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análise de risco, fármacos, ecotoxicologia, contaminação aquática 
 

resumo 
 

 

Os citostáticos são uma classe de fármacos usados no tratamento do cancro, 
cuja incidência tem vindo a aumentar. Estes fármacos são excretados 
principalmente através da urina chegando, posteriormente, às estações de 
tratamento de águas residuais (ETARs). Contudo, as ETARs nem sempre 
possuem os meios adequados para conseguirem eliminar eficazmente estes 
fármacos, o que significa que eles entram de forma contínua no meio ambiente, 
podendo atingir águas superficiais e reservas de água potável.  
Uma vez que estes fármacos anticancerígenos possuem propriedades 
teratogénicas, carcinogénicas, genotóxicas e mutagénicas, eles podem 
apresentar um potencial risco para o ambiente e para a saúde humana. Neste 
contexto, o presente trabalho visou avaliar a ecotoxicidade de 3 citostáticos 
(ciclofosfamida - CYP, micofenolato de mofetil – MMF, e ácido micofenólico – 
MPA), em três espécies de água doce representativas de níveis tróficos e grupos 
funcionais diferentes: a microalga Raphidocelis subcapitata, o rotífero 
Brachionus calyciflorus, e o peixe Danio rerio. Os seguintes parâmetros 
biológicos foram avaliados: as taxas de biomassa e de crescimento populacional 
para a microalga após 72 horas de exposição; a mortalidade para o rotífero após 
24 horas de exposição; as taxas de mortalidade e eclosão, e percentagem de 
deformações morfológicas para o peixe-zebra após 96 horas de exposição. 
Relativamente aos ensaios com a microalga, não foi possível determinar valores 
para os parâmetros biológicos avaliados para os compostos MMF e MPA. Já 
para a CYP foi possível determinar um EC50,72h de 593.0 mg L-1 para inibição da 
biomassa e um EC50,72h de 1108 mg L-1 para a inibição do crescimento. Para os 
rotíferos, os valores de LC50,24h para o MMF e MPA não puderam ser calculados, 
uma vez que às concentrações mais elevadas testadas (40 e 30 mg L-1, 
respetivamente – correspondendo aos limites de solubilidade dos compostos) 
não foi observada mortalidade. Contudo, para a CYP foi determinado um LC50,24h 
de 6397 mg L-1.  No geral, o MMF e o MPA provaram ser os compostos mais 
tóxicos nos ensaios com o peixe-zebra, com valores de LC50,96h de 0.046 e 1.410 
mg L-1, respetivamente, contra um LC50,96h de 1306 mg L-1 para a CYP. Todos 
os citostáticos causaram deformidades morfológicas nos embriões de peixe-
zebra, que incluíam principalmente edemas e malformações da medula espinal. 
Com base nestes resultados, as concentrações sem efeito previstas (predicted 
no-effect concentrations - PNEC) foram derivadas para cada composto para 
calcular o quociente de risco (RQ), que relaciona a toxicidade com os níveis de 
exposição ambiental. As concentrações ambientais previstas ou medidas em 
águas superficiais foram adquiridas da literatura. No geral, a CYP não 
apresentou risco para a biota de água doce (RQ = 0.003), enquanto o MMF e 
MPA apresentaram valores de RQ acima de 1 (3.0 e 4.1; respetivamente), 
representando um elevado risco para organismos dulçaquícolas. 
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abstract 

 
Cytostatic drugs are a class of pharmaceuticals used for cancer treatment, 
whose incidence has been increasing. These drugs are excreted mainly via urine 
subsequently reaching wastewater treatment plants (WWTPs). However, 
WWPTs do not always possess the proper means to effectively eliminate these 
drugs, meaning that they continuously enter the environment where they might 
reach surface and drinking waters. 
Since most anticancer drugs possess carcinogenic, teratogenic, genotoxic, and 
mutagenic properties, they might pose a potential risk to environmental and 
human health. In this context, the present work aimed at assessing the 
ecotoxicity of three cytostatic drugs (cyclophosphamide - CYP, mycophenolate 
mofetil - MMF, and mycophenolic acid - MPA) on freshwater species 
representing different trophic levels and functional groups: the microalga 
Raphidocelis subcapitata, the rotifer Brachionus calyciflorus, and the fish Danio 
rerio. The following endpoints were monitored: yield and population growth rates 
for the alga after an exposure of 72h; mortality for the rotifer after an exposure of 
24h, and mortality, hatching rates, and morphological abnormalities, for the fish 
after an exposure of 96h. 
Regarding the assays with the microalga, it was not possible to determine the 
values for the endpoints evaluated for MMF and MPA. However, for CYP an 
EC50,72h of 593.0 mg L-1 for biomass inhibition and an EC50,72h of 1108 mg L-1 for 
growth inhibition were determined. For rotifers, LC50,24h values could not be 
computed for MMF and MPA, since at the highest tested concentration (40 and 
30 mg L-1, respectively - corresponding to the solubility limits of the compounds) 
no mortality was observed. Though an LC50,24h of 6397 mg L-1 for CYP was 
determined. Overall, MMF and MPA proved to be the most toxic compounds for 
zebrafish assays, with LC50,96h values of 0.046 and 1.410 mg L-1, respectively, 
against an LC50,96h of 1306 mg L-1 for CYP. All cytostatics caused morphological 
abnormalities on zebrafish embryos, that mainly included oedemas and spinal 
cord malformations. 
Based on these results, the predicted no effects concentrations (PNEC) were 
derived for each compound to calculate the risk quotient (RQ), that relates 
toxicity to environmental exposure. The predicted or measured environmental 
concentrations in superficial waters were retrieved from the literature. In general, 
CYP revealed a low risk for freshwater biota (RQ = 0.003), while MMF and MPA 
presented RQ values above 1 (RQ = 3.0 and 4.1, respectively), indicating a high 
risk to freshwater organisms. 
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1 

 

I. Introduction 

 

1. Cancer Prevalence 

Cancer is a generic term given to a group of diseases that can affect virtually any part of 

the human body (National Cancer Institute (NCI), 2015a; World Health Organization (WHO), 

2020). Even though there are several types of cancers in different organs/tissues, that display 

different traits, they are all characterized by an uncontrolled growth of abnormal cells, which 

constitutes the defining feature of these diseases (WHO, 2020; NCI, 2015a). Contrarily to 

“normal” cells, cancers cells do not follow the natural cell cycle consisting of growing, dividing, 

and dying whenever they get old or damaged (NCI, 2015a). Instead, normal cells gradually 

develop into a neoplastic state, which means they increasingly become more abnormal and 

deregulated (Hanahan & Weinberg, 2011).  

Despite the large diversity among cancer cells and types, they all seem to share some 

common characteristics. Accordingly, Hanahan & Weinberg (2011) were able to discriminate 

six vital signature marks of cancer cells: (1) ability to sustain compulsive proliferation, (2) 

evasion of growth suppressors, (3) activation of invasion and metastasis, (4) replicative 

immortality, (5) induction of angiogenesis, and (6) resistance to cell death (Hanahan & 

Weinberg, 2011) (Fig. 1). Some of these characteristics are consequences of damage to the 

desoxyribonucleic acid (DNA), disruption of negative-feedback mechanisms, defects on the 

retinoblastoma pathway, and loss of TP53 tumour suppressor function, among other factors 

(Hanahan & Weinberg, 2011). Moreover, other possible hallmarks of cancer have also been 

discussed, such as the reprogramming of cellular energy metabolism in order to sustain the 

rampant growth and proliferation of cancer cells, and their active evasion from the attack and 

elimination by immune cells (Hanahan & Weinberg, 2011). This complex repertoire of 

characteristics is part of the multistep development process of human tumour pathogenesis, 

which renders cancer cells the ability to thrive and adapt in the most varied types of tissues and 

organs. These tumours can metastasize, which means they are able to spread or invade nearby 

tissues, or even disperse through the blood or lymph systems to distant areas in the body (NCI, 

2015a). 
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Cancers, also known as malignant tumours or neoplasms, can either be cancers of the 

blood or form masses of tissues – solid tumours (NCI, 2015a). There are over 100 types of 

cancers, but the most common include lung, breast, colorectal, stomach, and liver cancers, which 

accounted for 50% of cancer-related deaths worldwide in 2018 (NCI, 2015a; WHO, 2019) (Fig. 

2).  
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Figure 1: The six principal hallmarks of cancer (adapted from Hanahan & Weinberg, 2011). 

Figure 2: Most common types of cancer in 2018, for both sexes, and all ages (adapted from Global Cancer 

Observatory, 2018 (www.gco.iarc.fr)). 
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According to the World Health Organization, cancer is one of the deadliest diseases 

worldwide, being the second leading cause of death following cardiovascular diseases. In the 

year of 2018, cancer accounted for around 9.6 million deaths, which estimates that 1 in 6 deaths 

was caused by this disease (Ferlay, 2019). Besides the efforts in prevention, diagnosis, and 

treatment, the projections for cancer incidence and mortality for the next couple of decades are 

still unsettling. An increase of 70% is predicted for its incidence worldwide, which translates 

into 29 million cases, with more than 16 million deaths expected by 2040 (Ferlay, 2018) (Fig. 

3). This increase is associated with factors such as the growth and ageing of populations, 

socioeconomic development, and prevalence of risk factors (Bray et al., 2018). Furthermore, 

cancer is predicted to become the leading cause of death in every country in the 21st century, 

surpassing cardiovascular diseases (Bray et al., 2018). 

 

 

 

 

 

 

 

 

2. Anticancer therapies 

As there are different types of cancers presenting distinct degrees of development and 

occurring in different kinds of tissues and organs, there are also several possible treatments that 

can be given to oncological patients, either individually or combined (NCI, 2020a). For example, 

surgery is an invasive procedure used to remove a tumour mass (either completely or just 

partially) and it can involve laser, hyperthermia, or photodynamic procedures (NCI, 2015b). Less 

exploratory treatments involve radiotherapy or chemotherapy, in which high doses of radiation 

or drugs, respectively, are used to kill cancer cells or alleviate cancer symptoms. Other types of 

additional treatments consist of immunotherapy, targeted therapy, hormone therapy, or precision 

medicine (NCI, 2020a). 

Nevertheless, chemotherapy is still one of the most commonly used approaches for cancer 

treatment. Pharmaceuticals used in chemotherapy may be administered to oncological patients 

Figure 3: Estimated number of cancer cases and cancer-related deaths until 2040 (adapted from Ferlay, 

2018). 
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intravenously, intramuscularly, topically, orally, or by subcutaneous injection. The role of these 

anticancer drugs (also known as antineoplastic or cytostatic drugs) is to stop or reduce the 

proliferation of fast-dividing cancer cells (NCI, 2015c). Most of these drugs are cytotoxic, which 

means that they operate by interfering with DNA synthesis and cell signalling, preventing 

chromosomal replication, arresting cells in specific phases of their cell cycle, and eventually 

leading to cell death (apoptosis) (Caley & Jones, 2012).  

However, their mechanism of action is non-selective, not distinguishing between tumour 

cells and healthy cells/tissues with a high rate of actively dividing cells such as embryos and 

germinative cells, gastrointestinal tract, and hair follicles (Kosjek & Heath, 2011; Kümmerer et 

al., 2014). Such mechanism of action may translate into side effects of chemotherapy such as 

anaemia, alopecia, fertility problems, oedema, and even the development of new cancers, 

amongst many others (NCI, 2015c, 2020b). Accordingly, cytostatic drugs are classified as 

mutagenic, carcinogenic, cytotoxic, genotoxic, and teratogenic (International Agency for 

Research on Cancer (IARC), 2000), and so they may represent a potential risk to virtually any 

eukaryotic living organism, which might render anticancer drugs as being one of the most 

dangerous contaminants.  

 

2.1 Anticancer drugs 

The World Health Organization classifies cytostatic drugs under the class L of the 

Anatomical Therapeutic Chemical (ATC) classification (www.whocc.no/atcddd), which 

comprises pharmaceuticals used in the treatment of malignant neoplastic diseases and 

immunomodulating agents. This class is further divided into antineoplastic agents (L01), 

endocrine therapy (L02), immunostimulants (L03), and immunosuppressants (L04), which are 

briefly described in Table 1. 

Cytostatics have been used to treat several malignancies since the 1940s and, as mentioned 

before, their powerful mechanism of action and their lack of selectivity means they can attack 

both cancer and noncancerous cells (Kosjek & Heath, 2011; NCI, 2015c). Therefore, concerns 

about the use of these drugs and their presence in the environment have been increasing, as well 

as concerns regarding health and safety implications (Heath et al., 2020). 

In European countries, it is estimated that cytostatic drugs are consumed in the order of 

tons per year, and as previsions point to an increase on the number of cancer cases over the years, 

the use of cytostatic drugs is also expected to rise (Ferlay, 2018; Heath et al., 2020). Accordingly, 
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a Portuguese study has already observed an increase on the consumption of mycophenolate 

mofetil (an immunosuppressant also used as an anticancer drug), which almost doubled in a 

period of 8 years, with a consumption of 491 kg yr-1 in 2007 to a consumption of 871 kg yr-1 in 

2015 (Santos et al., 2017). 

Although some chemotherapeutic treatments that use these drugs are performed in the 

hospitals, a percentage of almost 75% of oncology patients are out-patients, which means that 

they receive these treatments at the hospital and then they go home (Mahnik et al., 2007; Kosjek 

& Heath, 2011). After receiving chemotherapy these patients will metabolize and excrete 

residues and metabolites of these drugs mainly via urine, at their homes. Even though hospitals 

are the primary source of contamination of anticancer drugs, it is also important to take into 

consideration that municipal wastewaters will also carry residues of cytostatic drugs (Mahnik et 

al., 2007), not only from out-patients but also from veterinary facilities that use some of these 

drugs in the treatment of cancer in dogs and cats (Janssens, 2012; Biller et al., 2016). 

