, such as human hepatocarcinoma 

cells (HepG2), human peripheral blood lymphocytes (HPBL), cells derived from a cervical 

cancer (HeLa) and retinal pigment epithelial cells (RPE) (Fernandes et al., 2020; Gajski et 

al., 2016; Gajski et al., 2018). As for drug metabolites, studies that assess their damage are 

scarce.  

Since these drugs present in effluents can cause damage to organisms exposed to 

them, it is extremely important to carry out studies that assess their cytotoxic and genotoxic 

effects. It is important to emphasize that currently, there is no legislation regarding the 

release of antineoplastic agents in effluents in Brazil (ALESP, 1976; ANVISA, 2018; 

CONAMA, 2011). At present, only a few parts of the world address this issue with public 

policy regulations (Directive, 2008; OECD, 2019; Russo et al., 2020). Thus, in this study 

we evaluated the cytotoxic and genotoxic effects of the antineoplastics 5-FU, GEM, CP 

and the metabolites 2-DOH-DiF and 3-NH2-F through the assay of MTS and micronucleus 

test in HepG2 cells. 

 

2. MATERIALS AND METHODS 

2.1. Concentrations of drugs used in trials 

The concentration of drugs CP, GEM and 5-FU and metabolites 2-DOH-DiF and 

3-NH2-F were values chosen based on environmental detection in effluents as described by 

Oliveira Klein et al. (2021). 

For the MTS assay the seven concentrations of all compounds (0.001, 0.01, 0.1, 1.0, 

10, 25, 50 ng/mL) were based on the results of our previous study (de Oliveira Klein et al., 

2021) in which we verified levels of this drugs within of the range of 0.11-116 ng/mL in 

effluents in Barretos city, Brazil.  

 For the CBMN assay the concentrations of GEM, CP, 5-FU, 2-DOH-DiF and 3-

NH2-F used in this study were based also on the concentrations detected in effluents by de 

Oliveira Klein et al. (2021) as the IC50 values previously obtained in the MTS assay, 

therefore, the concentrations were different for each compound. For CP and 3-NH2-F were 



0.001, 1.0 and 50 ng/mL. For 5-FU were 0.01, 0.1 and 1.0 ng/mL. For GEM were 0.001, 

0.01 and 0.1 ng/mL. For 2-DOH-DiF were 0.001, 1.0 and 25 ng/mL. 

2.2. Chemicals 

DMEM (Dulbecco’s modified Eagle’s medium) and Fetal Bovine Serum, HEPES 

(4.5 mM), sodium bicarbonate (170 mM), penicillin (100 IU/mL) and streptomycin (100 

mg/mL), as well DMSO, mitomycin C, cytochalasin-B, Giemsa and all of the standards 

(drugs and metabolites) were acquired from Sigma-Aldrich® (Missouri, USA). Trypan 

blue were acquired from Invitrogen® (Massachusetts, EUA). Methanol and acetic acid 

(3:1) were acquired from Merck® (Darmstadt, Alemanha). The ultrapure water was 

obtained using a Millipore Milli-Q Integral 3 system.  

2.3. Preparation of analytical standard stock solutions 

The solutions were prepared separately for each analytical standard. Approximately 

1 mg (99%) of the analytical standard was weighed and add in 1000 µL (or the volume 

required) of 50% DMSO solution was added to reach the desired final concentration of 

1000 μg/mL. 

 

2.4. Cell line 

HepG2 cell line was obtained from Rio de Janeiro Cell Bank (BCRJ). The cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM 1X, high glucose; 

Gibco, Invitrogen®, Grand Island, NY) supplemented with 10% Fetal Bovine Serum (FBS, 

Sigma-Aldrich®) and 1% penicillin/streptomycin solution (P/S), at 37 °C and 5% CO2. To 

conduct the assays, cell viability was previously analysed the trypan blue exclusion 

technique, using Countess® Automated Cell Counter (Life Technologies®, CA, USA). 

