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A B S T R A C T   

Anticancer agents pose a great environmental risk due to their high toxicity. The aim of the current study is to 
assess the toxicity of trabectedin, a cytotoxic but atypical DNA binder, to liver cell line (ZFL) and embryo-larvae 
of the zebrafish Danio rerio employing an innovative approach. In ZFL cells, trabectedin cytotoxicity was 
measured using MTT and Trypan blue exclusion assay, and cell morphology was evaluated by fluorescence- 
activated cell sorting (FACS) and by immunofluorescence analysis. Trabectedin was 60-fold more toxic to ZFL 
cells than to zebrafish embryo-larvae in terms of mortality/cell viability, with mortality being observed in 42.7 
µg.L− 1 for embryo-larvae and non-viability in 0.04 µg.L− 1 for cultured cells. Immunofluorescence staining 
showed morphology alterations of ZFL-cells exposed to trabectedin in a dose-dependent manner, from 0.04 to 
0.15 µg.L− 1. Furthermore, trabectedin induced morphological abnormalities to zebrafish embryo-larvae, such as 
tail malformations, pericardial edema and lack of equilibrium at concentrations lower than 50.3 µg.L− 1. 
Regarding larvae behavior analysis, trabectedin increased velocity and total distance covered by zebrafish 
exposed to 42.7 µg.L− 1 under dark conditions. These results reveal trabectedin to be toxic in both in vitro and in 
vivo zebrafish models, and thus the occurrence and persistence of this anticancer agent in the environment may 
represent a potential risk factor to the biota.   

1. Introduction 

Dozens of millions of patients receive worldwide chemotherapy 
(Ferlay et al., 2019) and predictions indicate a considerable growth on 
the number of cancer cases, consequently, leading to the increased use of 
anticancer agents (AAs) (Didkowska et al., 2016). Following their 
administration to patients, AAs and respective metabolites thereof are 
released into the environment as a result of a limited efficacy of waste 
water treatment plants for both domestic and hospital residual waters 
(Kovács et al., 2016). Several studies demonstrated the presence of AAs 
in environmental aquatic systems, such as, cisplatin, etoposide, doxo
rubicin, cyclophosphamide and tamoxifen at concentrations ranging 
from 0.22 to 86.2 ng.L− 1 in river waters, while in groundwater, AAs 
levels were from 2.1 up to 29.7 ng.L− 1 in (Kosjek and Heath, 2011; 
Santana-Viera et al., 2016). Due to their mechanisms of action that most 
commonly encompass interactions with DNA, AAs are genotoxic, 

carcinogenic, mutagenic and/or teratogenic and may promote adverse 
effects in aquatic organisms, mainly under chronic exposures (Parrella 
et al., 2014a). In this scenario, the academic community warns that the 
presence of AAs in drinking water has been detected, putting the envi
ronment and human health at risk (Santos et al., 2017). Nevertheless, 
the presence of AAs in aquatic environments and their impact on both 
aquatic biota and human health have not yet been adequately studied 
(Kovács et al., 2016). 

Among AAs, trabectedin is an antitumor chemotherapy drug initially 
isolated from the marine ascidian Ecteinascidia turbinata and currently 
obtained semi-synthetically (D’Incalci and Galmarini, 2010) through a 
bacterial intermediate. Trabectedin is used in the treatment of soft tissue 
sarcoma, entering the European market in 2007 and, eight years later, 
the American one (EMA, 2015; Gordon et al., 2016). This molecule 
upholds its anticancer effects by binding to specific guanine-rich se
quences of the DNA minor groove, then affecting repair mechanisms, 
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transcription regulation and tumor microenvironment (Larsen et al., 
2016). Differently from typical DNA-intercalators (e.g. temozolomide 
and platinum compounds), which are cytotoxic at high concentrations 
(μg.L− 1), trabectedin is active at lower concentrations (ng.L− 1 to μg.L− 1) 
(D’Incalci et al., 2014). Ongoing studies and clinical trials have further 
revealed trabectedin as a promising treatment of other types of tumors, 
as osteosarcoma and colorectal ones (Higuchi et al., 2019; Jimenez 
et al., 2020; Zhu et al., 2019). 

Considering trabectedin’s increasing use in treatment schemes, alone 
and in combination with other AAs in targeted therapies (Gordon et al., 
2016), there is a high probability of its presence already occurring in the 
environment. Therefore, it is crucial to understand the effects of tra
bectedin in aquatic systems, along with insight on its persistence in the 
environment (half-life time) and detection values in water, sewage 
sludge and wastewater treatment effluents (Kümmerer et al. 2016). Most 
of the available studies address the effects of trabectedin in mammals 
and non-human test models, focusing on direct human health effects as 
aim to better understand the antitumor potential of this drug (Higuchi 
et al., 2019; Zhu et al., 2019). Therefore, there is an important gap on 
information regarding the environmental hazard of trabectedin. 