Another problem caused by the presence of cytostatic drugs in effluents is related with the 

fact that several investigations have concluded that most wastewater treatment plants (WWTPs) 

do not possess the proper means to completely remove these drugs from wastewaters (Franquet-

Griell et al., 2017a; Heath et al., 2020). As approximately 100 anticancer drugs are being used 

in the European market alone, it is not surprising that hospital effluents carry a dangerous 

cocktail of these drugs (Kümmerer et al., 2014; Heath et al., 2020). Therefore, cytostatic drugs 

continuously enter the environment through WWTPs’ effluents and are able to subsequently 

reach surface waters and possibly drinking waters, posing an added risk to the environment and 

human health (Heath et al., 2020). Despite the notorious hazard that cytostatic drugs represent, 

there are still few data on their potential toxic effects to the environment and specifically to 

aquatic organisms, which should be of utmost importance as they inhabit the environmental 

compartment that constitutes the ultimate fate of these compounds.  

Nevertheless, there has been an increasing effort to try to develop a complete 

(eco)toxicological profile and associated risks of anticancer drugs. Within the European Union, 

the European Medicines Agency (EMEA) has developed a set of mandatory guidelines of 

environmental risk assessment (ERA) that need to be followed when registering and launching 

new drugs (Directive 2001/83/EC; EMEA 2006, 2018). However, such guidelines are only 

requested for the risk assessment of newly authorized pharmaceuticals, not including the already 

registered cytostatic drugs. With the expected increase in cancer incidence worldwide for the 

next decades, it should also be expected an increase in the amount and number of anticancer 
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drugs administered to oncological patients. Consequently, it is urgent not only to monitor the 

presence of these drugs in the environment but also to develop methodologies that allow to rank 

and prioritise anticancer drugs concerning their environment relevance and consumption trends. 
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Table 1: Classification of anticancer drugs according to the Anatomical Therapeutic Chemical classification system (www.whocc.no/atcddd). 

Classification Subclass Compounds Principal clinical uses Mode of action 

L01: Antineoplastic agents 

L01A: Alkylating agents 
Cyclophosphamide, 

ifosfamide, busulfan 

Breast, ovarian, prostate, and 

bladder cancers, lymphoma, 

leukaemia 

Drugs used to stop tumour 

growth. They act by inhibiting 

the replication of DNA, leading 

to the interruption of cell 

division and eventual cell death 

(Kümmerer et al., 2014) 

L01B: Anti-metabolites 
5-Fluorouracil, methotrexate, 

capecitabine 

L01C: Plant alkaloids and 

natural products 

Vinblastine, vincristine, 

etoposide 

L01D: Cytotoxic antibiotics 

and related substances 
Epirubicin, mitomycin, 

L01X: Other antineoplastic 

agents 

Cisplatin, carboplatin, 

imatinib, 

L02: Endocrine therapy 

L02A: Hormones and related 

agents 
Megestrol, ethinylestradiol 

Prostate and breast cancers, 

hormone-sensitive tumours 

Used in hormone therapy. They 

act by inhibiting the synthesis 

of hormones or their receptors 

(Besse et al., 2012) 
L02B: Hormone antagonists 

and related genes 
Tamoxifen, flutamide 

L03: Immunostimulants L03A: Immunostimulants Aldesleukin, lentinan 
Leukaemia, lymphoma, colon 

cancer, bladder tumours 

Substances used in directed 

therapy, that increase the 

capacity of the immune system 

to fight against infections or 

diseases (Parnham et al., 2019) 

L04: Immunosuppressants L04A: Immunosuppressants 

Mycophenolic acid, 

mycophenolate mofetil, 

ciclosporin 

Rheumatoid arthritis, renal 

rejection, solid organ 

transplantation 

Used to suppress the immune 

system after a transplant 

(Parnham et al., 2019) 
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2.1.1 Cyclophosphamide 

Cyclophosphamide (CYP) is an important cytostatic drug that has been used in the clinical 

context since the 1940s (Gilman, 1963). It is widely used in chemotherapy to treat various forms 

of cancer, such as breast, ovarian and lung cancers, lymphoma, leukaemia, among others (Emadi 

et al., 2009; Parnham et al., 2019). It is also used for the treatment of autoimmune diseases, and 

as an immunosuppressant after organ transplantations (Heath et al., 2020). Cyclophosphamide 

is commercially available under the name drug Cytoxan® or Neosar® (Chemocare, 2020). 

Based on pharmacokinetics, this cytostatic agent is a prodrug that to be activated, needs 

to be metabolized through a group of cytochrome P450 enzyme systems in the liver generating 

its active metabolite, the phosphoramide mustard (Roy et al., 1999; Emadi et al., 2009; Parnham 

et al., 2019). As alkylating agents, their primary mode of action is based on the interaction with 

DNA and protein synthesis, causing cross-links that inhibit DNA replication and cell division, 

leading to subsequent cell death (Emadi et al., 2009; Parnham et al., 2019). After being 

metabolized, cyclophosphamide and its metabolites are excreted from the human body through 

the urine and/or faeces. Reported rates for renal excretion vary between 15-95%, even though 

most studies report values around 10-25% of the excreted parent compound (Eitel et al., 1999; 

Booker et al., 2014; Kümmerer et al., 2014; Cristóvão et al., 2020). Nevertheless, it is important 

to highlight that excretion rates depend on age, gender, health of the patient, and on the 

administered dosage and administration mode. 

After excretion, cyclophosphamide and its metabolites reach sewage systems from 

hospitals effluents and municipal wastewaters and are directed to wastewater treatment plants 

(Kosjek & Heath, 2011). As cyclophosphamide is one of the most used and studied anticancer 

drugs worldwide, several studies have investigated the efficiency of several conventional 

WWTPs on the removal of CYP from wastewaters (Negreira et al., 2014; Isidori et al., 2016; 

Franquet-Griell et al., 2017a; Gouveia et al., 2020). However, removal values vary significantly, 

ranging from 10 to 100% of CYP removal rate, making it difficult to conclude whether 

conventional methods are effective (Gómez-Canela et al., 2012; Isidori et al., 2016). Most 

WWTPs only employ “basic” stages of treatment: a preliminary stage (removal of solids and 

large materials), a primary stage (removal of organic and inorganic solids by sedimentation), and 

a secondary stage (removal of residual organics). Fewer WWTPs use a tertiary treatment, which 

implies processes such as disinfection, filtration, oxidation, (de)nitrification, and phosphate 

precipitation (Englande et al., 2015). Accordingly, a study conducted by Negreira et al. (2014) 

reported the presence of cyclophosphamide on the effluent samples of a large Spanish WWTP, 
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in which tertiary treatment is applied, which suggests that CYP is highly resistant to biological 

and even tertiary treatments. Similarly, Gouveia et al. (2020) observed CYP concentration in 

influents (mean of 44 ng L-1), secondary effluents (mean of 30 ng L-1) and tertiary effluents 

(mean of 28 ng L-1), further testifying for the recalcitrant behaviour of cyclophosphamide to 

tertiary treatments. Franquet-Griell et al. (2017a) also demonstrated the recalcitrance of CYP to 

most degradation processes, only achieving total removal with UV-H2O2 treatment. Therefore, 

it does not come as a surprise that CYP, a poorly biodegradable compound, shows some 

resistance against several conventional removal processes of wastewater treatment plants, and 

even to more sophisticated tertiary treatments such as sand filtration, ozonation, UV-light 

treatment or chlorine disinfection (Buerge et al., 2006; Franquet-Griell et al., 2017a).  

As expected from the low removal rates of cyclophosphamide residues from wastewaters 

worldwide, several studies have reported the presence of this anticancer drug in treated 

wastewaters, surface waters, and sludge (Buerge et al., 2006; Kosjek & Heath, 2011; Gómez-

Canela et al., 2012; Seira et al., 2013; Negreira et al., 2014; Franquet-Griell et al., 2017b; 

Gouveia et al., 2019, 2020). Detected concentrations ranged from ng L-1 to µg L-1 (Buerge et al., 

2006; Kosjek & Heath, 2011; Gómez-Canela et al., 2012; Franquet-Griell et al., 2017b; Gouveia 

et al., 2019, 2020). Nonetheless, besides the numerous reports of CYP in the environment and 

several studies concerning its risk assessment and (eco)toxicological effects, CYP is normally 

classified as a compound presenting low or no significant risk to aquatic biota (Zounková et al., 

2007; Grung et al., 2008; Franquet-Griell et al., 2017b; Gouveia et al., 2019, 2020). Nevertheless, 

it is important to assess its bioaccumulation potential and the subsequent possible effects to 

human health caused by the potential consumption of contaminated organisms. 

The fact that cyclophosphamide can reach drinking waters through surface waters, poses 

an alarming threat to human and environmental health (Heath et al., 2020). Some side effects 

referred in safety data sheets include higher susceptibility to infections, infertility, cancer 

(bladder, leukaemia, lymphoma), immunosuppression, among others (AHFS Patient Medication 

Information, 2020a). Accordingly, as alkylating agents, the mechanisms of action of 

cyclophosphamide and its metabolites accounts for side effects such as cytotoxic, mutagenic, 

teratogenic, carcinogenic and embryotoxic effects (Kümmerer et al., 2014). Moreover, there is 

already enough evidence that classifies cyclophosphamide as a Group 1 agent (i.e., carcinogenic 

to humans) by the International Agency for Research on Cancer (IARC, 2020). 

Regarding the presence of genotoxic compounds in drinking water, some entities such as 

the European Medicines Agency (EMEA) or the Food and Drug Administration (FDA) propose 
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different exposure threshold limits. While EMEA sets a value of 10 ng L-1, the FDA sets a value 

of 1000 ng L-1 as a trigger value for environmental risk assessments for a certain pharmaceutical 

(FDA, 1998; EMEA, 2006). There are also different methods of screening and ranking chemicals 

according to the level of risk they pose in the environment, such as Log Kow-based rankings, 

critical environmental concentration, risk quotient (RQ), persistence, bioaccumulation potential 

and toxicity criteria, among others (Heath et al., 2020). Once again, different criteria also 

prioritize chemicals in different ways, setting different trigger values for further risk assessment 

(Heath et al., 2020). Nevertheless, pharmaceuticals that interact directly with DNA and can 

initiate tumours, such as the case of cyclophosphamide, are (or should be) of topmost importance 

regarding risk assessment on aquatic ecosystems (Kümmerer et al., 2014).  

 

2.1.2 Mycophenolate mofetil and mycophenolic acid 

Mycophenolate mofetil (MMF), commercially known as CellCept®, was introduced as an 

immunosuppressive agent in the 1990s and is commonly used in post-transplant medicine (Majd 

et al., 2014). It is used in the prevention of acute and chronic allograft rejection in patients 

receiving cardiac, renal, or hepatic transplants (Scheubel et al., 2012; AHFS Patient Medication 

Information, 2020b). Other applications concern the use of MMF as an immunomodulator to 

treat several autoimmune diseases and skin conditions such as lupus nephritis, dermatitis, 

psoriasis, etc (Allison & Eugui, 2000; Zwerner & Fiorentino, 2007). 

Mycophenolic acid (MPA), commercially available as Myfortic®, is also an 

immunosuppressive drug used for preventing tissue rejection in patients receiving organ 

transplants and for the treatment of certain autoimmune diseases (Novartis, 2020). Besides being 

MMF’s metabolite, MPA is also a natural substance synthesized by fungi of the genus 

Penicillium (Straub et al., 2019). 

Once administered, mycophenolate mofetil is rapidly and fully hydrolysed by 

carboxylesterases in the liver and intestine, generating its active metabolite - mycophenolic acid 

(Shipkova et al., 2005; Parnham et al., 2019). The latter is responsible for a strong inhibition of 

inosine monophosphate dehydrogenase (IMPDH), which in turn ends up inhibiting the de novo 

synthesis of purines (Shipkova et al., 2005; EPAR, 2020). The shutdown of such process 

involves the inhibition of DNA and RNA synthesis, also inhibiting the proliferation of T- and 

B-lymphocytes, which will help in the prevention of allograft rejection (Shipkova et al., 2005). 

Another effect caused by this drug is the suppression of the expression of adhesion molecules, 
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reducing the recruitment of immune cells into sites of graft rejection (Shipkova et al., 2005; Majd 

et al., 2014). Regarding possible side effects of MMF, clinical studies with transplantation 

patients receiving MMF as CellCept® commonly included infections by bacterial and viral 

agents, neoplasms, blood and lymphocyte disorders, metabolism and nutrition disorders, 

gastrointestinal disorders, renal and urinary disorders, among others (EPAR, 2020). 

In addition to its role in preventing organ rejection, MMF has also been investigated for 

its potential as an anticancer drug, for example in murine models. Tressler et al. (1994) tested 

such hypothesis in in vivo immunodeficient mice injected with different human cancer cell lines. 

Twenty-four hours prior to tumour injection, the mice were treated orally with MMF, resulting 

in significantly reduced subcutaneous tumour growth. On a parallel study, Tressler et al. (1994) 

also observed an increased survival on the murine model of metastasis, injected with lymphoma 

cells and subsequently treated with MMF. Further evidence of the potential anticancer role of 

MMF was discovered by Chong et al. (2006) when they noticed that MPA was able to inhibit 

angiogenesis – a critical process through which tumours maintain a high level of nutrient and 

oxygen uptake (Hanahan & Weinberg, 2011).  

Other investigations were also conducted to evaluate the possibility of MMF causing 

carcinogenic, teratogenic, and genotoxic effects. Overall, no point mutations or damage to the 

DNA were observed, as well as no carcinogenic effects in studies conducted with rats (as cited 

in Straub et al. 2019). However, a clinical trial with transplantation patients receiving CellCept®, 

concluded that these patients were at increased risk of developing lymphomas or other 

malignancies (EPAR, 2020). The desired therapeutic effect of immunosuppression was observed 

at concentrations below no-effect dose levels of toxicity in studies in rat and monkey. Regarding 

teratogenicity studies, ventral wall deformities were observed in rats, and cardiovascular and 

kidney effects were observed in rabbits daily dosed with MMF (T.Pfister, unpublished data). In 

a clinical trial with patients receiving CellCept® for the prevention of acute organ rejection, 

teratogenic effects were observed in the form of spontaneous abortion and congenital 

malformations in around 47% and 25% in pregnant women, respectively (EPAR, 2020). It is 

important to highlight that the need to reference unpublished data further emphasizes the scarcity 

of in vivo studies with MMF. 