Absence of mycoplasma contamination was assessed by PCR. For the execution of the 

PCR the primers GPO3 (5’GGG AGC AAA CAGG AT TAG ATA CCC T3’) and MGSO 

(TGC ACC ATCTGT CAC TCT GTT AAC CTC3’) were used that amplify a part of the 

16S unit gene of any species of the genus mycoplasma .For the PCR reaction, 1μL of the 

DNA of the extracted samples was used, 1.25 mM of each triphosphate deoxynucleotide 

(dNTP), 10 µM of each primer in solution containing 10 mM Tris-HCl pH 8.0, KCl 50 mM 

and 50 mM MgCl 2 to a final volume of 25 μL. Reaction conditions were: initial 

denaturation at 95 °C for 5 min, 30 cycles at 95 °C for 30 sec, primer annealing at 55 °C 

for 30 sec and extension at 72 °C for 50 sec, and the last step at 72 °C for 7 min for final 

https://www.google.com/search?sxsrf=ALeKk00ihmtP6PMXkZfKBpYk6YKOBGpc2g:1629295229246&q=Waltham&stick=H4sIAAAAAAAAAONgVuLQz9U3yKgyNn3EaMwt8PLHPWEprUlrTl5jVOHiCs7IL3fNK8ksqRQS42KDsnikuLjgmngWsbKHJ-aUZCTmAgDLoZJyTAAAAA
https://www.google.com/search?sxsrf=ALeKk03C3L69UE5iyfZrzFPbjaX9GZjevw:1629295279846&q=Darmstadt&stick=H4sIAAAAAAAAAONgVuLQz9U3SCkyNnzEaMwt8PLHPWEprUlrTl5jVOHiCs7IL3fNK8ksqRQS42KDsnikuLjgmngWsXK6JBblFpckppQAAPjVSN5OAAAA


extension The amplified products were applied in 1.5% agarose gel, submitted to 

electrophoresis and stained with GelRed (Biotium) for visualization in transilluminator. 

 

2.5. Cell viability assay 

The Cell Viability Assay in Aqueous Solution (Cell Titer 96 Aqueous One Solution 

Cell Proliferation Assay - Promega®), a colorimetric method to determine the number of 

viable cells in the proliferation or cytotoxicity assays, was used as described by the 

manufacturer as reported and by Silva-Oliveira et al. (2016). Cell Titer 96 ® contains the 

tetrazolium compound [3 - (4,5-dimethyl-2-yl) -5 - (3-carboxymethoxyphenyl) -2 - (4-

sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling reagent (phenazine 

ethosulfate: PES).  

Briefly, cells were seeded in 96-well culture plates in a density of 5x103 cells/well 

and allowed to adhere for 24 h before drugs additions at 37 °C and 5% CO2. After 

incubation, cells were treated with concentrations of CP, GEM, 5-FU, 2-DOH-DiF and 3-

NH2-F (0.001, 0.01, 0.1, 1.0, 10, 25, 50 ng/mL) and DMSO (negative control) in DMEM 

medium supplemented with 0.5% FBS for 72 hs at 37 °C and 5% CO2. After incubation, 

the MTS reagent was added to each well and the cells were incubated at 37ºC for a period 

of 4 hours. Absorbance was measured in an ELISA plate reader (Varioskan Flash-Thermo 

Scientific®) at 490 nm. Absorbance values of the negative control were considered as 

100% of cell viability, and the results were expressed as a percentage of viable cells. Three 

independent experiments were carried out in triplicate and means ± standard deviations 

were calculated. The mean inhibition concentration (IC50) values were calculated from dose 

response curve. 

 

2.6. Cytokinesis-block micronucleus (CBMN) assay 

The CBMN assay is a comprehensive method for measuring DNA damage and 

cytotoxicity. DNA damage occurs specifically in binucleated cells (BN) and includes 

micronuclei (MNi), which can be presented due to: a) chromosome breakage or loss of an 

entire chromosome; b) nucleoplasmic bridges (NPBs), DNA repair and/or final telomere 

fusions; as well as by c) nuclear buttons (NBUDs), amplified DNA deletion biomarker or 

DNA repair complexes (Fenech, 2007).  