When it comes to AAs, there is ecotoxicological information in the 
literature to diverse taxa of aquatic organisms. In bacterial species, 5- 
fluouracil induced growth inhibition at levels below 0.1 mg.L− 1, while 
the EC50s found after 18h to Kurthia gibsonii and Pseudomonas fluorescens 
were 8 µg.L− 1 and 3 µg.L− 1, respectively (Załeska-Radziwiłł et al., 2014). 
The exposure for 21 days to cisplatin affected the reproduction output of 
the crustacean Daphnia magna, with an EC50 value of 16 µg.L− 1 (Parrella 
et al., 2014b). Regarding effects to Danio rerio, cyclophosphamide 
caused malformations in embryos when exposed to 68 µg.L− 1 after 7 
days (Li et al., 2022). Gajski et al. (2016) used the zebrafish liver (ZFL) 
cell line, the human hepatoma (HepG2) cells, and the human peripheral 
blood lymphocytes (HPBLs) to assess the toxicity of 5-fluouracil, 
cisplatin and etoposide and showed that the non-target ZFL cells were 
more sensitive than cancer cells. The increased hazard of AAs to 
non-target organisms and cells reinforces the need to explore the eco
toxicological potential of trabectedin. 

In this context, the present study aims to investigate the effects of 
exposure to lethal and sublethal concentrations of the AA trabectedin in 
both in vivo and in vitro zebrafish. The present study was designed to 
provide insight into the environmental toxicity of trabectedin, allowing 
the better understanding of whether the disposal and dispersion of tra
bectedin in the environments could affect freshwater fish. Besides, this 
study aimed to establish the feasibility of the in vitro cellular model to 
predict the whole animal effects. 

2. Material and methods 

2.1. Test chemical and preparations of test solutions 

Trabectedin (>99% purity, CAS No. 114899-77-3) was purchased 
from Biorbyt, Ltd. (Cambridge, UK). Information on the chemical 
properties of trabectedin can be found in Supporting Information 
(Table S1). The stock solution was carefully prepared by dissolving 
trabectedin in dimethyl sulfoxide (DMSO) (99.9% Fisher) at a concen
tration of 7.62 mg.L− 1, as done by Manda et al. (2020) and stored at 
-80◦C for a maximum of 6 months. Aliquots were thawed for each new 
experiment to avoid degradation, and then diluted with cell culture 
medium to the desired concentrations. 

2.2. Animals and cell cultures 

All in vitro experiments were performed using the ZFL cell line. ZFL 
cells derived from normal liver of adult zebrafish were obtained from 
American Type Culture Collection (ATCC number: CRL-2634) through 
the Banco de Células do Rio de Janeiro, Brazil (BCRJ-0256) (Ghosh et al., 
1994). Cells were tested for mycoplasma detection to exclude 

contamination and authenticated by the supplier. Cells were cultured 
under a humidified atmosphere at 28◦C in a medium composed of 50% 
Leibovitz L-15, 35% Dulbecco’s Modified Eagle Medium (DMEM) high 
glucose, and 15% Ham F-12, supplemented with 3.6 g.L− 1 HEPES, 0.15 
g.L− 1 NaHCO3, 99.9 mg.L− 1 insulin, 33.7 µg.L− 1 EGF (Epicatechin 
gallate), 0.1% penicillin/streptomycin and 5% heath inactivated Fetal 
bovine serum (FBS). 

All in vivo experiments were performed using embryo-larvae zebra
fish (Danio rerio). Wild-type AB strain embryos were obtained from a 
laboratory culture kept at the Department of Biology (University of 
Aveiro, Portugal), in a zebrafish facility with a provisional operating 
permit from General Directorate of Food and Veterinary (DGAV) for 
raising and use of zebrafish. Fish were maintained in controlled condi
tions; the temperature was kept at 26 ± 1◦C and a 16:8 h (light: dark) 
photoperiod cycle was maintained. The water culture medium 
composed of carbon filtered water with 0.34 g L− 1 marine salt was used 
in the preparation of test solutions of all experiments performed 
(Almeida et al., 2019). 

2.3. Cytotoxicity tests 

Two tests were used to investigate toxicity towards ZFL cell line, the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
reduction assay (Mosmann, 1983) and the Trypan blue (TB) exclusion 
test (Lachner et al., 2015). Test range concentrations were chosen based 
on previous data for the toxicity of tumor cells (Abate et al., 2020). 