Regarding the body elimination of these drugs, the total administered dose of MMF can 

be completely recovered, with 93% being excreted in the urine and 6% in the faeces (Roche Ltd, 

2019). Around 87% is eliminated in the urine in the form of the inactive phenolic glucuronide 

of MPA (MPAG), and a negligible amount (<1% of the dose) is effectively excreted as MPA 
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(EPAR, 2020). In patients receiving Myfortic®, MPA is mainly eliminated via urine, 3% in the 

form of unchanged MPA and around 60% as MPAG (Novartis, 2020). 

Once in wastewaters, MMF and its metabolites are directed to WWTPs, where MPA is 

commonly detected at higher concentrations (Gouveia et al., 2019, 2020). Gouveia et. al, (2020) 

detected MPA in influents (up to 1624 ng L-1), secondary effluents (up to 108 ng L-1) and tertiary 

effluents (up to 101 ng L-1). Such findings suggest that MPA is to some extent degraded in 

primary and secondary effluents, but still resist tertiary treatment, where UV radiation was used. 

Accordingly, Franquet-Griell et al. (2016) observed that MPA was completely eliminated after 

dioxychlorination, which is a step in the purification process used in disinfection (part of tertiary 

treatment). On another study, Franquet-Griell and colleagues (2017a) assessed the degradation 

kinetics of different processes on 16 cytostatic drugs. Mycophenolic acid removal rates were 

below 50% for hydrolysis processes and around 86% for UV-C light photolysis. Complete MPA 

elimination was observed for the processes of UV-H2O2 exposure and activated sludge 

degradation (Franquet-Griell et al., 2017a). Regarding MMF, this compound was found in 

WWTPs’ influents in concentrations up to 70 ng L-1, but not in effluents, suggesting that 

secondary treatment is effective for the degradation of MMF (Gouveia et al., 2020). The results 

obtained by Straub et al. (2019) suggest that biodegradation is efficient in the removal of MMF 

and MPA in activated sludge.   

Regarding the presence of MMF in the environment and associated toxicity, few studies 

have yet been conducted, with the majority focusing on MPA instead. A Portuguese study found 

that MMF was the most consumed drug (out of 171 anticancer drugs) in three of five regions of 

Portugal, having almost doubled its consumption between 2007 and 2015 (Santos et al., 2017). 

Based on the predicted environmental concentrations (PEC), the authors classified MMF as a 

Highest Risk Compound (Class IA) and MPA as Potentially Risky Compound (Class IIA). Due 

to their mode of action, MMF and MPA may be harmful to aquatic biota, as already observed 

by Gao et al. (2014), in which zebrafish embryos treated with MPA at concentrations of 440-

2210 ng L-1, revealed diversified morphological abnormalities including missing tails, severe 

pericardial oedema, growth arrest and enlarged yolk sacs. Furthermore, toxicological data on 

safety sheets states that MPA results in high growth inhibition of the algae Pseudokirchneriella 

subcapitata with effective concentration value (EC50) of 68 µg L-1, but low toxicity to Daphnia 

magna with an EC50 >100 mg L-1 (Roche Ltd, 2020). Franquet-Griell et al. (2016) detected MPA 

in all river samples of a drinking wastewater treatment plant, at concentrations up to 56.2 ng L-

1, and in raw water up to 20.9 ng L-1. In another study, Giebułtowicz & Nałęcz-Jawecki (2016) 
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found MPA in Warsaw rivers up to 180 ng L-1. Both studies calculated PEC values of 77.4 ng 

L-1 (for river) and 24.8 ng L-1 (for surface water), respectively (Franquet-Griell et al., 2016; 

Giebułtowicz & Nałęcz-Jawecki, 2016). The usual action limit of 10 ng L-1 (EMEA) for 

environmental risk assessment of pharmaceuticals does not apply to substances that may affect 

reproduction at lower concentrations, which might be the case for immunosuppressive drugs 

(Giebułtowicz & Nałęcz-Jawecki, 2016).  

 

3. Test species 

When assessing the environmental impact of a certain compound in an aquatic ecosystem, 

it is important to study its toxicity to organisms of different trophic levels and functional groups, 

since no group of organisms alone is sufficient for a robust evaluation. Instead, when assessing 

the toxicity to several groups of organisms it is possible to infer possible consequences not only 

at the population level but also regarding food web interactions and overall dynamics and health 

of a particular aquatic habitat (Omar, 2010). Additionally, it is important to use appropriate 

model organisms as biological indicators. In general terms, model organisms are a non-human 

species whose biological processes have been extensively studied hoping that they can be 

employed in research and used to gain insight of biological processes and systems in other 

organisms and even humans (Leonelli & Ankeny, 2013; Levy & Currie, 2014). Some 

characteristics of model organisms include a wide knowledge of their biological processes and 

genetics, easy maintenance and manipulation in the laboratory, short generation time, short size, 

among others (Leonelli & Ankeny, 2013).  

 

3.1 Primary producers 

In most aquatic systems, phytoplankton is considered a key group, since these organisms 

are the main primary producers. They are at the bottom of the food web, being responsible for 

the production of oxygen and organic substances, providing food and energy to organisms from 

higher trophic levels, such as vertebrates and invertebrates (Satyavani et al., 2012). 

Consequently, any kind of adverse effects on these organisms, caused by physical or chemical 

environmental perturbations, may cause depletion of oxygen and reduced primary productivity. 

This may translate into deleterious consequences at higher trophic levels, which in turn can result 

in disturbances in the structure and function of an entire aquatic ecosystem (Satyavani et al., 

2012). Primary producers are also used as bioindicators for the establishment of water quality 
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criteria and should be taken into consideration in standard risk assessment assays, either when 

assessing the environmental impact of a certain chemical or when evaluating the safety of 

municipal and industrial effluents that are discharged into a particular aquatic ecosystem 

(Directive 2000/60/EC). For that, several protocols have been developed over the years based 

on the Organisation for Economic Co-operation and Development (OECD) Guidelines for 

testing of chemicals (OECD, 2011). 

Algae are one of the major groups of photosynthetic organisms in aquatic environments 

(Bellinger & Sigee, 2015). They are important absorbers of carbon and generators of biomass, 

which is the foundation of diverse food chains. Disturbances to these communities may cause a 

decrease in the amount of oxygen on the water, due to a substantial decline in their abundances 

or due to the occurrence of algae blooms that deoxygenate the water, causing the death of several 

organisms (Bellinger & Sigee, 2015). In addition to their crucial role in these ecosystems, algae 

are important as biological indicators in the sense that they are able to detect rapid variations in 

water quality (Bellinger & Sigee, 2015). Due to their short generation time, algae have reduced 

time to adapt to the new conditions, exhibiting rapid responses to changes in the environment 

such as industrial pollution, nutrient enrichment, and changes to the hydrological regime of the 

water body (Bellinger & Sigee, 2015). Therefore, they are suitable test organisms to assess short-

term impacts in aquatic environments. In addition, algal species exhibit a widespread distribution 

among ecosystems, a sensitive metabolism, and are easily cultured in the laboratory with 

minimal maintenance costs.  

 

 

 

 

 

 

 

 

The microalgae Raphidocelis subcapitata (formerly known as Selenastrum capricornutum 

and Pseudokirchneriella subcapitata) is a commonly used and recommended species for 

freshwater toxicity testing (Fig. 4). This green microalga constitutes the phytoplankton of lakes, 

Figure 4: Raphidocelis subcapitata (Magnification of 100x) (Bruna Monteiro). 
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swamps, and ponds, and is normally presented in a solitary form. Cells are strongly curved, 

exhibiting a sickle-like shape with a length between 8-14 μm and width between 2-3 μm (OECD, 

2011; Yamagishi et al., 2017). This microalga is commonly used as a test organism for which a 

large database on its responses to several types of contaminants is already available, as well as 

standard guidelines (Nyholm & Källqvist, 1989; Radix et al., 2000; Weyers et al., 2000; OECD, 

2011). Another advantage is related to its very characteristic shape, which allows easy detection 

of biological contamination in laboratory cultures (Nyholm & Källqvist, 1989). 

 

3.2 Primary consumers 

Zooplankton is one of the functional groups that comprise the trophic structure of 

freshwater ecosystems. It has a pivotal position in the aquatic food web, linking primary 

producers (algae) with invertebrates and zooplanktivorous fish (secondary consumers), while 

also contributing to the energy transfer along the food web (Ma et al., 2019). Therefore, they are 

crucial for the ecological balance of freshwater ecosystems and are considered good indicators 

of water quality and ecosystem health (Hanazato, 2001; Ma et al., 2019). 

Copepods, cladocerans, and rotifers are the three essential groups that compose the 

zooplankton and they represent the major component in freshwater bodies (Sarma & Nandini, 

2006). While copepods dominate the zooplankton community of marine habitats, cladocerans 

and rotifers usually dominate the freshwater zooplankton communities, the latter having a 

cosmopolitan distribution and inhabiting virtually any body of water (Sarma & Nandini, 2006). 

Rotifers are responsible for a substantial portion of biomass and secondary production of many 

aquatic communities (American Society for Testing and Materials (ASTM), 1998). They graze 

on phytoplankton and are prey for larval fish and invertebrates (International Organization for 

Standardization (ISO), 2008). When coupled with their large population sizes, the grazing 

pressure of these communities may greatly influence phytoplankton composition and overall 

water quality of certain habitats, being considered more important than crustacean zooplankton 

in some habitats (with some variability, depending on the time of the year) (Onandia et al., 2015).  

Their undeniable ecological importance has rendered them a role as model organisms in 

toxicity studies from as early as 1964 (Cairns et al., 1978), although it was only during the 1990s 

that rotifers significantly started being used in ecotoxicological studies (Snell & Janssen, 1995). 

Over the years, there has been an increase in popularity and recognition by the scientific 

community regarding their role in hazard risk assessment of several chemicals, such as 
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nanoparticles, pharmaceuticals, endocrine disruptors, among others (Hagiwara & Yoshinaga, 

2017). Accordingly, several standardized toxicity tests have been developed, frequently focusing 

on organisms from the genus Brachionus, but increasingly expanding to new species (ASTM, 

1998; ISO, 2008). In addition, the characterization of the biogeography of many rotifer species 

is also available, as well as an extensive database on their biology and standardized 

methodologies (ASTM, 1998; ISO, 2008; Dahms et al., 2011). In some cases, rotifers’ sensitivity 

to several toxic substances can be higher than that of other organisms (Dahms et al., 2011), and 

even though sensitivity to toxicants is species and compound-specific, the sensitivity of 

Brachionus calyciflorus (Fig. 5) is usually comparable to that of Daphnia sp. (Snell et al., 1991). 

Besides their crucial role in freshwater ecosystems, rotifers have other appealing features as 

model organisms for toxicity assays in the aquatic environment. They are of small size (0.1-0.5 

mm long), possess a rapid reproduction, short development time, and are amongst the most 

sensitive species of primary consumers (Dahms et al., 2011; Hagiwara & Yoshinaga, 2017).  

Some species of rotifers are able to produce resting eggs, also known as dormant eggs or 

cysts, which are products of sexual reproduction (Snell & Carmona, 1995). These eggs have a 

double purpose: they are banks of genetic diversity (adaptative function) while being an escape 

from adverse environmental conditions, such as extreme temperatures, salinity, or food scarcity 

(survival function) (Pourriot & Snell, 1983; Snell & Carmona, 1995; Gyllström & Hansson, 

2004). In ecological terms, this dormancy event can have repercussions in the plankton 

population demography and succession (e.g. upon mass hatching events under favourable 

environmental conditions), and the preservation of genetic material for extended periods of time 

can safeguard genetic variation in episodes of selection (Gyllström & Hansson, 2004). 

Furthermore, Snell and Carmona (1995) brought to light the question of whether rotifers asexual 

and sexual reproduction might have implications in the sensitivity to toxicants. Their results 

demonstrated that sexual reproduction was inhibited at lower concentrations than those affecting 

asexual reproduction events (Snell & Carmona, 1995). Therefore, it is crucial to take into 

consideration the toxic effects of toxicants in rotifers’ cysts, since concentrations of toxicants 

that might not affect asexual reproduction might result in decreasing resting egg production, 

which might compromise the population’s adaption and survival (Snell & Carmona, 1995).  
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Regarding toxicity tests, the use of cysts to obtain the organisms to perform ecotoxicity 

assays yields several advantages in terms of high reproducibility and sensitivity of the tests, 

requiring small volumes of chemicals and laboratory material (Snell et al., 1991; Snell & Moffat, 

1992). Cysts can be stored for months and be hatched upon demand, which eliminates the need 

to maintain stock cultures of animals since they are commercially available. Furthermore, 

toxicity kits, such as Rotoxkits®, have also been developed and can be employed in acute/chronic 

toxicity assays with marine or freshwater rotifers, mainly using B. calyciflorus and B. plicatilis 

(http://www.microbiotests.be). Therefore, rotifers testing is fast, easy to execute, sensitive, and 

highly reproducible, while being very cost-effective (Snell & Moffat, 1992; ASTM, 1998; 

Dahms et al., 2011). 

 

3.3 Secondary consumers 

Fish is an important group that is regularly used in environmental monitoring and 

assessment of the toxicity of effluents and chemicals (Lin et al., 2013; Dai et al., 2014). Toxicity 

assays with these organisms play an important role in environmental risk assessment and hazard 

classification of substances in aquatic ecosystems (Braunbeck et al., 2005). As such, several 

protocols have been developed over the last decades ranging from basic care and breeding to 

sophisticated genetic and developmental techniques (OECD, 2013). Amongst several model 

organisms used in such protocols, zebrafish (Danio rerio) is one of the most frequently used, 

namely as a model organism for ecotoxicity assays to assess the effects of aquatic contaminants, 

such as toxic metals, endocrine disruptors, or organic pollutants (Scholz et al., 2008; Dai et al., 

2014). Other areas of study include host-microbiota interactions, genetics, developmental 

biology, biomedical, and human/animal diseases (McGrath & Li, 2008; de Esch et al., 2012). To 

this date, almost 1500 laboratories worldwide carry out research with zebrafish in diversified 

Figure 5: Brachionus calyciflorus individual (retrieved from www.rotifera.hausdernatur.at). 
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areas, which demonstrates the increasing popularity and acceptance of zebrafish as a model 

organism among the scientific community (www.zfin.org).  