The CBMN assay was performed as described by Fenech et al. (2007) and with the 

recommendations from OECD test guideline Nº 487 (2016). HepG2 were exposed to non-

cytotoxic concentrations (determined by MTS assay) of the drugs for 24 h at 37 °C in an 



atmosphere of 5 % CO2. For this, cells were seeded in 12-well culture plates in a density 

of 5x105 cells/well and allowed to adhere for 24 h before drugs additions at 37 °C and 5% 

CO2. Afterwards, HepG2 were treated with CP (0.001, 1 and 50 ng/mL), GEM (0.001, 0.01 

and 0.1 ng/mL), 5-FU (0.01, 0.1 and 1 ng/mL), 2-DOH-DiF (0.001, 1 and 25 ng/mL) and 

3-NH2-F (0.001, 1 and 50 ng/mL), negative control (DMSO) and positive control 

(mitomycin C, 2 ug/mL) diluted in DMEM medium supplemented with 0.5% FBS for 24 

hs at 37°C and 5% CO2. Compounds concentrations were based on the values  detected by 

de Oliveira Klein et al. (2021) as well as the IC50 values determined in the MTS analysis. 

After the treatment period, cells were incubated with complete culture medium 

containing cytochalasin-B (6 µg/mL) for 24 h. Afterwards, the cells were harvested, treated 

with hypotonic solution (0.075 M KCl), fixed with methanol and acetic acid (3:1), stained 

with 5% Giemsa, placed to dry at room temperature and subsequently analysed. Three 

independent experiments were performed in triplicate. Thus, a total of 3.000 binucleated 

cells (500 binucleated cells for slide) were scored for each concentration for experiment.  

Three thousand cells (500 cells for slide) were counted for each concentration for 

experiment to determine the nuclear division index (NDI) using the following formula: 

NDI = [M1 + 2(M2) + 3(M3) + 4(M4)]/N, where M1-M4 indicates the number of cells 

with 1–4 nuclei and N is the number of cells assayed. MNi, NPBs, and NBUDs, was 

determined following the standard criteria reported by Fenech (2007). 

 

2.7. Statistical analysis   

For the statistical analysis all tests were evaluated using the R software®. The 

calculation of IC50 values was by non-linear regression using Graph Pad Prism 8® (Graph 

Pad Software, La Jolla, USA), and all other analysis were performed using the same 

softwares. The data obtained were tested to verify normality using the Shapiro-Wilk test. 

The cell viability assay and cytokinesis-block micronucleus assay as a result were non-

parametric data. After this evaluation, the data were subjected to Kruskal Wallis followed 

by the Dunn test. NDI were parametric data with calculations through One-way Analysis 

of Variance (ANOVA), test followed by the Tukey test. The differences between the 

treatments and the NC were considered significant at p < 0.05 for all tests. 

  



3. RESULTS 

3.1. Analysis of cell viability assay 

The half maximal inhibitory concentration (IC50) represents the concentration of a 

drugs required for a 50% inhibition of growth in vitro, a reduction in cell viability was 

observed for GEM at concentrations above 0.1 ng/mL, with IC50 of 25.26 ng/mL, for its 

metabolite 2-DOH-DiF at concentrations above 1 ng/mL, with IC50 of 83 .65 ng/ml, and 

for 5-FU at concentrations above 1 ng/ml, with IC50 of 18.07 ng/mL (Table 1 and Figure 

1). For CP and the metabolite 3-NH2-F, not was observed the reduction in cell viability at 

the concentrations evaluated, and it the IC50 values were not determined. The results show 

that the concentrations of GEM, 2-DOH-DiF and 5-FU present in the effluents cause a 

decrease in cell viability (Table 1 and Figure 1). 

 

Table 1. Identification of the IC50 for cyclophosphamide (CP), gemcitabine (GEM), 2'-

deoxy-2',2'-difluorouridine (2-DOH-DiF), 5-fluorouracil (5-FU) and alpha-fluoro-beta-

alanine (3-NH2-F) for human hepatocarcinoma cells (HepG2) after 72h of exposure. 