For the MTT assay, ZFL cells were first seeded on 96-well plates with 
a cell density of 1 × 104 per well (5 × 104 cells/mL) and incubated 
overnight at 28◦C. On the next day, the test compounds were added 
(trabectedin at 0.024 ng.L− 1, 0.12 ng.L− 1, 0.6 ng.L− 1, 3 ng.L− 1, 15 ng. 
L− 1, 0.76 µg.L− 1 and 3.8 µg.L− 1 and doxorubicin, as positive control, at 
0.86 µg.L− 1, 4.35 µg.L− 1, 0.02 mg.L− 1, 1.1 mg.L− 1, 5.43 mg.L− 1) in 
triplicate and incubated during 24, 48, and 72h at 28◦C. Then, the 
medium was removed and 150 μL of the MTT solution (0.40 mg.L− 1) 
were added into each well and plates were incubated in a dry oven for 4 
h at 28◦C. After this, the medium containing MTT was removed, and the 
plates were dried at 37◦C overnight. On the next day, 150 μL of DMSO 
(99.5%) was used to dilute the produced formazan. The plates con
taining the final volumes were analyzed by a microplate reader at 570 
nm (Infinite 200, Tecan). Samples exposed to only DMSO (negative 
control) were considered as 100% cell viability, while blank wells (no 
cells added) were considered as 0% cell viability. The percentage of the 
viable cells was calculated using the following formula: (%) = [100 ×
(sample absorbance – blank absorbance)/(DMSO control absorbance - 
blank absorbance)]. 

To perform the TB exclusion test, ZFL cells were seeded at 4 × 104 

cells.mL− 1 24 h prior to trabectedin treatment at concentrations 0.04, 
0.08, and 0.15 µg.L− 1. After a 24 h exposure, cells were recovered by 
trypsinization, followed by centrifugation. Recovered cells were resus
pended in 90 μL and stained with 0.4% TB (10 μL). Subsequently, viable 
and non-viable cells were counted using a Neubauer chamber. Results 
were expressed as a percentage of viable cells. 

2.4. Flow cytometry 

The ZFL cells morphology was evaluated by flow cytometry (Becton 
Dickinson FACScan) (Cui et al., 2015). ZFL cells were seeded at 4 × 104 

cells.mL− 1 24 h prior to trabectedin treatment. After the exposure to 
trabectedin at concentrations of 0.04, 0.08 and 0.15 µg.L− 1, cells were 
suspended in 1 mL of Phosphate-buffered saline (PBS) 1x and immedi
ately analyzed. The Fluorescence Activated Cell Sorting (FACS) pa
rameters, Forward Scatter (FSC) and Side Scatter (SSC) and region 
settings were the same throughout all experiments. The data regarding 
10,000 cells per replicate were analyzed using the software FlowJo ®60. 
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2.5. Immunofluorescence analysis 

Cells were fixed with a 3.7% formaldehyde in 1x Phosphate Buffered 
Saline (PBSA - Ca2+ and Mg2+ free) (pH 7.4) and the plasma membrane 
was permeabilized with 0.5% Triton X-100 for 20 minutes. Then, cells 
were incubated overnight with a mix of primary monoclonal anti-α and 
anti-β tubulin antibodies into a moist chamber. After three times 
washing with PBSA, the cells were incubated for 1 hour with the 
fluorochrome-conjugated secondary antibody. Subsequently, the prep
arations with the F-actin were stained with Alexa 633-phalloidin for 60 
minutes and the nuclei were stained with 4′,6-diamidino-2-phenylindole 
(1 μg.mL− 1) (DAPI). Finally, the cytological preparations were mounted 
on the microscopic slide with Vectashield (Vector) and observed under 
the Lionheart (Biotek, Vermont, USA) fluorescence microscope (Wang 
et al., 2019). 

2.6. Fish embryo toxicity (FET) assay 

Zebrafish eggs were collected within 1 hour after natural mating of 
20 sexually mature and healthy couple fish. All FET tests were carried 
out following the OECD 236 guideline (OECD, 2013) and the method
ology described by Lammer et al. (2009), with some adaptations. The 
newly fertilized eggs were checked under a stereomicroscope (Stereo
scopic Zoom Microscope-SMZ 1500, Nikon) and eggs with cleavage ir
regularities, injuries, or other malformations including opaque eggs 
were discarded. 