Zebrafish is a tropical freshwater fish from the family Cyprinidae, native of South Asia 

and is commonly found in shallow ponds, rivers, lakes, and standing water bodies (Scholz et al., 

2008; Spence et al., 2008). These vertebrates are of small size (about 2.5 cm to 4 cm long) and 

have a fusiform body, laterally flattened, with blue longitudinal stripes (Fig. 6). They are 

omnivorous fishes that feed mainly on phyto- and zooplankton (Spence et al., 2008). 

 

 

 

 

 

 

 

 

  

Regarding its role as a model organism, zebrafish possesses a series of appealing features 

that make it an ideal vertebrate model for a wide range of biological disciplines. Their small size 

results in reduced housing space, husbandry costs, and smaller amounts of test substances, which 

in turn translates into reduced testing costs and less waste of chemicals and labware (Hill et al., 

2005). Besides males and females being easily identified, they are easily and inexpensively 

maintained under laboratory conditions during all year. Furthermore, they have a short 

generation time (3 months), rapid growth (all the body is formed at 24 hours post fertilization 

(hpf)), large fecundity rates, and a large number of offspring (one female can spawn about 100-

200 eggs per day) (Kimmel et al., 1995; Hill et al., 2005; Scholz et al., 2008; Spence et al., 2008). 

The eggs are non-adherent and fully transparent, which allows the visualization of the ex utero 

embryogenesis and organ morphology in an easy and non-intrusive manner (Scholz et al., 2008). 

Accordingly, it becomes possible to monitor the embryos through all developmental stages, 

which have already been well characterized (Kimmel et al., 1995; Scholz et al., 2008). Such 

optical clearance also favours the visualization of fluorescence-conjugated substrates or dyes 

Figure 6: Adult zebrafish (Danio rerio) female (upper individual) and male (lower individual) (retrieved from 

Braunbeck et al, 2005). 
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(Parng et al., 2002). Such set of features permit cost-effective and fast bioassays, suitable for 

large-drug screening and multi-generational experiments (Parng et al., 2002).   

Another crucial factor that makes zebrafish an especially appealing model organism is 

related to the fact that its genome has already been completely sequenced and it shares about 60 

to 80% homolog genes with humans (de Esch et al., 2012; Howe et al., 2013). Accordingly, due 

to the similarities of vertebrates, zebrafish is used as a model for accessing gene function in 

several human diseases like cancer, cardiovascular, and immune systems diseases (Tavares & 

Lopes, 2013; Bambino & Chu, 2017). 

Experiments with embryos are considered as an alternative to animal testing (Scholz et al., 

2008). Accordingly, this sort of procedures incorporates the 3 R’s concepts introduced by W. M. 

S. Russel and R. L. Burch (1959) which stand for: replacement of animals with non-animal 

techniques, reduction in the number of animals used, and refinement of procedures to reduce 

pain and distress applied to the animals that need to be used. For this reason, the “Fish Embryo 

Test Acute Toxicity (FET)” test (OECD, 2013) has been applied as an obligatory component in 

routine effluent testing, in which zebrafish is one of the most frequently used model organisms. 

One of the main advantages relies on the fact that the embryo-larval stage appears among the 

most sensitive stages during the fish life cycle (McKim, 1977). Furthermore, the administration 

of drugs in larvae is simple since the small molecules diluted in the surrounding water are 

absorbed through their gills and skin (McGrath & Li, 2008).  

Besides the usual lethality data assessed in common toxicological assays, due to the 

transparency of zebrafish eggs, it is also possible to assess a wide range of sublethal endpoints 

such as coagulation of the eggs, hatching rate, larval abnormalities, lack of movement, and 

absence of heartbeat (Lammer et al., 2009; OECD, 2013). These sublethal effects may contribute 

to a better understanding of the dose-response relationship, mode of action, toxicodynamics, 

toxicokinetics, and the ecological risk of a certain chemical. Moreover, it may help in predicting 

adverse and long-term effects, such as genotoxicity, endocrine disruption, and chronic toxicity 

(Scholz et al., 2008). Other advantages of using the FET test is related to the existence of well-

established guidelines, tests with inferior exposure times, lower volumes of medium and 

chemicals used, lower costs, and the fact that zebrafish embryos can survive for a couple of days 

through the absorption of the nutrients in the yolk (Hill et al., 2005). 
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4. Objectives 

Taking into consideration the aforementioned information and available data, 

cyclophosphamide is considered one of the model cytostatic drugs, commonly used for risk 

assessment assays. Regarding mycophenolate mofetil and mycophenolic acid, these are some of 

the most consumed anticancer drugs worldwide, being equally found at higher amounts on 

wastewaters, and being generally considered high-risk compounds. Since cytostatic drugs find 

their way into the environment via contaminated wastewaters, aquatic organisms are the first 

line of organisms to be exposed to these drugs. 

Therefore, the main goal of this work was to assess the ecotoxicity of these three 

cytostatics to freshwater organisms of different trophic levels and functional groups: the 

microalga Raphidocelis subcapitata (as a primary producer), the rotifer Brachionus calyciflorus 

(as a primary consumer), and zebrafish Danio rerio (as a secondary consumer). A thorough 

assessment was performed through the evaluation of several lethal and sublethal endpoints 

(whenever possible), that included the growth and biomass inhibition of the R. subcapitata, the 

mortality of B. calyciflorus, and mortality, hatching, and morphological abnormalities of larvae 

of D. rerio. Secondarily, based on the obtained results we estimated the risk quotient (RQ), which 

relates the concentrations that cause toxic effects with the predicted or measured environmental 

concentrations, classifying the compounds according to the potential risk they might pose. 
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II. Materials and Methods 

 

1. Chemicals preparation 

In the present work, the toxic effects of three cytostatics were studied: (i) 

cyclophosphamide (CYP), (ii) mycophenolate mofetil (MMF), and (iii) mycophenolic acid 

(MPA). The CYP (97%), MMF (98%), and MPA (98%) were purchased from ACROS Organics 

and Sigma Aldrich (Table 2). 

 

Table 2: Name, Chemical Abstracts Service (CAS) registry number, molecular and structural formulas, and 

chemical and physical properties of the three studied cytostatics. Abbreviations stand for: M.w. – molecular 

weight [g mol-1], SH20 – water solubility [mg L-1], LogP: Partition Coefficient, pKa: acid dissociation constant. 

Compound Molecular formula Structural formula Properties 

Cyclophosphamide 

monohydrate 

CAS 6055-19-2 

C7H17Cl2N2O3P 

 

M.w. = 279.1 

SH2O = 40 000 

LogP = 0.63 

pKa = 2.3 – 11.1 

Mycophenolate 

mofetil 

CAS 128794-94-5 

C23H31NO7 

 

M.w. = 433.5 

SH2O = 43 

LogP = 2.5 

pKa = 5.6 – 8.5 

Mycophenolic acid 

CAS 24280-93-1 
C17H20O6 

 

M.w. = 320.3 

SH2O =  35 

LogP = 2.8 

pKa = 4.5  

 

The concentrations for each treatment were chosen based on existing literature (Table 3). 

Values of effective concentrations causing 20 or 50% of lethal/sub-lethal effects (L(E)C20 or 

L(E)C50, respectively), no observed effect concentrations (NOEC), and lowest observed effect 

concentrations (LOEC or EC20), retrieved from the existing literature, were taken into 

consideration and used for carrying the preliminary ecotoxicity assays. If no information of 
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L(E)C50 or L(E)C20 values were available for a certain species or cytostatic, low concentrations 

were initially used. Posteriorly, if necessary, concentrations were adjusted to be able to calculate 

L(E)C50 or at least L(E)C20 values for each studied cytostatic.  

The cytostatics, in powder form, were dissolved in the different culture mediums of each 

species (as described in the guidelines) to prepare stock solutions, taking into consideration their 

solubility (Table 2). They were safely stored at -15 °C in the dark to minimize any possible 

degradation. Posteriorly, they were defrosted to prepare fresh solutions immediately before the 

start of each assay. 

The preparation of stock solutions of each chemical was performed in a laminar flow 

chamber class II. Security measures were implemented during these procedures, and they 

included the use of two pairs of sleeve-covering gloves for the protection of the operator, 

disposable liquid-proof absorbent mat over the work surface, disinfection of the surfaces with 

sodium hypochlorite (NaClO), and the use of plastic containers and labware whenever possible 

(Eitel et al., 1999; Lamerie et al., 2012; Pan American Health Organization (PAHO), 2013). The 

latter were posteriorly discarded as type IV residues for incineration along with the aqueous 

residues collected at the end of each procedure (Eitel et al., 1999; PAHO, 2013). 

During the assemblage of the different assays, the handling of the cytostatics was 

performed outside the laminar flow chamber. Therefore, additional safety measures to the ones 

aforementioned were taken into consideration: (i) the assemblage of the tests was carried in an 

isolated room with only the presence of the operator, (ii) surfaces were properly disinfected with 

NaClO before and after the manipulation of cytostatics (Lamerie et al., 2012), (iii) there was 

minimal presence of objects in the area (Eitel et al., 1999), and (iv) disposable KN95 face masks 

were used for the protection of the operator (PAHO, 2013). In the end, all disposable labware, 

plastic containers, and residues were properly discarded for incineration (PAHO, 2013). In the 

impossibility of using plastic containers, used glass containers were dipped in NaClO for 24h 

before washing with soapy water (Eitel et al., 1999; PAHO, 2013). 
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Table 3: Summary of the available ecotoxicity data of the studied cytostatics in freshwater organisms. Abbreviations stand for: h – hours, d – days, hpf – hours post 

fertilization, LC50 – 50% lethal concentration, LC10 – 10% lethal concentration, EC50 – 50% effect concentration, EC10 – 10% effect concentration, NOEC – no-observable 

effect concentration, LOEC – lowest observable effect concentration, MNLC – maximum non-lethal concentration. 

Cytostatic Organism Parameter Endpoint 
Concentration  

(mg L-1) 
Reference 

Cyclophosphamide 

Brachionus calyciflorus 
Mortality LC50 (24h) 1924 (Russo et al., 2018) 

Offspring reduction EC50 (48h) 89.84 (Russo et al., 2018) 

Raphidocelis subcapitata Growth inhibition 

NOEC (72h) > 100 (Grung et al., 2008) 

EC50 (72h) > 100 (Grung et al., 2008) 

NOEC (72h) > 320 (Česen et al., 2016) 

EC50 (72h) > 100 (Białk-Bielińska et al., 2017) 

NOEC (96h) 250 (Zounková et al., 2007) 

LOEC (96h) 500 (Zounková et al., 2007) 

EC50 (96h) 930 (Zounková et al., 2007) 

Danio rerio 

Mortality 

LC50 (72h) 2344 (Weigt et al., 2011) 

LC50 (96h) 1777 (Ali et al., 2012) 

LC10 (48h) 2030 (He et al., 2013) 

Teratogenicity 
MNLC (48h) 1184 (He et al., 2013) 

EC50 (72h) 1312 (Weigt et al., 2011) 

Cardiovascular toxicity MNLC (24h) 2791 (Zhu et al., 2014) 

Daphnia magna 
Reproduction 

NOEC (21d) 56 (Grung et al., 2008) 

LOEC (21d) 100 (Grung et al., 2008) 

EC50 (21d) > 100 (Grung et al., 2008) 

Mortality EC50 (48h) > 1000 (Zounková et al., 2007) 
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Table 3 (continued) 

Cytostatic Organism Parameter Endpoint 
Concentration 

(mg L-1) 
Reference 

Mycophenolate mofetil 

Raphidocelis subcapitata Growth inhibition EC50 (72h) 0.068 (Guo, 2015) 

Poecilia reticulata Mortality NOEC (96h) 1.7 (Roche Ltd, 2020) 

Desmodesmus 

subspicatus 

Growth inhibition 

NOEC (72h) 0.1 (Roche Ltd, 2019) 

EC50 (72h) 0.6 (Roche Ltd, 2019) 

LOEC (14d) 1.6 (Roche Ltd, 2019) 

Biomass inhibition 
NOEC (72h) 0.04 (Roche Ltd, 2019) 

EC50 (72h) 0.2 (Roche Ltd, 2019) 

Daphnia magna Mortality 
NOEC (48h) 27.7 (Roche Ltd, 2019) 

EC50 (48h) > 100 (Roche Ltd, 2019) 

Mycophenolic acid 

Raphidocelis subcapitata 

Growth inhibition 

NOEC (96h) 0.009 (Roche Ltd, 2020) 

EC10 (96h) 0.012 (Roche Ltd, 2020) 

EC50 (96h) 0.068 (Roche Ltd, 2020) 

Biomass inhibition 
EC10 (96h) 0.008 (Roche Ltd, 2020) 

EC50 (96h) 0.017 (Roche Ltd, 2020) 

Daphnia magna 

Mortality 
NOEC (48h) 440 (Roche Ltd, 2020) 

EC50 (48h) 755 (Roche Ltd, 2020) 

Reproduction 

NOEC (21d) 0.630 (Roche Ltd, 2020) 

LOEC (21d) 1.8 (Roche Ltd, 2020) 

EC10 (21d) 0.929 (Roche Ltd, 2020) 

EC50 (21d) 4.29 (Roche Ltd, 2020) 
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Table 3 (continued) 

 

 

 

 

 

Cytostatic Organism Parameter Endpoint 
Concentration 

(mg L-1) 
Reference 

Mycophenolic acid Danio rerio 

Mortality 

LC50 (72hpf) 3.9 (Jiang et al., 2016) 

LC50 (24h) 17.75 (Gao et al., 2014) 

Fecundity EC10 (23d) > 0.073 as cited in Straub20019 

Post hatch survival 
NOEC (34d) 0.011 as cited in Straub20019 

EC10 (34d) 0.006 as cited in Straub20019 

Teratogenicity EC50 (72hpf) 2.2 (Jiang et al., 2016) 
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2. Test species 

The toxicity of CYP, MMF, and MPA was assessed using the following three species, 

representative of different trophic levels and functional groups of freshwater ecosystems: the 

green microalgae Raphidocelis subcapitata (producer), the rotifer Brachionus calyciflorus 

(primary consumer), and the fish Danio rerio (secondary consumer). These are standard species 

recommended by international guidelines to be used in aquatic toxicity assays (Rotoxkit F®; 

OECD, 2011; OECD, 2013). 