 

Compound 
IC50 with standard deviation 

(ng/mL) 

Values detected in 

effluents (ng/mL)b 

CP N. D. a > LDc to 29.10 

GEM 26.25 (15.26 – 44.75) > LD to 25.90 

Met GEM (2-DOH-DiF) 83.65 (53.47 – 144.10) > LD to 116.00 

5-FU 18.07 (12.70 – 25.43) > LD 

Met 5-FU (3-NH2-F) N. D. > LD to 18.20 
 

a N.D. – not determined 
b Values detected in according with de Oliveira Klein et al. 2021 
c LD - Limit of detection 

 

3.2. Determination of Nuclear Division Index (NDI)  

The mitotic activity and/or cytostasis was evaluated by determination of NDI. The 

results of NDI experiments with HepG2 are show in the Figure 1. The NDI was 

significantly decrease at concentrations above 1 ng/mL for 5-FU, above 0.1 for GEM and 

above 25 ng/mL for 2-DOH-DiF concentrations in relation to NC (Figure 1). However, to 

other compounds, CP and for the 3-NH2-F, no significant statistical differences were 

observed. 



 

 

Figure 1. Cell viability and nuclear division index (NDI) of HepG2 treated with CP (A, 

B), 5-FU (C, D), 3-NH2-F (E, F), GEM (G, H) and 2-DOH-DiF (I, J) for 72 and 24 h 

respectively. All data are expressed as means ± standard deviation of three independent 

experiments performed in triplicates. * p <0.05, ** p<0.01, *** p<0.001 when compared 

to negative control by Kruskal Wallis followed by Dunn for cell viability test and ANOVA 

test, followed by the Tukey test for NDI test. 



3.3. Evaluation of Cytokinesis-block micronucleus (CBMN) assay 

The parameters of NBUDs, NPBs, and MNi were analysed to assess the genotoxic 

effects that the drugs can cause in HepG2 cell line.  

When the cells were treated with 5-FU did not observe significant increase in the 

number of NPBs in the concentrations evaluated (Figure 2A). However, the number of 

NBDUs and MNi increased significantly (p<0.001) at all concentrations of 5-FU when 

compared to that of the NC (Figure 2B-C). When the treatment with 3-NH2-F (5-FU 

metabolite) was evaluated, the cells significantly increased (p<0.001) the number of NPBs 

at the concentration of 50 ng/mL (Figure 2D). Similar  results of NBUD and MNi were 

observed for 5-FU, its metabolite 3-NH2-F also significantly increased these two 

parameters at all concentrations evaluated when compared to CN (Figure 2E-F). 

 

 

 

Figure 2. Genotoxicity in HepG2 treated with 5-FU (A, B and C), and 3-NH2-F (D, E and 

F) at concentrations present in the effluents for 24 h. Data are expressed as means ± 

standard deviation of three independent experiments performed in triplicates. * p <0.05, ** 

p<0.01, *** p<0.001 when compared to negative control by Kruskal Wallis followed by 

Dunn test. 

 

For the parameters NPBs (Figure 3A), NBUDs (Figure 3B) and MNi (Figure 3C), 

the cells treated with GEM, showed significant increase in the number of these parameters 

at all concentrations analysed when compared to that in the control. It was observed that 

the lowest GEM concentration (0.001 ng/mL) tested was able to cause genotoxic effects in 



these cells. To metabolites 2-DOH-DiF, there was not significant increase in the number 

of NPBs in the concentrations evaluated (Figures 3D). However, for NBUDs (Figure 3E) 

and MNi (Figure 3F), the 2-DOH-DiF caused a significant increase (p<0.001) in these 

parameters in relation to the CN in all concentrations assessed, similar to what was 

observed for the GEM. 

 

 

 

Figure 3. Genotoxicity in HepG2 treated with GEM (A, B and C), and the metabolite 2-

DOH-DiF (D, E and F) at concentrations present in the effluents for 24 h. Data are 

expressed as means ± standard deviation of three independent experiments performed in 

triplicates. * p <0.05, ** p<0.01, *** p<0.001 when compared to negative control by 

Kruskal Wallis followed by Dunn test. 

 

In relation to genotoxic effects caused by CP, the number of NPBs (Figure 4A), 

NBDU (Figure 4B) and MNi (Figure 4C) increased significantly (p<0.001) for all 

concentrations assessed after 24h of treatment compared to that of the NC. The results of 

CBMN assay showed that all compounds present in the effluents present genotoxicity to 

HepG2. 