The test was conducted in 24-well plates with one embryo in 2 mL of 
solution per well. Embryo-larvae zebrafish (3 hours post fertilization - 
hpf) were exposed to trabectedin at increasing concentrations (6.25, 
11.85, 22.49, 42.65, 80.90, and 153.44 µg.L− 1) with 20 embryos per 
condition, including two controls (negative and solvent DMSO) as well 
as a positive control (4 mg.L− 1 3,4-dichloroaniline (3.4-DCA)), as rec
ommended by the OECD 236 guideline (OECD, 2013). A preliminary 
toxicity test was performed in order to establish the range of concen
trations used in this test (data not shown). Zebrafish embryos and larvae 
were checked every 24h during a 96h exposure for mortality (e.g. 
coagulated embryos, lack of heartbeat in the larvae), hatching success 
and morphological malformations (such as lack of somite formation, 
presence of edema, lack of equilibrium, tail malformations, spinal cur
vature and pigmentation). A semi-renewal of the AA was performed in 
all experiments every 48 hours by replacing half of the exposure medium 
with a freshly prepared one. 

2.7. Swimming behavior in larvae 

Zebrafish larvae were subjected to behavioral tests after exposure to 
6.25, 11.85, 22.49 and 42.65 µg.L− 1 of trabectedin and the negative and 
solvent (DMSO) controls, at 120 hpf to ensure the swimming bladder 
inflation, thereby allowing the free larval swimming. The chosen con
centrations correspond to trabectedin concentrations causing no mal
formations to D. rerio larvae derived from the FET assay. Exposures were 
conducted in 20 mL glass crystallizing dishes filled with respective test 
solution, containing 10 embryos each. Dead larvae or larvae that dis
played physical abnormalities were excluded from this experiment. 
Initially, larvae were individually and, to avoid bias, randomly allocated 
to 96-well plates (n=12/concentration) and submitted to 15 minutes of 
an acclimatization period. Finally, the Zebrabox - ZEB 478 (Viewpoint 
Life Sciences, Lyon, France) was used for digital scans of the larvae lo
comotor activity for 20 minutes, alternating 5-minute light and dark 
periods to assess effects of the AA in response to a light stimulus or in
hibition, as typically zebrafish larvae move more actively during dark 
periods (Burgess and Granato, 2007). A threshold of 15 (gray level) was 
applied for background correction. The parameters total distance, ve
locity and freezing behavior, calculated through the ratio between the 
total duration of inactive periods and the duration of the test, were 
measured. 

2.8. Statistical analysis 

Concentration-response curves were drawn using Prism 9.1.0 
(GraphPad, four-parameter logistic curve) to determine LC50 and IC50 
values from acute effects in in vivo and in vitro data and EC50 from the 
zebrafish embryo-larvae abnormalities effects data. The goodness of fit 
was analyzed by the coefficient of correlation (r2). 

Negative and solvent control (DMSO) were compared using Student 
t-tests. Significant differences (p-value < 0.05) between solvent control 
and exposed samples were inferred using one-way ANOVA. In cases of 
failure of parametric analysis prerequisites normality and homoscedas
ticity test, a Mann-Whitney U test and an ANOVA on ranks (Krus
kal–Wallis) were performed. Significant differences were determined 
with Dunn’s and Dunnett’s post hoc test for nonparametric and para
metric analysis, respectively. Test statistics and analysis of normality 
and homogeneity of variances were performed using the software IBM 
SPSS statistical software (version 25). Figures were designed with Prism 
9.1.0 (GraphPad). 

3. Results 

3.1. Effects of trabectedin in ZFL cells viability and morphology 

Trabectedin was strongly cytotoxic to ZFL cells after 24, 48 and 72 h, 
with IC50 values in the µg.L− 1 range (Table 1). Doxorubicin, used as a 
reference compound, showed IC50 values 50, 40 and 12 times higher 
than the ones observed to trabectedin after 24, 48 and 72 h incubation, 
respectively (Table 1). 

The TB analysis revealed that trabectedin at all tested concentrations 
(0.04, 0.08 and 0.15 µg.L− 1) caused a significant decrease in ZFL cell 
viability compared to solvent control (DMSO) (p = 0.003, p <0.001, and 
p <0.001, respectively, F = 28.35 and df = 12) (Figure 1A). As no sig
nificant statistical difference was observed between negative and sol
vent control in this study, the solvent control was chosen to compare our 
data. The FACS analysis was performed to examine cell size and internal 
complexity (i.e. granularity), defined by the FCS and SSC axis, respec
tively. The gate threshold that represents the morphological pattern of 
control cells includes a significant lower number of events for all tra
bectedin treatments (Figure 1B). Moreover, with the increase in tra
bectedin concentration, ZFL cells showed a reduction in the diameter 
and granularity (Figure 1B and 1C). 