Laboratory cultures of R. subcapitata were maintained in the Woods Hole Marine 

Biological Laboratory (MBL) culture medium (Stein, 1973) with aeration, under aseptic 

laboratory-controlled conditions of temperature (20 ± 2 °C) and light intensity (continuous cool-

white fluorescent illumination - 100 μE m2 s−1). Prior to use, the medium and all the material 

used to prepare the cultures were sterilized in an autoclave at 121 °C and 1 Bar, for at least 20 

min. Cultures were renewed once a week. 

Brachionus calyciflorus neonates were obtained from cysts available in commercial kits 

(MicroBioTests, Ghent, Belgium). Cysts were hatched at 23 °C, for 24 hours, at a constant light 

intensity of 3000-4000 lux. Hatching was performed in ASTM medium moderately hard 

synthetic freshwater medium (ASTM, 2002). 

Danio rerio eggs were provided by the laboratory culture kept at the Zebrafish facility at 

the Department of Biology from the University of Aveiro, Portugal. Adult fish, free from 

externally visible diseases, were maintained under controlled conditions in a ZebTEC 

recirculating system (Tecniplast). The culture water consisted of tap water filtered with activated 

charcoal and reverse osmosis, supplemented with “Instant Ocean Synthetic Sea Salt” (Spectrum 

Brands, USA), and maintained at a temperature of 27 ± 1 °C. Conductivity was maintained at 

794 ± 50 µS/cm, pH was automatically adjusted at 7.5 ± 0.5, dissolved oxygen equal or above 

95% saturation, and a photoperiod cycle of 14h:10h light/dark. Adult fish were fed once a day 

with a commercially available artificial diet Gemma Micro 500 (Skretting®, Spain).  

To obtain the embryos for the toxicity assay, males and females of D. rerio were housed 

in breeding aquaria, where the deposited eggs were protected from predation from adult 

zebrafish (Spence et al., 2008). Eggs were collected in the morning after, gently rinsed in water 

from the zebrafish culture system, and screened using a stereomicroscope (Stereoscopic Zoom 

Microscope-SMZ 1500, Nikon) (OECD, 2013). Coagulated, unfertilized, or injured eggs with 

obvious irregularities during cleavage were discarded.  
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3. Ecotoxicity assays 

3.1 72-h Inhibition assays with R. subcapitata 

The effects of the three cytostatic compounds were assessed on the yield and population 

growth rate of R. subcapitata according to the OECD standard methodology 201 (OECD, 2011), 

with some minor adaptations to 24-well plates (Moreira-Santos et al., 2004).  

All assays were conducted at 23 ± 1 °C, under continuous white light at an intensity of 

100 μE m2 s−1. Three replicates were set per each concentration (cytostatics diluted in MBL 

medium) and control group (with MBL medium only) (Table 4). To all test wells, was added 

1800 μL of test solution (prepared with MBL medium) and 200 μL of algal inoculum (3-4-days 

old, at a concentration of 105 cells mL-1 to achieve a concentration of 104 cells mL-1 at the 

beginning of the assay). Two other treatments without the presence of algae were performed: 

one control consisted of MBL medium only, and the other control consisted of MBL medium 

with the respective cytostatic concentration. This last treatment allowed to discard any 

interference of the cytostatic itself in the absorbance readings. 

To avoid the settling of algae and subsequent shadow effects on their growth and yield 

during the 72h of the assay, all plates were daily re-suspended for a few minutes on an orbital 

shaker (Miller & Greene, 1978; OECD, 2011). Absorbance (abs) measurements were obtained 

at 24, 48, and 72h at 440 nm (Jenway, 6505 UV/VIS spectrophotometer). After subtraction of 

cytostatics abs at the same wavelength, the abs were then converted into cell density per volume 

(D, cells/mL) according to the following equations (as in Venâncio et al., 2017): 

D (𝑐𝑒𝑙𝑙𝑠/𝑚𝐿) =  −17107.5 + (𝑎𝑏𝑠 𝑥 7925350) 

 

Yield (Y, biomass produced during the test) was computed according to the following 

equation, where NF is the biomass of the algae at the end of the assay (cell mL-1), and NI is the 

biomass of the algae at the beginning of the assay (cell mL-1).: 

𝑌 = (𝑁𝐹 − 𝑁𝐼) 

The percentage of yield inhibition (Iy) was calculated according to:  

𝐼𝑦 (%) =
(𝑌𝑐 − 𝑌𝑡)

𝑌𝑐
𝑥 100 

Where Yc is the mean value for yield in the control group and Yt is the value for yield for 

the treatment replicate. 
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The population growth rate (r) was also assessed according to: 

𝑟 =
𝑙𝑛 𝑁𝐹 − 𝑙𝑛 𝑁𝐼

𝑡
 

In which NF is the biomass of the algae at the end of the assay (cell mL-1), NI is the biomass 

of the algae at the beginning of the assay, and t is the time of exposure (days). The percentage 

of growth inhibition (Ir) was calculated according to the following equation, where µC is the 

mean growth rate of algae in control and µt is the growth rate of algae in each replicate: 

𝐼𝑟 (%) =
(µ𝐶 − µ𝑡)

µ𝐶
𝑥 100 

 

3.2 24-h Mortality assay with B. calyciflorus 

The lethal effects caused by the three cytostatics on the freshwater rotifer B. calicyflorus 

were assessed by following the standard procedure for acute Rotoxkit F® (MicroBioTests, Ghent, 

Belgium).  

Five replicates were assigned to each treatment: control treatment (ASTM moderately hard 

synthetic freshwater medium) and the concentrations tested for each cytostatic (Table 4). Five 

organisms were placed in each well of 24-well plates, which were filled with 1 mL of the test 

solution.  The assays were conducted for 24h at 23 °C in total darkness. After exposure, the total 

number of dead organisms was counted. An organism was considered dead if it did not exhibit 

any movement within 5s after gentle agitation of the medium.  

 

3.3 96-h Fish embryo toxicity assay with D. rerio 

Assays with embryos of D. rerio were performed according to the OECD guideline 236 

on Fish Embryo Acute Toxicity (FET) Test (OECD, 2013), with small adaptations. 

Thirty eggs per treatment were transferred to 24-well plates. Eggs were individually placed 

in each well with 1 mL of the test solution. Embryos and larvae were observed daily and 

compared with the control (consisting of tap water filtered with activated charcoal and reverse 

osmosis). Exposure occurred for 96h, at 26 ± 1 °C and a 16:8h light/dark photoperiod, and 

observations were made at each 24h (i.e., 24, 48, 72, and 96 hours) with the help of a stereoscopic 

microscope (Zoom-SMZ 1500, Nikon Corporation). Several endpoints were evaluated namely 

hatching, mortality (that included coagulated eggs, arrested development or lack of heartbeat), 

and several phenotypic abnormalities (such as tail and skeletal malformations, oedemas, and 
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delayed development), according to Lammer et al., (2009). Mortality and hatching rates and 

percentage of abnormalities were expressed considering the total number of embryos exposed to 

the different treatments. 

 

Table 4: Tested concentrations of cyclophosphamide, mycophenolate mofetil, and mycophenolic acid in three 

freshwater species. 

 

4. Risk quotient (RQ) 

In order to express the potential risk posed by an individual chemical, either to a particular 

organism or to the environment, the risk quotient (RQ), was assessed. The RQ was calculated 

according to the following equation:  

𝑅𝑄 =  
𝑀𝐸𝐶 𝑜𝑟 𝑃𝐸𝐶

𝑃𝑁𝐸𝐶
 

where MEC stands for measured environmental concentrations, PEC means the predicted 

environmental concentrations and PNEC is the predicted no-effect concentration. For CYP and 

MPA, as concentrations measured in superficial waters were available, the highest concentration 

found in the literature was used as the MEC. For MMF, as no MEC was available in the literature, 

Cytostatic Specie Culture Medium 
Concentration 

range (mg L-1) 

Dilution 

factor 

Cyclophosphamide 

R. subcapitata MBL medium 500.0 – 1856 1.3x 

B. calyciflorus ASTM medium 2155 – 8000 1.3x 

D. rerio Maintenance water 689.8 - 1717 1.2x 

Mycophenolate 

mofetil 

R. subcapitata MBL medium 0.028 – 0.070 1.2x 

B. calyciflorus ASTM medium 16.08 – 40.00 1.2x 

D. rerio Maintenance water 0.029 - 0.112 1.4x 

Mycophenolic acid 

R. subcapitata MBL medium 0.004 – 0.006 1.1x 

B. calyciflorus ASTM medium 10.05 – 30.00 1.2x 

D. rerio Maintenance water 0.096 – 3.072 2.0x 
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PEC values were used instead. The PNEC was computed, for each cytostatic, through the 

deterministic approach, i.e., by applying an assessment factor (AF) to the lowest computed 

L(E)C50 of the three tested species. Considering that short-term L(E)C50 were here calculated for 

three trophic levels, an AF of 1000 was used (EC, 2011). The results were interpreted according 

to EC (1996) and Sánchez-Bayo et al., (2002): 

- 0.01 ≤ RQ < 0.1 indicates low risk 

- 0.1 ≤ RQ < 1 indicates moderate risk 

- RQ ≥ 1 indicates high risk 

 

5. Data analysis 

The estimation of the lethal concentrations causing X% of effect (LCx) and respective 

confidence limits at 95% (CL 95%), was performed by applying a regression model using the 

Probit software (Sakuma, 1998). The estimation of sublethal concentrations causing X% of 

effect (ECx) was performed by applying a non-linear model (three-parametric logistic or sigmoid 

curve, according to the best fit) using the Statistica for Windows 4.3 software (StatSoft, Aurora, 

CO, USA). 

To mortality data sets an Anscombe arcsine transformation was applied at first. Then, a 

one-way ANOVA was carried out, followed by Dunnett’s to determine potential statistical 

differences against control conditions.  

The sublethal endpoints data sets were checked for normality and homoscedasticity, 

followed by a one-way ANOVA, and then the Dunnett’s test, to assess potential differences 

between treatments and control conditions. Whenever data sets failed one of the assumptions, a 

non-parametric ANOVA was carried (Kruskal-Wallis), followed by the multicomparison 

Dunn’s test. 
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III. Results 

 

1. Cyclophosphamide 

Cyclophosphamide significantly inhibited the yield of R. subcapitata at all tested 

concentrations (Fig. 7a; Dunnett’s test: p<0.05). However, a significant reduction in the growth 

rate was only observed at concentrations equal to or higher than 845 mg L-1 (Fig. 7b; Dunnett’s 

test: p<0.05). The estimated EC50,72h (CL 95%) for yield and growth rate were, respectively: 

593.0 (510.0 - 676.0) mg L-1 and 1108 (873.0 - 1343) mg L-1 (Table 5). 

 

 

  

 

 

 

 

 

 

The results on the survival rates of B. calyciflorus exposed to increased concentrations of 

CYP are presented in Figure 8. Cyclophosphamide significantly reduced the survival of B. 

calyciflorus at 8000 mg L-1 (Fig. 8; Dunn’s test: p<0.001). A LC50,24h (CL 95%) of 6397 (5986 

– 6896) mg L-1 was computed (Table 5).  

 

 

 

 

 

 

 

 

Figure 7: Average of yield (a) and growth rate (b) of Raphidocelis subcapitata after being exposed for 72 

hours to cyclophosphamide (CYP). Vertical bars correspond to the standard deviation. *indicates significant 

statistical difference in relation to control conditions (Dunnett’s test: p<0.05). 
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Figure 8: Survival rate of Brachionus calyciflorus after being exposed for 24 hours to cyclophosphamide 

(CYP). Vertical bars correspond to the standard deviation. *indicates significant statistical difference in 

relation to control conditions (Dunn’s test: p<0.001). 
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The results of survival and cumulative hatching in D. rerio embryos and larvae induced 

by cyclophosphamide are presented in Figure 9. Significant effects on the survival of embryos 

were observed at concentrations of 1430 and 1717 mg L-1, and only after a period of 96h of 

exposure (Fig. 9a; Appendix A; Dunn’s: p<0.001). A LC50,96h (CL 95%) of 1306 (1261 - 1351) 

mg L-1 was computed (Table 5). Exposure to CYP did not affect hatching rates of D. rerio 

embryos (Fig. 9b; Appendix B; Dunn’s test: p<0.001). 

Finally, during the 96h exposure period the appearance of morphological abnormalities on 

the embryos and larvae was also recorded. The percentage of embryos that developed some kind 

of morphological abnormality was calculated taking into consideration the total number of 

embryos exposed to a certain concentration (Fig. 10). All concentrations of CYP significantly 

caused abnormalities in zebrafish embryos (Fig. 10; Dunn’s test: p<0.001).  

The percentage of a specific type of malformation over periods of 24h is presented 

regarding the number of living organisms at that time (Fig. 11). For instance, after 48h of 

exposure at concentrations of 1430 and 1717 mg L-1, 30% and 21% of the live larvae exhibited 

severe oedemas, either present on the pericardial region or ventral region (Fig. 11a and 12b).  At 

72h after the beginning of the assay, at least 20% of the larvae exposed to concentrations of 993 

mg L-1 and onwards (which did not exhibit significant mortality or hatching delays), developed 

spinal cord malformations (also known as tail curvatures or tail bending) (Fig. 11b and 12e). At 

the end of the 96-h exposure period, at concentrations of 993, 1192, and 1430 mg L-1, 47%, 50%, 

and 50% of the larvae (respectively) presented similar abnormalities (Fig. 11b). Concerning the 

percentage of abnormalities, an EC50,96h of 1030 (942.9 – 1182) mg L-1 was computed (Table 5). 
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Figure 9: Survival (a) and cumulative hatching (b) in Danio rerio embryos and larvae after being exposed for 

24, 48, 72, and 96 hours to cyclophosphamide (CYP). *indicates significant statistical difference in relation 

to control conditions (Dunn’s test: p<0.001). 
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It was also possible to observe a decrease in the length of the larvae exposed to 

cyclophosphamide at 828, 993 and 1192 mg L-1 (Fig. 13; Dunn’s test: p<0.05). No data was 

available for concentrations of 1430 and 1717 mg L-1 since no larvae from these concentrations 

were possible to measure, either because they were dead or did not hatch (Fig. 13).  