 

 

 

 

 



 

 

 

 

 

Figure 4. Genotoxicity in HepG2 treated with cyclophosphamide (A, B and C), at 

concentrations present in the effluents for 24 h. Data are expressed as means ± standard 

deviation of three independent experiments performed in triplicates. * p <0.05, ** p<0.01, 

*** p<0.001 when compared to negative control by Kruskal Wallis followed by Dunn test. 

 

4. DISCUSSION 

In our study, we evaluated the cytotocity and genotoxicity of the antineoplastics 5-

FU, GEM, CP and the metabolites 2-DOH-DiF 3-NH2-F in HepGe2 cell line. The MTS 

assay was used to evaluate the cytotoxicity and CBMN assay was performed to evaluate 

the NDI, MNi and other morphologies alterations in HepG2. HepG2 is considered a cellular 

model for studies involving in vitro toxicity and genotoxicity to identify toxicogenetic risks 

in humans, mainly xenobiotics (Amacher et al., 2016; Gajski et al., 2016; Guillouzo et al., 

2007), performing these two tests with HepG2 cells will enable an assessment of possible 

damage to organisms exposed to concentrations of antineoplastics and metabolites present 

in the effluents. We found that the values that cause decreased cell viability and altered 

mitotic activity and/or cytostasis (NDI) for GEM and its metabolite 2-DOH-DiF are within 

the concentrations detected in effluents, in influents before treatment and after treatment in 

WWTPs (de Oliveira Klein et al., 2021; Kundi et al., 2016).  

When evaluating the genotoxicity data for GEM and 2-DOH-DiF, it was possible 

to verify for both that at concentrations above 0.001 ng/mL there was a significant increase 

in MNi and NBDUs, and only for GEM there was a significant increase in NPBs at 

concentrations above of 0.001 ng/mL. In the literature is scarce regarding cytotoxicity and 

genotoxicity data of GEM and its metabolite 2-DOH-DiF. In 2010, Zounkova et. al. 

(Zounkova et al., 2010) when evaluating the ecotoxicity of GEM in the acute phase in 



immobilization and reproduction tests with crustacean Daphnia magna and growth 

inhibition tests with Desmodesmus subspicatus alga and Pseudomonas putida bacteria, 

they found the respective EC50 (effective concentration) values of 110,000 ng/mL, 45,000 

ng/mL and 100,000 ng/mL, quantities much higher than the drug values detected in 

effluents and the cytotoxicity values in HepG2 of this study. Thus, given the scarcity of 

studies, it is important to highlight the need for research of evaluation these damages, since 

GEM is consumed on a large scale worldwide, with an excretion rate around 10% (Weigel, 

1999), as well as its metabolite, excreted and detected in effluents (de Oliveira Klein et al., 

2021). As GEM and its metabolite 2-DOH-DiF, the  5-FU showed a decrease in cell 

viability at concentrations present in the effluents, and a significant increase in NBDUs and 

formation of MNi when compared to NC at concentrations present in the effluents (Isidori 

et al., 2016; Kosjek et al., 2013; Mullot et al., 2009). 

5-FU is one of the antineoplastic drugs with the highest number of cytotoxicity and 

genotoxicity studies. In their study Gajski et al. (2016) found IC50 of 5-FU for HepG2 in 

72h MTT assay of 5,270 ng/mL, a value higher than IC50 per MTS assay evaluated in our 

study, of 18.07 ng/mL. In this same study, Gajski et al. (2016) evaluated genotoxic damage 

of 5-FU by comet and micronucleus assay in cell lines ZFL, HPBLs and HepG2, observing 

damage by comet assay only in ZFL at concentrations above 100 ng/mL, and by 

micronucleus assay the damage was observed only for HepG2, at concentrations above 100 

ng/mL. In our CBMN assay, we observed an increase in the frequency of MNi to HepG2 

at concentrations above 0.01 ng/mL. Similar to our genotoxicity results for HepG2 at 

concentrations above 0.01 ng/L of 5-FU, Kovacs et al. (2016) observed in his study 

genotoxicity at this same concentration in zebrafish erythrocytes by the comet assay. 

Furthermore, 5-FU genotoxicity studies in different cell lines, including HepG2, as well as 

acute and chronic cytotoxicity assays, observed concentrations that cause damage higher 

than those found in our study and present in effluents (Gacic et al., 2014; Gajski et al., 

2016; Lutterbeck et al., 2015). Emphasizing the importance that, despite being one of the 

anticancer drugs with the largest number of studies, there is still a lack of precise 

information that can confirm the safe amounts of it in effluents. 