To further observe the morphology of ZFL cells, immunofluorescence 
staining of microtubules, F-actin and nucleus was carried out. As shown 
in the photomicrographs (Figure 2), trabectedin-treated cells seemed to 
assume a rounded shape and retracted nuclei, microfilaments and mi
crotubules, whereas control ones presented a more elongated 
morphology. One of the most notable effects was the distribution of actin 
filaments, densely marked on the periphery of the control cells, but with 
diffuse orientation in cells exposed to trabectedin. Such alterations were 
highly evidenced in cells treated with the highest concentration of the 
drug (Figure 2). 

Table 1 
Cytotoxicity of trabectedin and doxorubicin (positive control) against ZFL cells 
as analyzed by the MTT assay. IC50 data are means (95% confidence intervals) 
and R2 is the coefficient of correlation.   

24 h 48 h 72 h 

Trabectedin 
IC50 (µg. 

L¡1) 
1.75 (1.24-2.48) 1.22 (0.55-2.21) 0.99 (0.82-1.62) 

R2 0.86 0.77 0.91 
Doxorubicin 
IC50 (µg. 

L¡1) 
86.96 (30.43- 
227.19) 

48.92 (20.65- 
108.16) 

11.96 (7.61- 
17.39) 

R2 0.72 0.73 0.93  
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3.2. Effects on embryo- larvae survival and development 

The acute effect caused by trabectedin on zebrafish embryo-larvae is 
depicted in Table 2 and Figure 3. Trabectedin caused mortality at 24h of 
exposure, with a LC50 of 95.5 µg.L− 1. In the following days of exposure, 

mortality increased presenting a LC50 value of 77.55 µg.L− 1 at 96h 
(Table 2). 

Exposure to trabectedin also caused sublethal effects to the D. rerio 
embryo-larvae, such as developmental abnormalities including somite 
alterations, pericardial edema, tail malformations and lack of 

Fig. 1. Effect of trabectedin at 0.04, 0.08, and 0.15 µg.L− 1 on ZFL cells viability measured by TB exclusion method (A) and by flow cytometry (B and C). The gate 
selected (Figure C) showed the viable cells population considering size (FSC) and granularity (SSC). Data are presented as mean values ± S.E.M from three inde
pendent experiments. * p<0.05, compared to solvent control (DMSO) by ANOVA followed by Dunnett’s test. 

Fig. 2. Immunofluorescence staining of control (A-D) and trabectedin (E – H and I - K)-treated (0.08 and 0.15 µg.L− 1, respectively) ZFL cells after 24 h of exposure. 
The nuclei were stained with DAPI (red, A, E and I), the microtubules evidenced by monoclonal antibodies against α and β tubulin and anti-mouse FITC-antibody 
(green, B, F and J) and F-actin stained with Alexa 633-phalloidin (blue, C, G and K). Merged staining showed in panels D. H and L. The scale bar represents 30 μm. 
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equilibrium (Figure 3). At 24 hpf, the only observable effect was somite 
alterations, presenting an EC50 of 75.42 µg.L− 1. In turn, pericardial 
edemas were observed in the following exposure days, presenting an 
EC50 of 66.28, 74.66, and 75.42 µg.L− 1 at 24, 48 and 96 hpf, respectively 
(Table 3). Increasing values do not mean that zebrafish have recovered 
but rather that those with edemas died in the subsequent days, thus 
resulting in an apparent decrease of the sublethal effect measured. Tail 
malformations were also observed, with an intensification of this effect 
at 72 hpf with an EC50 of 42.66 µg.L− 1 (Table 3). The lack of larvae 
equilibrium was perceived at 96 hpf (Table 3). 

Regarding mortality and malformations at 96 h, the LOEC value, 
expressed by the lowest concentrations at which an effect was seen, was 
rendered by 42.66 µg.L− 1, while the NOEC value, defined as the highest 
concentration at which no effect was seen, was met at 22.47 µg.L− 1. 

3.3. Effects of trabectedin on behavior 

A significant increase of velocity and total distance covered by larvae 
exposed to the highest concentration of trabectedin was observed during 
the first dark period (Figure 4). No further behavioral differences were 
observed during the remaining concentrations and stages. Thus, the 
LOEC value corresponded to zebrafish locomotor behavior was rendered 

by 42.66 µg.L− 1, while the NOEC was met at 22.47 µg.L− 1, similar to 
those for survival and malformations. 

4. Discussion 

The main purpose of this study was to evaluate the ecotoxicity of the 
anticancer agent trabectedin by establishing an approach of in vitro and 
in vivo experiments with different endpoints using zebrafish as a model. 
Considering the lack of information on trabectedin ecotoxicity, and the 
potential occurrence in the environment, the present study is highly 
innovative for being the first ecotoxicological report regarding 
trabectedin. 