Figure 12: Abnormalities in Danio rerio larvae exposed to cyclophosphamide (CYP): a) Larvae from control 

treatment (at 48 hours); b) Larvae exposed to 1430 mg L-1 of CYP (at 48 hours); c) Larvae exposed to 1717 

mg L-1 of CYP (at 48 hours); d) Larvae from control treatment (at 72 hours); e) Larvae exposed to 1192 mg 

L-1 of CYP (at 72 hours). Orange arrows indicate oedemas in the ventral region; black arrows indicate oedemas 

in the pericardial region; green arrows indicate spinal cord malformation. (Magnification of 2x). 
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Figure 11: Percentage of oedemas (a) and spinal cord malformations (b) observed in Danio rerio embryos 

and larvae after being exposed for 24, 48, 72, and 96 hours to cyclophosphamide (CYP). 
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Figure 10: Percentage of abnormalities in Danio rerio embryos and larvae during a 96-hour exposure to 

cyclophosphamide (CYP). *indicates significant statistical difference in relation to control conditions (Dunn’s 

test: p<0.001). 
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2. Mycophenolate mofetil 

All tested concentrations of MMF significantly inhibited the yield and growth rate of R. 

subcapitata after 72h of exposure (Fig. 14; Dunnet’s test: p<0.001).  

 

 

 

 

 

 

 

 

  
The results regarding the effect of MMF on the survival rate of B. calyciflorus are 

presented in Figure 15. Mycophenolate mofetil did not significantly impact the survival of the 

rotifers at any of the tested concentrations, in which the higher tested concentration corresponded 

to the limit of solubility of MMF (Fig. 15; Dunn’s test: p>0.05). 
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Figure 14: Average of yield (a) and growth rate (b) of Raphidocelis subcapitata after being exposed for 72 

hours to mycophenolate mofetil (MMF). Vertical bars correspond to the standard deviation. *indicates 

significant statistical difference in relation to control conditions (Dunnet’s test: p<0.001). 
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Figure 13: Body length of Danio rerio larvae after being exposed for 96 hours to cyclophosphamide (CYP). 

Vertical bars correspond to the standard deviation. *indicates significant statistical difference in relation to 

control conditions (Dunn’s test: p<0.05). ◊ no data available. 
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The results of survival and cumulative hatching in D. rerio larvae exposed to MMF are 

presented in Figure 16. Mycophenolate mofetil significantly affected the survival of fish larvae 

at concentrations of 0.11 mg L-1 after 48h of exposure (Fig. 16a; Appendix A; Dunn’s, p<0.001;), 

and concentrations of 0.06, 0.08 after 72h of exposure (Fig. 16a; Appendix A; Dunn’s, p<0.001). 

A LC50,96h (CL 95%) of 0.046 (0.038 -0.054) mg L-1 was estimated (Table 5). Concerning the 

cytostatic effect on the hatching rate of D. rerio, it was observed a significant decrease in larvae 

hatching at all the tested concentrations of MMF right from 48h of exposure onwards (Fig. 16b; 

Appendix B; Dunn’s test: p<0.001).  

Once again, the percentage of embryos that developed some kind of morphological 

abnormality was calculated taking into consideration the total number of embryos exposed to a 

certain concentration (Fig. 17). However, the percentage of a specific type of malformation over 

periods of 24h is presented regarding the number of living organisms at that time (Fig. 18). 

This drug induced morphological abnormalities in zebrafish embryos at all tested 

concentrations (Fig. 17; Dunn’s test: p<0.001). Regarding the existence of abnormalities, at 24h 

of exposure, at least 96% of the alive embryos exhibited a delayed development, for all the tested 

concentrations (Fig. 18b). At 48h of exposure, the percentage of embryos presenting delayed 

development slightly decreases for all concentrations ranging between 60-88%, except for the 

highest concentration of 0.11 mg L-1, in which 100% of the embryos still presented delayed 

development (Fig. 18b). After 48h of exposure, it was not possible to assess delays on the 

development of the embryos, since there was a significantly lower number of alive embryos from 

most of the concentrations, and most of them started developing other morphological 

abnormalities (Fig. 18b and 19).  

 

 

Figure 15: Survival rate of Brachionus calyciflorus after being exposed for 24 hours to mycophenolate mofetil 

(MMF). Vertical bars correspond to the standard deviation. (Dunn’s test: p>0.05). 
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Figure 18: Percentage of oedemas (a) and organisms with delayed development (b) observed in Danio rerio 

embryos and larvae exposed for 24, 48, 72, and 96 hours to mycophenolate mofetil (MMF).  
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Figure 17: Percentage of abnormalities in Danio rerio embryos and larvae during a 96-hour exposure to 

mycophenolate mofetil (MMF). *indicates significant statistical difference in relation to control conditions 

(Dunn’s test: p<0.001). 
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Figure 16: Survival (a) and cumulative hatching (b) in Danio rerio embryos and larvae after being exposed 

for 24, 48, 72, and 96 hours to mycophenolate mofetil (MMF). *indicates significant statistical difference in 

relation to control conditions (Dunn’s test: p<0.001). 



37 

 

 

 

 

 

 

  

 

3. Mycophenolic acid 

All tested concentrations of MMF significantly inhibited the yield and growth rate of R. 

subcapitata after 72h of exposure (Fig. 20; Dunnett’s test: p<0.001).  

 

 

 

 

 

 

 

 

The results concerning the effects of MPA on the survival of B. calyciflorus are presented 

in Figure 21. Mycophenolic acid did not have any significant effect on the survival rate of the 

rotifers at the tested concentrations, in which the higher tested concentration was close to the 

limit of solubility of MPA (Fig. 21; Dunn’s test: p>0.05). 

 

 

 

 

 

 

Figure 20: Average of yield (a) and growth rate (b) of Raphidocelis subcapitata after being exposed for 72 

hours to mycophenolic acid (MPA). Vertical bars correspond to the standard deviation. *indicates significant 

statistical difference in relation to control conditions (Dunnet’s test: p<0.001). 
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Figure 19: Abnormalities in Danio rerio embryos and larvae exposed to mycophenolate mofetil (MMF): a) 

Embryo from control treatment (at 24 hours); b) Embryo expose to 0.11 mg L-1 of MMF (at 24 hours); c) 

Larvae from control treatment (at 72 hours); d) Larvae exposed to 0.06 mg L-1 of MMF (at 72 hours). Red 

arrows indicate oedemas in the yolk sac; black arrows indicate oedemas in the pericardial region; green arrows 

indicate spinal cord malformation; blue arrows indicate delayed development. (Magnification of 2x). 

Figure 21: Survival rate of Brachionus calyciflorus after being exposed for 24 hours to mycophenolic acid 

(MPA). Vertical bars correspond to the standard deviation. (Dunn’s test: p>0.05). 
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The results on the survival and cumulative hatching in larvae of D. rerio exposed to 

increased concentrations of MPA are presented in Figure 22. Mycophenolic acid significantly 

affected the survival of D. rerio larvae at concentrations of 1.5 mg L-1 after 96h of exposure and 

at concentrations of 3.0 mg L-1 after 48h of exposure onwards (Fig. 22a; Appendix A; Dunn’s 

test: p<0.001). The estimated LC50,96h (CL 95%) for MPA was of 1.410 (1.180 - 1.710) mg L-1 

(Table 5).  

At 24h of exposure, 73% and 100% of the embryos exposed to 1.5 and 3.0 mg L-1 of MPA, 

respectively, presented delayed development (mainly of the head and tail/spinal cord) (Fig. 25f). 

At 0.77 mg L-1, hatching was significantly delayed at 48 and 72h of exposure, despite at the end 

of the exposure the hatching rate of exposed larvae was similar to that of control ones (Appendix 

B; Dunn’s test: p<0.001). At concentrations of 1.5 and 3.0 mg L-1 from 48h of exposure and 

onwards, it was observed a significant delay in the development of the embryos when compared 

to the control group, that was translated into a delay of the hatching of larvae (Appendix B; 

p<0.001). It was estimated an EC50,96h (CL 95%) for hatching rate of 0.945 (0.760-1.130) mg L-

1 and an EC50,48h (CL 95%) of 0.193 (0.116-0.269) mg L-1 (Table 5). 

Mycophenolic acid significantly induced morphological abnormalities in zebrafish 

embryos at all tested concentrations (Fig. 23; Dunn’s test: p<0.001). Regarding the presence of 

abnormalities, 100% of the embryos exposed to MPA at concentrations of 0.38 mg L-1 and 

higher, experienced some kind of morphological abnormality throughout the assay (Fig. 23 and 

24). It is important to highlight that at least 96% of the embryos exposed to 1.5 and 3.0 mg L-1 

of MPA presented severe oedemas as soon as 24h of exposure (Fig. 24a and 25). From 48h 

onwards, at concentrations ≥ 0.38 mg L-1, over 80% of organisms presented severe oedemas on 

the yolk sac or pericardial region (Fig. 24a and 25 g,h). Around 100% of the embryos exposed 

to MPA at concentrations of 0.77 mg L-1 and onwards, presented spinal cord malformations since 

48h of exposure (Fig. 24b and 25). At 96h of exposure, 60% and 97% of embryos exposed to 

concentrations of 0.19 and 0.38 mg L-1 (respectively) also developed spinal cord malformations 

(Fig. 24b and 22 g,h). 
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Figure 24: Percentage of oedemas (a) and spinal cord malformations (b) observed in Danio rerio embryos 

and larvae exposed for 24, 48, 72, and 96 hours to mycophenolic acid (MPA).  
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Figure 23: Percentage of abnormalities in Danio rerio embryos and larvae during a 96-hour exposure to 

mycophenolic acid (MPA). *indicates significant statistical difference in relation to control conditions 

(Dunn’s test: p<0.001). 
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Figure 22: Survival (a) and cumulative hatching (b) in Danio rerio embryos and larvae exposed for 24, 48, 

72, and 96 hours to mycophenolic acid (MPA). *indicates significant statistical difference in relation to control 

conditions (Dunn’s test: p<0.001). 
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d)  c)  b)  a)  

e)  f)  g)  h)  

Figure 25: Abnormalities in Danio rerio embryos and larvae exposed to mycophenolic acid (MPA): a) 

Embryo from control treatment (at 24 hours); b) Embryo from control treatment (at 48 hours); c) Larvae from 

control treatment (at 72 hours); d) Larvae from control treatment (at 96 hours); e) Embryo exposed to 0.38 mg 

L-1 of MPA (at 24 hours); f) Embryo exposed to 3 mg L-1 of MPA (at 24 hours); g) Larvae exposed to 0.38 

mg L-1 of MPA (at 48 hours); h) Larvae exposed to 0.38 mg L-1 of MPA (at 96 hours). Red arrows indicate 

oedemas in the yolk sac; black arrows indicate oedemas in the pericardial region; green arrows indicate spinal 

cord malformation; blue arrows indicate delayed development. (Magnification of 2x). 
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Table 5: Summary of the concentrations, of the tested cytostatics, causing 20 and 50% of effect (LC(E)20 and 

LC(E)50, respectively), with the 95% confidence limits within parenthesis, for the three freshwater model 

species. 

 

 

4. Risk quotient 

The risk quotient for each cytostatic drug was computed and is presented in Table 6. The 

lowest L(E)C50 used to calculate the RQ for CYP was 593 mg L-1 (for yield in R. subcapitata), 

for MMF was 0.46 mg L-1 (for mortality in D. rerio), and for MPA was 0.160 mg L-1 (for 

abnormalities in D. rerio). The highest MECs found for CYP and MPA on surface waters were 

of 1.9E-3 mg L-1 and 6.56E-4 mg L-1, respectively (Usawanuwat et al., 2014; Franquet-Griell et 

al., 2017b). However, to the author’s knowledge, there are no similar reports concerning the 

presence of MMF on surface waters. Therefore, the MEC value of MMF was replaced by the 

PEC value of 1.37E-4 mg L-1, as estimated by Santos et al. (2017).  

The results obtained regarding the RQ revealed that CYP poses a low risk to freshwater 

organisms (RQ = 0.003), while MMF and MPA pose a high risk to freshwater biota (RQ = 3.0 

Cytostatic Species Endpoint 
Exposure time 

(hours) 

L(E)C20 

(mg L-1) 

L(E)C50 

(mg L-1) 

Cyclophosphamide 

R. subcapitata 
Yield inhibition 72 407.0 (299.0 - 515.0) 593.0 (510.0 - 676.0) 

Growth inhibition 72 533.7 (319.0 - 749.4) 1108 (873.0 - 1343) 

B. calyciflorus Mortality 24 - 6397 (5986 - 6896) 

D. rerio 
Mortality 96 1219 (1157 - 1262) 1306 (1261 - 1351) 

Abnormalities 96 757.7 (614.1 - 838.1) 1030 (942.9 - 1182) 

Mycophenolate 

mofetil 

R. subcapitata 
Yield inhibition 72 <0.028 <0.028 

Growth inhibition 72 <0.028 <0.028 

B. calyciflorus Mortality 24 >40.00 >40.00 

D. rerio Mortality 96 0.026 (0.017 - 0.033) 0.046 (0.038 - 0.054) 

Mycophenolic acid 

R. subcapitata 
Yield inhibition 72 <0.004 <0.004 

Growth inhibition 72 <0.004 <0.004 

B. calyciflorus Mortality 24 >30.00 >30.00 

D. rerio 

Mortality 
48 2.120 (1.630 - 2.440) 2.830 (2.460 - 3.440) 

96 0.860 (0.660 - 1.030) 1.410 (1.180 - 1.710) 

Abnormalities 
48 0.170 (0.070 - 0.220) 0.220 (0.150 - 0.360) 

96 0.130 (0.100 - 0.140) 0.160 (0.140 - 0.190) 

Hatching 
48 0.075 (0.024 - 0.126) 0.193 (0.116 - 0.269) 

96 0.773 (0.663 - 0.883) 0.945 (0.760 - 1.129) 
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and RQ = 4.1, respectively) (Table 6). However, considering that for MMF and MPA no EC50 

could be computed for algae, as no growth was observed at the lowest tested concentrations 

(0.028 mg L-1 for MMF and 0.004 mg L-1 for MPA), it is predicted that the RQ presented in 

Table 6 is underestimated, i.e., a higher RQ is predicted if an EC50 for R. subcapitata will be 

used for its calculation. 