The 5-FU metabolite, 3-NH2-F, did not show a decrease in cell viability in HepG2, 

also show no significant change in NDI. On the other hand, in the genotoxicity assay, it 

was possible to observe a significant increase in NDBUs and MNi at concentrations above 

0.001 ng/mL, and in NPBs at concentrations above 50 ng/mL. Considering the presence 

these drugs in the environment, as evaluated by de Oliveira Klein et al. (2021) when the 



values present in effluents can be indicate a significant increase in NBDUs and MNi in 

human cells HepG2. 

In 2010, Zounkova et. al. when evaluating the ecotoxicity of 3-NH2-F in the acute 

phase in immobilization and reproduction tests with crustacean D. magna and growth 

inhibition tests with D. subspicatus alga and P. putida bacteria, they reached respective 

values of EC50 >100,000 ng/mL, 80,000 ng/mL and 140,000 ng/mL, quantities much higher 

than the range evaluated in our cytotoxicity assay, which may explain that we did not 

identify EC50 in the quantities evaluated, even if in another cell model. 

5-FU and GEM are antimetabolic drugs, that is, they exert their effects mainly by 

biochemically blocking DNA synthesis, being restricted to the S phase of the cell cycle 

(Peters et al., 2000) are used in cancer treatment to stop cell growth and division and 

prevent the progression of the replication fork by incorporating into DNA (Avendaño and 

Menendez, 2015), this mechanism of action may explain the change in the NDI of both, 

for GEM at concentrations above 0.1 ng/mL and for 5-FU above 1 ng/mL. 

CP is widely used as an antineoplastic drug for the treatment of malignant 

lymphoma, lung and ovarian cancer. The pharmacological action of CP is its ability to 

alkylate the N-7 position of guanine to cause DNA crosslinking (Liu et al., 2019), affects 

DNA replication and leads to cell apoptosis (Chan et al., 1994; Colvin, 1999). Furthermore, 

CP is an alkylating agent of DNA, the alkylcarbon groups of drugs normally bind to a wide 

range of biological molecules, thus altering their cellular structures and functions. 

Specifically, aromatic nitrogen and extra-cyclic oxygen from DNA bases are targeted and 

generate a variety of covalent adducts (with methyl groups or complex alkyl additions) 

(Drabløs et al., 2004). The formation of DNA adducts can lead to a series of genotoxic 

events, such as: 1) a reduction in DNA synthesis, preventing the progress of replicating 

bifurcations; 2) formation of cross-links preventing the DNA from being separated for 

synthesis or transcription; and 3) chromosomal aberrations and genetic mutations in cells 

(Peterson, 1980). The form of action of alkylating agents, acting directly on DNA, can 

explain cytotoxic damage only at high concentrations and above drug concentrations in 

effluents (Mater et al., 2014; Yadav et al., 2020) and genotoxic damage to HepG2 at lower 

concentrations, above 0.001 ng/mL pointed out in our study. 

GEM, mainly applied in the treatment of breast, ovarian, bladder, pancreas, 

bronchial and lung cancer, is an antimetabolite of the pyrimidine group, with the ability to 

inhibit DNA synthesis through the inhibition of DNA polymerase and of the ribonucleotide 

transferase (McEvoy, 2000), about 10% of GEM is excreted unchanged, together with its 



metabolite, 2-DOH-DiF (Weigel, 1999). 5-FU acts as an antimetabolite to uracil, acting 

through its anabolism products, causing interference in DNA synthesis (Dorr and Von 

Hoff, 1994). The drug is mainly administered in the treatment of cancer of the rectum, 

stomach, colon, pancreas, thyroid gland and breast (Mahnik et al., 2004), between 2 to 20% 

of 5-FU is excreted as metabolites such as 3-NH2-F (Micromedex, 2005).  