ZFL cells were as sensitive to trabectedin as tumor cells with IC50 
values in the µg.L− 1 range. Trabectedin (NSC 648766) presented a mean 
GI50 of 1.48µg.L− 1 considering the NCI-60 cell line panel, (www.dtp. 
cancer.gov, accessed 26 September 2020). Using human cancer cells 
from different histological origins, it was shown that trabectedin cellular 
effects involves a multitude of mechanisms, most of which are related to 
impaired transcription and DNA damage (Di Giandomenico et al., 
2013). In this sense, the adducts formed by trabectedin and DNA 
resemble an inter-strand cross-linking lesion that avoids binding of 
transcription factors to DNA and interrupts the transcription process 
itself, thus impacting various downstream signaling (Bueren-Calabuig 
et al., 2011). Additionally, trabectedin inhibits active transcription 
elongation, which is mediated by RNA polymerase II in different human 
cancer cells, including Edwinǵs sarcoma, renal cancer cells and trans
formed fibroblasts at 7.62 µg.L− 1 (equivalent to the reported 10 nM) 
(Aune et al., 2008; Larsen et al., 2016). Herein, the cytotoxic observed 
effects are compatible with those described for cancer cells, although it 
was not evaluated at a molecular level to establish any involvement of 
transcription factors modulation in ZFL cells. 

It has been reported that trabectedin acts on a high diversity of tumor 
cell lines. Hoda et al. (2016) observed that trabectedin caused a massive 
reduction of viable malignant pleural mesothelioma cells and frequent 
chromatin condensation, indicative of apoptotic cell death induction 
after 24-hour exposure at 1.90 µg.L− 1 (equivalent to the reported 2.5 
nM). Under the same conditions, trabectedin was also toxic to multiple 
myeloma plasma cells and adrenocortical carcinoma cells, it was able to 
cause DNA damage, reactive oxygen species (ROS) production and cell 
cycle arresting (Abate et al., 2020; Cucè et al., 2019). 

The morphological changes caused by trabectedin in ZFL cells are 
consistent with the results in human cancer cells. Preusser et al. (2012) 
observed the potent disruption of the microfilament system combined 
with the round-up of human meningioma cells caused by trabectedin at 
19.04 µg.L− 1 (equivalent to the reported 25 nM). Furthermore, tra
bectedin in combination with taurolidine caused severe morphological 
alterations in human fibrosarcoma cells, including the disintegration of 
the subconfluent cell groups and cell shrinkage (Harati et al., 2012). 
These results open up the possibility to further study trabectedin toxicity 
in these cells, since hepatotoxicity is the most studied adverse effect 
caused by trabectedin in cancer patients (Laurenty et al., 2013). 

Turning to a more complex system, trabectedin was further evalu
ated in the zebrafish embryo-larval development, showing, as expected, 
significant lethal effects at concentrations 40-100 times higher than 
those toxic to ZFL cells. Comparing the LC50 values of trabectedin pre
sented herein with other anticancer compounds, trabectedin was highly 
toxic to the zebrafish embryo-larvae. Kovács et al. (2016) tested four 
cytostatic drugs (5-fluorouracil, cisplatin, etoposide, and imatinib 
mesylate) to zebrafish larvae and the most lethal of them, imatinib 
mesylate, was 3 log units less potent than trabectedin. The 96 h LC50 of 
the AAs taxol and triptolide were about 1 log unit higher compared to 
trabectedin results obtained from our study (Gao et al., 2014). The most 
common trabectedin event related to mortality in cancer patients is 
rhabdomyolysis, defined as the escape of intracellular muscular com
ponents, like electrolytes and myoglobin, leading to a condition of 
muscle dissolution (Hohenegger, 2012; Pick and Nystrom, 2010; 

Table 2 
Effects of trabectedin in zebrafish embryo-larvae survival. LC50 data are means 
(95% confidence intervals) and R2 is the coefficient of correlation.   

24 h 48 h 72 h 96 h 

LC50 (µg.L− 1) 95.61 (91.34- 100.03) 83.12 (-) 81.46 (-) 77.55 (-) 
R2 0.99 0.96 0.93 0.99 

Note: - not defined. 

Fig. 3. Photomicrographs representative of the teratogenic abnormalities 
observed in Danio rerio larvae at 96 hpf of exposure to trabectedin (1-4). (1 and 
2): Larvae exposed to trabectedin at 42.66 µg.L− 1, and (3 and 4): Larvae 
exposed to trabectedin at 80.75 µg.L− 1. Arrows indicate developmental ab
normalities: spinal curvature (C), tail malformations (TM) and pericardial 
edema (PE). 