 

Table 6: Estimated risk quotient (RQ) of each cytostatic drug regarding each species. RQ classification was 

performed considering the following colour code: Green background: low risk; Yellow background: moderate 

risk; Red background: high risk. MEC: measured environmental concentrations, PEC: predicted environmental 

concentrations.  

 

Cytostatic MEC or PEC (mg L-1) Risk quotient 

Cyclophosphamide 0.00191 0.003 

Mycophenolate mofetil 0.00014 3.0 

Mycophenolic acid 0.00066 4.1 
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IV. Discussion 

 

The main goal of this work was to assess the toxic effects of three cytostatic drugs, 

commonly used in chemotherapy, in non-target organisms. In the present study, the effects of 

the alkylating agent cyclophosphamide (CYP), and the two immunosuppressants mycophenolate 

mofetil (MMF) and mycophenolic acid (MPA) were assessed for three freshwater organisms, 

representatives of different trophic levels and functional groups – a producer, a primary 

consumer, and a secondary consumer.  

 

1. Cyclophosphamide 

Cyclophosphamide is an alkylating agent, that needs to be metabolized by liver enzymes 

in order to be activated and to be able to interfere with DNA replication and cell division and 

thus, exerting its cytotoxic effect (Emadi et al., 2009). Due to its high effectiveness on fighting 

tumours, CYP has been widely used all over the world as a chemotherapeutic agent for more 

than 50 years (Emadi et al., 2009). Not surprisingly, its annual consumption can reach values 

around 350 kg y-1 (Besse et al., 2012; Kümmerer et al., 2014; Franquet-Griell et al., 2017b; 

Santos et al., 2017). Due to their recalcitrancy, residues of CYP and its metabolites can pass 

through WWTPs and reach the environment, already being reported in surface waters at 

concentrations between 0.0005 and 1.9 µg L-1 (Buerge et al., 2006; Zounková et al., 2007; 

Gómez-Canela et al., 2012; Usawanuwat et al., 2014; Climent, 2016; Franquet-Griell et al., 

2017b). Even though CYP is known to have mutagenic, carcinogenic, cytotoxic, and genotoxic 

properties (IARC, 2020), several studies estimate that this compound poses no risk, or very low 

risk, to aquatic organisms (Grung et al., 2008; Booker et al., 2014; Guo, 2015; Santos et al., 

2017; Franquet-Griell et al., 2017b; Gouveia et al., 2019, 2020). 

The results obtained for the inhibition assay revealed that CYP is capable of significantly 

inhibiting the growth rate and yield of R. subcapitata at concentrations higher than 845 mg L-1 

(Fig. 7). The EC50,72h of 1108 mg L-1 for growth inhibition (Table 5) is in accordance with reports 

from other studies (Zounková et al., 2007; Grung et al., 2008; Česen et al., 2016; Białk-Bielińska 

et al., 2017). Even though the majority of the studies was not able to find an exact value, EC50 

values were reported to be higher than 100 mg L-1. To the author’s knowledge, only Zounková 

et al. (2007) were able to determine an exact LOEC of 500 mg L-1 and an EC50,96h of 930 mg L-1 

for the inhibition of the growth rate of R. subcapitata. As already speculated by other authors, 
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the apparent low toxicity of CYP may be explained by the pharmacokinetics of the compound 

itself, which needs to be activated by liver enzymes into active metabolites that will cause 

cytotoxic effects (Zounková et al., 2007; Białk-Bielińska et al., 2017). Vannini et al. (2011) 

studied the DNA damage that CYP might pose to R. subcapitata; however, instead of analysing 

the chemical alone, environmentally relevant concentrations of CYP were included in a mixture 

with 12 other pharmaceuticals. Nonetheless, no damage to the DNA was observed. However, a 

study conducted by Mater et al. (2014) assessed toxic effects of CYP combined with other 

pharmaceuticals, ciprofloxacin and tamoxifen, in nominal concentrations of µg L-1. Their results 

revealed that CYP alone in concentrations up to 100 µg L-1 barely caused any effects; however, 

the mixture of chemicals caused significant growth inhibition, in a dose-dependent manner 

(Mater et al., 2014). 

One other factor that should be taken into consideration is that, in this study, there was no 

comparison between the nominal and actual concentrations of the cytostatics at the beginning 

and the end of the assays. For example, Harris (2015) observed a large decrease in actual 

concentrations at higher nominal concentrations of CYP for both assays with R. subcapitata and 

D. rerio. The author hypothesised that such might be due to the possible chemical degradation 

of CYP, through hydrolysis. Even though other studies have reported that cyclophosphamide is 

resistant to photolysis and biodegradation processes (Franquet-Griell et al., 2017a; Gouveia et 

al., 2020), some product sheets for this drug refer that chemical degradation might indeed be a 

problem, resulting in chlorine loss at temperatures above 30 ºC (Sigma Aldrich, product 

information sheet, C0768). Even if protocols for assays with R. subcapitata do not exceed such 

temperature, some chemical degradation might still be happening. Furthermore, it is also 

important to highlight that the effects that the culture mediums might have on this type of drugs, 

in terms of degradation, modification, or availability of the drug, have not yet been fully 

investigated.  

Regarding the impact of CYP on the survival of the rotifer B. calyciflorus, even though it 

was possible to determine an LC50,24h of 6397 mg L-1 (Table 5), it is important to highlight that 

the range of tested concentrations varied between 2155 and 8000 mg L-1 (Table 4). In terms of 

environmental relevance, these concentrations are higher than the ones usually reported in 

surface waters (Buerge et al., 2006; Usawanuwat et al., 2014; Franquet-Griell et al., 2015; 

Climent, 2016; Franquet-Griell et al., 2017b). Russo et al. (2018) reported an LC50,24h of 1924 

mg L-1, once again at concentrations of orders of magnitude higher than the ones found in aquatic 
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compartments. Not surprisingly, cyclophosphamide seems to pose no risk to these organisms at 

the tested concentrations. 

The results obtained concerning the effect of CYP on zebrafish embryos showed that this 

drug only significantly affected their survival at 96h at concentrations of 1430 and 1717 mg L-1 

(Appendix A). The LC50,96h of 1306 mg L-1 is slightly lower than other values reported in the 

literature, that varied between 1777 and 2344 mg L-1 (Weigt et al., 2011; Ali et al., 2012; He et 

al., 2013). Such variations may be explained by the use of different zebrafish phenotypes, 

embryos at different stages of development, and distinct times of exposure.  

In addition, CYP induced morphological abnormalities on the embryos and larvae even at 

the lowest tested concentration of 690 mg L-1 (Fig. 10). They mainly included spinal cord 

malformations and severe oedemas on the pericardial or ventral regions, that remained 

throughout the assay (Fig. 11 and 12). These teratogenic effects were also observed in a study 

conducted by Weight et al. (2011), in which 81% of all the zebrafish embryos exposed to CYP 

concentrations ranging between 279.1 and 2791 mg L-1, presented chord malformations ranging 

from isolated lesions to complete disintegration of the chord structure. Nevertheless, it is 

important to mention that some of these abnormalities are difficult to observe until the hatching 

of the embryo, which is why there usually is an increase on the number of morphological 

abnormalities only after 48h of exposure.  

One factor that could explain the observation of the increasing number of abnormalities 

and mortality rates in later stages of the assay (i.e., 72 - 96h) is correlated with the hatching and 

organogenesis of zebrafish itself. Once again, it is important to recall that CYP is a drug that 

needs to be activated by liver enzymes. Accordingly, it has been pointed out that zebrafish 

embryos do not express the necessary enzymes for the metabolism of CYP in sufficient 

quantities, mainly during the first few hours post fertilization (hpf) (Harris, 2015). Additionally, 

the vascularization of the liver and subsequent blood flow only happens around 72 hpf, being 

the liver fully developed only by the fifth day post fertilization (dpf) (Ober et al., 2003; Chu & 

Sadler, 2009). In the absence of proper metabolic activating systems, CYP is not activated and 

therefore it can not bind and disrupt DNA synthesis, which could explain the higher rates of 

morphological abnormalities and mortality only in later stages of the assay (Fig. 9a and 10) 

(Anderson et al., 1995). Furthermore, although the egg itself allows some exchange of molecules 

between the embryo and the exterior environment, it also works as a barrier, protecting the 

embryo from the outside conditions. Therefore, after hatching, larvae are more exposed to the 

outside conditions, and since they absorb small molecules diluted in the surrounding water 
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through their gills and skin, such factor might help explain the aggravation of effects caused by 

CYP in hatched larvae over the course of the assay (McGrath & Li, 2008). Therefore, it might 

be important to consider the effects of CYP in zebrafish embryos for an extended period of time, 

to assess further teratogenic and lethal effects beyond 96 hpf.  

The sublethal endpoint regarding the hatching rate of embryos was not significantly 

affected by CYP (Fig. 9b; Appendix B). Nevertheless, we hypothesize that even though this drug 

induces some morphological defects in the embryos, such effects were not sufficiently severe to 

cause development arrest. Consequently, embryos were able to reach a developmental stage 

which allowed them to hatch in the expected timeline, which usually happens between 48 and 

72 hpf (OECD, 2013).  

Finally, it was also observed some decrease in the length of zebrafish embryos exposed to 

CYP (Fig. 13). Some experiments with rats and mice administered with CYP also observed 

similar developmental anomalies, that included growth retardation events, malformed foetuses, 

behavioural deficits, and even structural chromosome damage (Anderson et al., 1995). Even 

though there are obvious morphological differences between rat foetuses and zebrafish embryos, 

these studies help to further demonstrate the teratogenicity of cyclophosphamide in different 

non-target organisms.  

 

2. Mycophenolate mofetil and mycophenolic acid 

Mycophenolate mofetil is the prodrug of mycophenolic acid and thus, the discussion on 

both drugs will be performed in an integrative manner.  

Once administered, MMF is rapidly and completely converted in the liver and intestine 

generating MPA – the active metabolite (Shipkova et al., 2005; Parnham et al., 2019). In a 

generic way, this metabolite interferes with the de novo synthesis of purines, which in turn 

disrupts the synthesis of DNA and RNA, also inhibiting the proliferation of T- and B- 

lymphocytes (Shipkova et al., 2005). These drugs are not only used for cancer treatment, but 

also for the treatment of certain autoimmune diseases and to prevent tissue rejection in patients 

receiving organs transplants (Zwerner & Fiorentino, 2007; Scheubel et al., 2012; Majd et al., 

2014; AHFS Patient Medication Information, 2020b). Therefore, they have relatively high 

consumption rates that vary among different countries, ranging between 450 and 1000 kg y-1 for 

MMF, and 700 and 2600 kg y-1 for MPA (Franquet-Griell et al., 2015; Giebułtowicz & Nałęcz-

Jawecki, 2016; Santos et al., 2017). Regarding their presence in the environment, PEC values 
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for MMF tend to have lower concentrations (4.8E-5 – 3.6E-4 mg L-1) since this drug seems to be 

efficiently removed by WWTPs, while MPA is commonly found at higher concentrations (5.0E-

7 – 6.6E-4 mg L-1) as it appears to be more resistant to the processes of elimination by WWTPs 

(Franquet-Griell et al., 2017a; Straub et al., 2019; Gouveia et al., 2020).  

From the algae data sets, one can only hypothesize, based on the results obtained, that 

concentrations inducing 50% of effects on both yield and growth rates of R. subcapitata are 

below 0.028 mg L-1 for MMF and 0.004 mg L-1 for MPA (Table 5). While these MMF 

concentrations were similar to the ones used for the assays with zebrafish (0.029 - 0.112 mg L-

1), for MPA such concentrations were well below those tested for B. calyciflorus (10.05 – 30.00 

mg L-1) and slightly below those tested for D. rerio (0.096 – 3.072 mg L-1). To the best 

knowledge of the author, there are no similar reports in the literature except some data available 

in safety data sheets from Roche Ltd. (2020), in which EC50,72h values for MMF in Desmodesmus 

subspicatus were estimated to be of 0.2 mg L-1 for biomass inhibition and  0.6 mg L-1 for growth 

inhibition (Roche Ltd, 2020). Concerning MPA, the information provided by the same data 

sheets indicates values of EC50 for R. subcapitata of 0.017 mg L-1 for biomass inhibition and 

0.068 mg L-1 for growth inhibition (Roche Ltd, 2020). Even though in the present work it was 

not possible to assess EC50 values for these organisms (Table 5), the values from Roche safety 

data sheets are relatively close to the concentrations tested in this work (Table 4). Nevertheless, 

the lack of conclusion regarding the assessment of a value for the EC50 for R. subcapitata in this 

work was due to limitations of time and not due to the impossibility of testing lower 

concentrations. 

Regarding the effect of both compounds in the survival of the rotifer B. calyciflorus, it was 

not possible to determine an LC50,24h, the highest tested concentrations were very high reaching 

the solubility limit of both compounds (Tables 4 and 5; Fig. 14 and 21). To the author’s 

knowledge, no data is available in the literature regarding the effects of these drugs in rotifers. 

Once again, taking into consideration the environmental concentrations of MMF and MPA, 

rotifers might not be suitable model organisms to assess lethal endpoints of these type of 

pharmaceuticals. Nonetheless, due to the lack of available data, other endpoints such as 

reproduction, swimming behaviour, bioaccumulation and biomagnification potentials, 

biomarkers, and chronic sensitivity might be interesting to explore. In terms of costs and time-

effectiveness, assays with rotifers still carry some advantages when comparing, for example, to 

assays with D. magna organisms. Moreover, due to their ecological importance, rotifers should 

not be excluded from environmental risk assessment studies.  
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Interesting results were obtained for lethal and sublethal endpoints of these 

immunosuppressive drugs in D. rerio embryos and larvae. The survival rates of embryos were 

affected by MMF and MPA in a dose-dependent manner (Fig. 16a and 22a). At only 48h of 

exposure, both MMF and MPA demonstrated significant effects on the survival of embryos at 

the highest concentrations (0.11 and 3.00 mg L-1, respectively) (Appendix A). At 72h and 96h, 

the survival rate at concentrations of 0.06 mg L-1 and onwards also demonstrated higher mortality 

rates (Appendix A). To the author’s knowledge, these are the first data regarding lethality effects 

of MMF on embryos of D. rerio. As for its metabolite, MPA also affected the survival of 

zebrafish embryos, demonstrating stronger effects as the assay progressed (Appendix A). The 

computed LC50,96h of 1.410 mg L-1 is lower than other values reported in the literature that vary 

from 3.9 to 17.8 mg L-1 (originally, 6.92 and 55.4 µmol L-1) (Gao et al., 2014; Jiang et al., 2016). 