 Finalizing the evaluation of drugs in this study, CP did not decrease cell viability 

and proliferation in HepG2 cells in the range evaluated and it was not possible to determine 

the IC50 value. Mater et al. (2014), when using the same methodology for cytotoxicity assay 

(MTS) with HepG2 and similar range (0.01 to 10 ng/mL) they also did not determine IC50 

values of CP. On the other hand, for genotoxic damage, CP caused a significant increase 

in the number of NPBs, NBDUs and MNi at concentrations presents in effluents, even after 

treatment in wastewater treatment plants (WWTPs) (Cesen et al., 2015; de Oliveira Klein 

et al., 2021; Ferrando-Climent et al., 2014; Ferre-Aracil et al., 2016; Gouveia et al., 2020; 

Santana-Viera et al., 2019). Furthermore, many studies demonstrated genotoxicity in 

different biological models as polychaete Nereis diversicolor, marine mussel Mytilus 

galloprovincialis, A. cepa cells, human cells HeLa, RPE and HBPL (Fernandes et al., 2020; 

Fonseca et al., 2018; Kocaman et al., 2013; Lutterbeck et al., 2015; Yuksel et al., 2017), 

with values higher than the concentration that demonstrated genotoxicity in our study 

(0.001 ng/mL). 

 In summary, in our study the range of concentrations used for different drugs that 

are environmentally found in effluents induced cytotoxicity for 5- FU, GEM and 2-DOH-

DiF. On the other hand, the genotoxicity evaluated under the same conditions was induced 

by all drugs in the in vitro tests with the HepG2 cell line. Thus, we can suggest that these 

anticancer drugs can cause genotoxic changes in different cell types in the environment. 

 

5. CONCLUSIONS 

 

This study evaluated the cytotoxicity and genotoxicity of the antineoplastics CP, 5-

FU and GEM and the metabolites 3-NH2-F and 2-DOH-DiF excreted together with the 

drugs and present in the environment, demonstrating the damage to human cells in the 

concentrations at which they are found in effluents. Thus, is unknown the effects healthy 

in regarding the chronic exposure of compounds on organisms in the quantities that they 

are present in the environment. Furthermore, we may question whether these drugs and 

their metabolites undergo trophic transfer and can impact human health through the 



consumption of contaminated food or ingestion of contaminated water. The theme should 

receive attention for further studies, with a wider range of organisms and cells evaluated, 

to confirm the need for public policies that restrict the presence of these compounds in 

effluents. 

 

Study limitations 

 

It is important to highlight that the analysis was performed in vitro, with controlled 

conditions, different from what happens in the environment. These analyses were in human 

hepatocarcinoma cells (HepG2), a model known to be used for genotoxicity analysis, but 

the tests are restricted to a single cell lineage, and for a wider spectrum environmental 

condition. Also, other cell lines can be evaluated, such as HPBLs that can possibly clarify 

the cellular effects of anticancer drugs. Also, there is other methodologies as comet assay 

to evaluate the genotoxicity, however do not considered in this work. 
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Figuras 1 e 2. Entrada dos efluentes municipais na Estação de Tratamento de Efluentes (ETE) IV, 
administrada pelo SAAE (Serviço Autônomo de Água e Esgoto de Barretos) no Município de 
Barretos, SP. Data: 23/08/2016. 
 

   

Figuras 3 e 4. Saída dos efluentes, após tratamento, da estação de tratamento (ETE IV) para o 
Ribeirão Pitangueiras. Data: 23/08/2016. 
 

   
Figuras 5 e 6. Coleta das amostras na saída dos efluentes do Hospital de Câncer de Barretos (HCB) 

para a rede pública coletora de esgoto municipal.  

Data: 04/05/2017. 



   

Figura 7. Coleta dos efluentes na entrada da ETE IV. Figura 8. Coleta dos efluentes na saída da ETE IV 

Data: 04/05/2017.  

 

   

Figura 9. Amostras pré-filtragem. Figura 10. Amostras acondicionadas para envio 
a CEMSA, SP. 

 

 

   

Figuras 11 e 12. Realização dos ensaios de toxicidade aguda com zebrafish (Danio rerio). Data: 
11/03/2018. 



   

Figuras 13 e 14. Placas de realização dos ensaios de viabilidade celular (MTS) da exposição dos 
compostos a HepG2 após leitura de absorbância. Data: 21/06/2019. 
 

 

   

Figura 15. Exemplos de pontes nucleoplasmáticas (A), micronúcleo (B) e brotamento nuclear (C) 
identificados com a exposição dos compostos a HepG2 por meio de ensaio de micronúcleo. Data:  
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