Table 3 
Effects of trabectedin on developmental parameters of zebrafish embryo-larvae. 
EC50 (µg.L− 1) data are means (95% confidence intervals).  

Developmental 
parameters 

24 h 48 h 72 h 96 h 

Somite alteration 75.26 
(-) 

n.c. n.c. n.c. 

Tail malformations n.c. 80.45 (-) 42.77 (38.33 
- 47.71) 

46.78 (40.68 
- 52.19) 

Lack of equilibrium n.c. n.c. n.c. 52.59 (46.92 
- 58.95) 

Pericardial edema n.c. 66.45 (82.89 
- 91.78) 

75.53 (-) 76.79 (-) 

Note: n.c. not calculated because the observed effects were below 50% level; - 
not determined. 
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Stoyianni et al., 2011). Eggs exposed to trabectedin presented an aspect 
of muscle disintegration or somite alterations at 24 hpf that triggered the 
organism’s death on the next days of exposure. 

Trabectedin is considered a teratogenic drug to humans (Fala, 2016). 
In this study, distinct malformations were observed in the zebrafish 
embryos and larvae at 96 hpf, with the most prominent effect being tail 
malformations (shortening of the tail and spinal curvature). The cellular 
process for tail development may be affected by trabectedin through its 
main mechanism of action. As previously mentioned, trabectedin in
hibits DNA transcription, as such misexpression of transcription factors 
involved to the disruption of the zebrafish’s tail embryonic development 
was observed due to xenobiotics exposure (Qian et al., 2020; Rhyu et al., 
2019). 

Trabectedin clinical trials did not detect significant cardiac risk to 
humans (Lebedinsky et al., 2011). Nevertheless, in our study, pericardial 
edema was observed from 48 h of trabectedin exposure and, after this 
period, it preceded to total larval mortality, therefore, suggesting tra
bectedin to promote cardiotoxicity. Incardona et al. (2004) detected that 
one of the possible causes of pericardial edema in zebrafish larvae is the 
insufficient synthesis of troponin T, an essential component of the 
sarcomere in cardiomyocytes and a cardiotoxicity predictor (Katsurada 
et al., 2014). Lurbinectedin, an alkaloid that derives from trabectedin 
and has mechanisms of action similar to this AA, caused a reduction of 
troponin T in mice (Bearing et al., 2020), suggesting that trabectedin can 
promote the same cardiotoxicity effect. 

In this study, zebrafish larvae exposed to trabectedin were observed 
having lack of equilibrium (after stimulation failed to return to their 
normal position, thus remaining with the ventral abdomen oriented 
towards the surface). This effect may be caused by the morphological 
abnormalities in the tail provoked by trabectedin. Although, damage to 
hair cells caused by AAs can be found in the lateral line and inner ears of 
fish and possibly affect negatively their balance coordination (Kovács 
et al., 2016). 

The effects of trabectedin on larvae swimming behavior was 
analyzed, and increased velocity and increased total distance moved by 
larvae under dark condition were observed at concentration of 42.66 µg. 
L− 1. Behavior analysis of different AAs using the zebrafish larvae found 
reversed results from the ones in this study. Ng et al. (2020) observed 
that 5-FU decreased the distance traveled and mean velocity as well as 
reduced time moving to zebrafish larvae after 4 and 6 days of exposure, 
respectively. Additionally, Kim et al. (2014) reported that cisplatin 
caused a reduction in total swimming distance, peak and mean swim
ming velocity of zebrafish larvae, attributing this effect to an ototoxicity 
induction. The increase or decrease in locomotion activity observed in 
these studies could be associated with effects on different targets; for 
example, anxiogenic compounds may induce hyperactivity in larvae 
during dark periods (Steele et al., 2018). In this study, activity decreased 
briefly during transitions from dark to light. The ecological conse
quences of exposure to drugs that modulate the zebrafish’s nervous 
system and cause locomotor impairment are involved in the capability of 
prey capture and increase vulnerability to predation (Weis et al., 2000). 

To date, no in vitro trabectedin studies using non-cancer cells have 
been found confirming the innovative and pioneering characteristics of 
our study. The fact that we observed that the sensitivity of ZFL cells to 
trabectedin being similar to target cells at several endpoints is an 
important warning about the potential environmental damage of AAs 
present in the aquatic environment. Additionally, the use of the in vivo 
model provided information of the possible effects at a higher organ
ismal level. This work highlights the valuable combination of in vitro and 
in vivo models in order to better perceive the possible toxic effects of an 
AA from an environmental protection perspective. Moreover, the results 
obtained indicate the ZFL cells as a satisfactory model as an alternative 
to animal testing in hazard assessments. Such approaches provide 
robustness and reliability for a more thorough hazard and, eventually, 
risk assessment. 