Nevertheless, it is important to highlight that some differences might be due to variations in 

terms of the zebrafish phenotype used, procedures, methods of exposure, and duration of the 

assays.  

The sublethal endpoint of morphological abnormalities demonstrated to be very important 

for these drugs, as they were presented in a dose-dependent manner. Both MMF and MPA 

induced oedemas in the pericardial or yolk sac regions and spinal cord malformations (also 

known as tail curvatures/bending) (Fig. 18, 19, 24, and 25). Similar effects have also been 

reported in other studies. For example, Jiang et al. (2016), observed that zebrafish embryos 

exposed to MPA (3.7 - 11.1 mmol L-1) for 72 hours, developed teratogenic defects that 

predominantly included tail bending and pericardial oedemas. The same authors also calculated 

a teratogenic index (25% lethal concentration value (LC25)/no observable adverse effect level 

ratio), which demonstrated that MPA can, in fact, be classified as a teratogen (Jiang et al., 2016). 

Gao et al. (2014), besides observing the same abnormalities, also noticed embryos with abnormal 

body shape, enlarged yolk sac, growth arrest, and motility decrease, in embryos exposed to MPA 

at 72hpf.  

One possible explanation for the formation of severe oedemas is associated with the 

findings of Jiang et al. (2016). Taking into account that MPA is a strong inhibitor of IMPDH 

(inosine monophosphate dehydrogenase), these authors also studied the impdh genes to decipher 

the mechanism of MPA toxicity. Briefly, they found that the expression of impdh was indeed 

inhibited in MPA treated embryos, which subsequently could be causing a depletion of 

guanosine monophosphate (GMP) (Jiang et al., 2016). After hypothesizing that if organisms had 

an external guanosine supply, then the abnormal morphological traits should be prevented, they 
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observed that some embryos treated with both mycophenolic acid and guanosine did in fact 

recovered the normal phenotype (Jiang et al., 2016). Regarding pericardial oedemas caused by 

MMF, these might be explained by defects in the endothelial cells, which in turn can be a 

consequence of the inhibition of the expression of endothelial cell adhesion molecules which has 

been observed as a consequence of mycophenolate mofetil (Allison & Eugui, 2000).  

Furthermore, it was also possible to observe that both cytostatics had significant impacts 

on the hatching rate of embryos (Fig. 16b and 22b; Appendix B). While all tested concentrations 

for MMF significantly affected the hatching rate throughout the assay, MPA at concentrations 

of 1.5 and 3.0 mg L-1 were the only ones that significantly affected hatching rate during the full 

assay (Appendix B). Contrarily to what was observed for cyclophosphamide, the abnormalities 

caused by MMF and MPA did cause some retardation in the development of the embryos. As it 

is possible to observe in Figures 19 and 25, both MMF and MPA delayed, for example, the 

development of the head and tail as soon as 24h of exposure. Such events might have had 

repercussions in the overall embryo development, since a lower number of embryos, compared 

to the ones from the control group, were effectively able to hatch.  

 

3. General overview 

Overall CYP revealed to be the least toxic cytostatic when compared to MMF and MPA. 

The range of concentrations tested for CYP varied between 5.0E+2 and 8.0E+3 mg L-1; such values 

are 5 to 11 orders of magnitude higher than the ones usually reported in the environment, 

specifically surface waters, that can vary between 5.0E-8 and 1.9E-3 mg L-1 (Buerge et al., 2006; 

Usawanuwat et al., 2014). As for MMF, the concentrations tested in this work ranged between 

2.8E-2 and 4.0E+1 mg L-1, with the higher concentration being close to the limit of solubility of 

this compound (Tables 2 and 4). Even though to the author’s knowledge there are no reports of 

MMF on surface waters, only PEC values, such does not come as a surprise since this drug is 

rapidly converted into MPA (Shipkova et al., 2005), and even if it is able to reach WWTPs, the 

latter seem to be able to effectively remove this drug from wastewaters, as already reported by 

other studies (Straub et al., 2019; Gouveia et al., 2020b). However, PEC values for MMF 

described in the literature range from 4.8E-5 to 3.6E-4 mg L-1, which are 6 orders of magnitude 

lower than the ones used in this work. Regarding MPA, the tested concentrations ranged from 

4.0E-3 to 3.0E+1 mg L-1, the latter being close to the limit of solubility of this compound (Tables 

2 and 4), while concentrations for surface waters have been reported ranging from 3.0E-6 to 6.6E-

4 mg L-1, the latter being between 1 and 7 orders of magnitude lower than the former (Franquet-
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Griell et al., 2015; Giebułtowicz & Nałęcz-Jawecki, 2016; Franquet-Griell et al., 2017b; Straub 

et al., 2019). 

Regarding the assessment of the potential risk that these cytostatics might pose to 

freshwater biota, the risk quotient was estimated considering the highest measured 

environmental concentrations found in the literature and the lowest value of the toxicity data 

reported by this study (Table 5). Accordingly, the resulting RQs projected the worst-case 

scenario for each compound. The estimated RQ for CYP was of 0.003, therefore revealing that 

this drug poses no significant risk to these organisms (Table 6), which goes according to what 

was expected when taking into consideration the significant differences between the tested 

concentrations and the environmental concentrations. Other studies have also classified CYP as 

posing low or no risk aquatic organisms (Santos et al., 2017; Gouveia et al., 2019). 

As mentioned before, the RQs determined for MMF and MPA are likely to be 

underestimated, taking into account the lack of a specific toxicity value for algae assays, which 

are expected to be lower than the ones used for these calculations. Both cytostatics were 

classified as high-risk compounds for freshwater organisms, with an RQ of 3.0 for MMF, and 

4.1 for MPA (Table 6). However, in this case, it becomes particularly important to take into 

consideration the differences among the values of toxicity data obtained for the different species 

(Table 5). If we take into consideration the possible toxicity values regarding assays with R. 

subcapitata (Table 5), the value of the RQ becomes considerably higher, probably reaching 

values of 2 orders of magnitude higher. Several studies also report different classifications for 

MPA concerning the risk it might pose to different organisms (Guo, 2015; Giebułtowicz & 

Nałęcz-Jawecki, 2016; Santos et al., 2017; Franquet-Griell et al., 2017b; Gouveia et al., 2019; 

Saab et al., 2020). For example, Saab et al. (2020) compared the different risk classifications 

given to MPA over the years, ranging from potentially hazardous to high-risk compound. While, 

some studies also classify MPA as a high-risk compound (Giebułtowicz & Nałęcz-Jawecki, 

2016; Santos et al., 2017; Gouveia et al., 2019), others state that MPA poses low or no risk no 

only to aquatic organisms but also to organisms from higher trophic levels (Guo, 2015; Franquet-

Griell et al., 2017a; Franquet-Griell et al., 2017b). Regarding the risk to algal species, both Guo 

et al. (2015) and Franquet-Griell et al. (2017b) indicate that MPA poses no risk.  

One critical aspect of the information provided by studies with D. rerio is that some effects 

caused by certain compounds in the embryos are similar to the ones found in humans. For 

instance, CYP causes pericardial effusion, heart block, and decreased systolic function both in 

humans and in zebrafish embryos (Zhu et al., 2014). It is also known that some pericardial 
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oedemas can later translate into dysfunctions of the cardiovascular system (Hallare et al., 2005). 

Therefore, the findings from the toxicological assays with zebrafish entail significant importance 

regarding possible toxic effects in humans since some of the observed sublethal endpoints 

correspond to teratogenic effects. Accordingly, zebrafish seems to be an appropriated model 

organism to assess the toxic effects of these type of pharmaceuticals.  

Furthermore, even if these cytostatics did not seem to have such significant impacts 

regarding lethal endpoints, sublethal endpoints provide useful data that can be further 

complemented with chronic assays. For example, even if the morphological abnormalities 

observed in zebrafish larvae did not result in mortality in the short term of the assay, they may 

pose swimming impairment of the fishes, consequently preventing them to properly eat, swim, 

and reproduce – which in turn might translate into the death of the organism in the long term. 

Another important aspect that should be taken into consideration concerns the fact that risk 

assessments that evaluate the toxicity of an individual pharmaceutical do not accurately represent 

reality. After being excreted by patients or discarded by facilities like hospitals or laboratories, 

pharmaceuticals reach wastewaters that, usually, are directed to wastewater treatments plants 

(WWTPs). At this point, a certain chemical is part of a complex mixture, not only of chemicals 

but of several other constituents, which can react or alter its physicochemical properties. Even 

though in some cases WWTPs are able to efficiently remove certain pharmaceuticals and 

“purify” wastewaters to some extent, several chemicals resist to these processes and thus, are 

able to reach aquatic environments from the effluents of WWTPs. Even though it is a complex 

process, it is important to study the interaction of pharmaceuticals and their toxicity as a mixture 

to aquatic organisms, since the effect of a certain compound can be exacerbated or attenuated by 

the presence of other chemicals, as shown, for example, by Vannini et al. (2011). 
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V. Final remarks 

 

Firstly, regarding the risk assessment of cytostatic drugs, as there are numerous anticancer 

drugs used in chemotherapy, it becomes of utmost importance to try to prioritise and rank these 

drugs not only according to their potential toxic risk but also according to their consumption 

rates. Several reports from different countries have already demonstrated that these drugs are not 

equally consumed worldwide and thus, they might be present in aquatic ecosystems in varying 

concentrations. Furthermore, as mentioned before, it is also important to assess the (eco)toxic 

effects caused by mixtures of pharmaceuticals as they represent reality in a more accurate 

manner. Moreover, most studies assess the presence of these drugs in hospital effluents and 

influents and effluents of WWTPs. Nevertheless, it is also important to consider that, for 

example, in underdeveloped countries, there is a lack in the treatment of wastewaters which may 

translate in an increase on the contamination of aquatic environments as cancer incidence is 

expected to rise and subsequently the use of cytostatic drugs. As such, from an (eco)toxicological 

point of view, it might be more relevant to test surface waters from several aquatic ecosystems 

(which should reflect the real presence of these drugs in the environment), than to investigate 

these drugs at the aforementioned effluents. 

Concerning the anticancer drug MMF, the lack of studies regarding its risk assessment do 

not come as a surprise, considering that MMF is completely metabolized into MPA, and even if 

it reached WWTPs, the later seem to be able to effectively remove this drug from wastewaters. 

Concerning the risk assessment of MPA, it is important for MMF to considered as a source for 

the occurrence of this metabolite in terms of environmental contamination. Moreover, this case 

reflects the critical necessity that risk assessment assays, not only of cytostatic drugs but also of 

other chemicals, should take into consideration the mechanism of action, activation, and toxicity 

of both the prodrugs and their metabolites since in some cases the latter are most commonly 

detected in the environment.  

In terms of the (eco)toxicological effects that these three anticancer drugs might pose to 

non-target organisms, this study showed that in addition to some lethal effects, non-lethal effects 

are also very common and should be carefully taken in consideration. As mentioned before, even 

though the presence of morphological abnormalities observed in zebrafish larvae did not result 

in mortality (in the 96h window-time), they may posteriorly cause swimming and reproductive 

impairments of the fishes. Therefore, in the long term, the presence of abnormalities may 
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significantly affect the reproduction and growth of a certain population, which in turn can 

translate into disruptive consequences for the overall health of a certain aquatic habitat. 

Consequently, acute toxicity assays with zebrafish embryos seem to be very adequate to 

assess the toxicity of these drugs since all of them caused significant toxic effects in this group 

of organisms. Furthermore, regarding the role that zebrafish plays as a model organism for 

human diseases, the teratogenic effects caused by these cytostatics are also of vital importance. 

However, as mentioned before, it might be important to extend the duration of these assays, 

further from 96h of exposure, to assess in a more effective manner further teratogenic and lethal 

effects caused, for example, by CYP.  

In terms of what should be done in future investigations, chronic assays seem to be the 

appropriate next step for the assessment of the (eco)toxic effects of these drugs. The justification 

concerns the fact that in contaminated aquatic systems the organisms are continuously exposed 

to these drugs. Therefore, assays testing environmental relevant concentrations with prolonged 

exposure times will reflect reality more accurately. Moreover, assays concerning the effects of 

pharmaceuticals that interfere with DNA (which is the case of these drugs) should be 

complemented with supplementary assays to assess the occurrence of DNA damage, for 

example, through comet assays. Furthermore, other endpoints such as bioaccumulation and 

biomagnification potentials or biomarkers should also be explored since few data is available. 

Taking into consideration all of the information provided by this study, it becomes evident 

that mandatory risk assessment procedures necessary to assess the safety of new pharmaceuticals 

should also be required for “old” pharmaceuticals that did not go through such processes at the 

time of their authorization or were that investigated for ecotoxicological risk with less 

sophisticated methods. 

To conclude, with the alarmingly increase in cancer incidence, it is also expected an 

increase in the consumption of cytostatics drugs. Moreover, the administration of these drugs 

has been adjusted to take in consideration the patient’s well-being, which can translate in a higher 

number of oncological patients having their treatment administered at home, instead of hospitals 

or other specialized facilities. Subsequently, an increase in the presence of cytostatic drugs in 

urban wastewaters should be expected. Therefore, maybe even more important than to try to 

remediate the consequences caused by the presence of cytostatic drugs in the environment is the 

need to prevent or mitigate their entry in the environment.  
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VII. Appendix  

 

Appendix A – Survival rate (%) 
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Appendix B – Hatching rate (%) 
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