Fig. 4. Total distance covered (A) and mean velocity (B) by zebrafish larvae (120 hpf) after exposure to trabectedin, during light (white area) and dark (grey area) 
periods. Results are presented as mean value ± standard error of the mean. Asterisks (*) indicate statistically significant differences (p<0.05) of trabectedin 
treatments compared to DMSO. 
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5. Conclusions 

The present study revealed the anticancer agent trabectedin to affect 
zebrafish in relevant in vitro and in vivo ecotoxicological setups, altering 
from cytoskeleton components of the ZFL cell line, to the development of 
embryo-larvae and locomotion of larvae zebrafish. Trabectedin is a 
highly toxic drug, and affects zebrafish cells (non-target and normal 
cells) at the same level as tumor cells. These findings support the need of 
studies like this one to infer on the potential environmental hazards of 
trabectedin, considering the wide use of this pharmaceutical. The dif
ference in sensitivity of zebrafish cells and embryos highlight the po
tential use of zebrafish cells to decrease uncertainties and promote 
protection of freshwater systems. The zebrafish larvae-embryo-cell line 
system revealed to be a suitable tool for assessing the toxicity of anti
cancer compounds in a relevant ecological setting. Some concerns need 
to be tackled regarding the chemical determination and monitorization 
of trabectedin in freshwater ecosystems. 
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É.P. Damasceno et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.envadv.2022.100208
https://doi.org/10.3390/cancers12040928
https://doi.org/10.3390/cancers12040928
https://doi.org/10.1016/j.chemosphere.2018.12.133
https://doi.org/10.1016/j.chemosphere.2018.12.133
https://doi.org/10.1158/1078-0432.CCR-08-0730
https://doi.org/10.1158/1078-0432.CCR-08-0730
https://doi.org/10.1093/nar/gkr512
https://doi.org/10.1093/nar/gkr512
https://doi.org/10.1242/jeb.003939
https://doi.org/10.1242/jeb.003939
https://doi.org/10.1186/s13045-019-0714-9
https://doi.org/10.1186/s13045-019-0714-9
https://doi.org/10.3390/ijerph121215012
https://doi.org/10.1038/bjc.2014.149
https://doi.org/10.1158/1535-7163.MCT-10-0263
https://doi.org/10.1158/1535-7163.MCT-10-0263
https://doi.org/10.1038/onc.2013.462
https://doi.org/10.21037/atm.2016.03.11
http://refhub.elsevier.com/S2666-7657(22)00043-6/sbref0014
http://refhub.elsevier.com/S2666-7657(22)00043-6/sbref0014
https://doi.org/10.1002/ijc.31937
https://doi.org/10.1002/ijc.31937
https://doi.org/10.1016/j.chemosphere.2016.09.058
https://doi.org/10.1177/1091581814523142
https://doi.org/10.1007/BF00757560
https://doi.org/10.1007/BF00757560
https://doi.org/10.1007/s12325-016-0344-3
https://doi.org/10.1007/s12325-016-0344-3
http://refhub.elsevier.com/S2666-7657(22)00043-6/sbref0020
http://refhub.elsevier.com/S2666-7657(22)00043-6/sbref0020
http://refhub.elsevier.com/S2666-7657(22)00043-6/sbref0020
http://refhub.elsevier.com/S2666-7657(22)00043-6/sbref0020
https://doi.org/10.1016/j.bbrc.2019.03.191


Environmental Advances 8 (2022) 100208

8

chemotherapy and Bcl-2 inhibition in vitro. Mol. Cancer Ther. 15, 2357–2369. 
https://doi.org/10.1158/1535-7163.MCT-15-0846. 

Hohenegger, M., 2012. Drug induced rhabdomyolysis. Curr. Opin. Pharmacol. 12, 
335–339. https://doi.org/10.1016/j.coph.2012.04.002. 

Incardona, J.P., Collier, T.K., Scholz, N.L., 2004. Defects in cardiac function precede 
morphological abnormalities in fish embryos exposed to polycyclic aromatic 
hydrocarbons. Toxicol. Appl. Pharmacol. 196, 191–205. https://doi.org/10.1016/j. 
taap.2003.11.026. 

Jimenez, P.C., Wilke, D.V., Branco, P.C., Bauermeister, A., Rezende-Teixeira, P., 
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