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Abstract:



Toxicity is one of the major attrition causes during the drug development process. In that line, cardio-, neuro-, and hepatotoxicities are among the main reasons behind the retirement of drugs in clinical phases and post market withdrawal. Zebrafish exploitation in high-throughput drug screening is becoming an important tool to assess the toxicity and efficacy of novel drugs. This animal model has, from early developmental stages, fully functional organs from a physiological point of view. Thus, drug-induced organ-toxicity can be detected in larval stages, allowing a high predictive power on possible human drug-induced liabilities. Hence, zebrafish can bridge the gap between preclinical in vitro safety assays and rodent models in a fast and cost-effective manner. ZeGlobalTox is an innovative assay that sequentially integrates in vivo cardio-, neuro-, and hepatotoxicity assessment in the same animal, thus impacting strongly in the 3Rs principles. It Reduces, by up to a third, the number of animals required to assess toxicity in those organs. It Refines the drug toxicity evaluation through novel physiological parameters. Finally, it might allow the Replacement of classical species, such as rodents and larger mammals, thanks to its high predictivity (Specificity: 89%, Sensitivity: 68% and Accuracy: 78%).
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1. Introduction


The direct costs of bringing a new drug to the market are continuously increasing. Nowadays, the estimated costs are higher than US $1 billion per drug, and most of that is spent in the clinical phases [1]. On the other hand, the pharmaceutical industry has multiplied its investments in R&D. However, this increase does not correlate well with an increased success rate in marketing new drugs. This is partly due to the high rate of compound failure during clinical trials, where only around 10% of the molecules entering phase 1 clinical trials are ultimately approved by the United States Food and Drug Administration (FDA) [2,3]. Lack of efficacy or drug safety (toxicity) are the major factors in drug attrition, with the lack of efficacy being the leading cause of drug attrition during clinical trials and unanticipated toxicity being the most common cause of post market withdrawal [3,4,5,6]. To reduce the large costs of drug development, and streamline the whole process, the need arises to identify potential adverse drug responses (ADR) as early as possible, and definitely before entering costly regulatory preclinical and clinical phases [7]. In that sense, toxicity affecting the liver, heart, and/or central nervous system (CNS) in humans are among the most common toxic effects induced by drugs [1,8,9,10].



During the drug discovery process (candidate selection and lead optimization), the traditional first step in safety understanding is to perform enzymatic or cell culture-based in vitro screenings [11]. These high-throughput assays require small compound quantities and reduce later animal testing, in line with the Replacement, Reduction and Refinement (3R) principle. Although useful as a first indication of putative drug toxicities (e.g., assays for interaction with the human Ether-a-go-go Related Gene (hERG) channel), they often have low predictions of the final human organ toxicity outcomes, which result from complex Absorption, Distribution, Metabolism and Excretion (ADME) mechanisms and cell and tissue interactions, which are biological processes that are difficult to mimic by in vitro approaches. On the other hand, mammalian toxicity studies remain the gold standard for risk prediction in humans, but they are highly expensive, time-consuming, require large amounts of test compounds, and they are not always predictive. Therefore, they are not suitable for early stage toxicology screenings of medium-large compound libraries.



In order to speed up the drug development pipeline, prioritize drug candidates for animal testing, and reduce unnecessary costs in later mammalian studies, academic and pharmaceutical industry researchers are showing an increasing interest in the zebrafish model. Given the high degree of conservation among species, the effects observed in zebrafish-based experiments are considered representative for other higher vertebrate species, including humans. Unlike in vitro models, zebrafish embryos represent a complex organism where metabolic pathways and other physiological reactions are already established and functional, allowing the evaluation of toxicity, while considering uptake, metabolic reactions, and excretion. Therefore, its use provides a closer scenario to human biology than in vitro systems. Moreover, zebrafish larvae provide several technical and economic advantages, due to its unique biological properties (extensively reviewed in [12,13]), for developing high-throughput drug screenings. Hence, their exploitation results in a reduction of time and cost, when compared with rodent studies, while providing higher informative value than in vitro studies [13,14,15]. Furthermore, according to international ethical regulations [16], zebrafish larvae up to 5 days post fertilization (dpf) are considered in vitro models and are accepted as an alternative to animal testing [17,18]. Therefore, their use is in accordance with the 3Rs principle.



Based on these facts, we have developed the ZeGlobalTox assay, an innovative experimental procedure that addresses organ-specific toxicity of different drugs on zebrafish larvae (up to 5 dpf). Thus, the proposed approach allows the independent analysis of cardio-, neuro-, and hepatotoxicity effects in the same animal (Figure 1A,B), as a proxy to predict their possible impact in human organs. This allows reducing the amount of larvae used, experimental time, and costs and quantity of the tested molecule. Furthermore, since the procedure uses whole animals, it has the advantage of addressing the tested compounds’ bioavailability, if necessary. We will show that by using ZeGlobaltox, a high toxicity predictivity is achieved—specificity (89%), sensitivity (68%), and accuracy (78%). These results reinforce the validation of zebrafish as a suitable model for pre-mammalian studies to reduce and/or replace mammalian vertebrate usage, experimental time, and cost during the process of drug discovery and development.


Figure 1. Complete ZeGlobalTox experimental setup. (A) Acute Toxicity experimental pipeline; (B) ZeGlobalTox experimental pipeline. Drugs are added from 96 hpf. Cardiotoxicity is evaluated at 100 hpf, neurotoxicity at 120 hpf, and hepatotoxicity at 132 hpf. Abbreviations: NOEC (no observed effect concentration).
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2. Results


2.1. Experimental Workframe


The ZeGlobalTox assay has been designed as a medium-throughput platform to detect, in the same animal, the three most concerning toxicities causing drug attrition, namely cardio-, neuro-, and hepatotoxicity. Several issues were considered when planning the experimental protocol. The main concern was that drug-induced mortality and/or developmental toxicity (teratogenicity) could mask possible organ-toxicities appearing later in development. To counteract this prospect, we included a preliminary Acute Toxicity assay performed with five logarithmic concentrations which follows the Organisation for Economic Cooperation and Development (OECD) guidelines (OECD 236) (Figure 1A). This preliminary assay allowed for the identification of non-mortal/non-teratogenic concentrations—no observed effect concentration (NOEC)—to use in the following assays. The hypothesis is that NOEC could affect organ physiology (organ toxicity), while uncoupled from putative developmental toxicity side-effects affecting organ development or function. Another consideration was to start drug incubations at 96 hours post fertilization (hpf), when the analysed organs are close to or already developed (Figure 1B). The overall aim is to understand the drug impact on organ physiology and function rather than early embryogenesis. The third consideration was to organize the sequential organ evaluation during the experimental and drug incubation time.



Among the three organs, the heart is developed earlier. In addition, cardiotoxic effects are observable shortly after compound incubation. Thus, cardiotoxicity evaluation was chosen first. Neurotoxicity was analysed second through the drug impact on motor behaviour (locomotion), which is a fundamental readout of CNS function. Although both autonomous swimming and liver development are completed by 5 dpf, phenotypes promoted by hepatotoxic effects require a longer drug exposure. In addition, part of the hepatotoxicity evaluation required fixed larvae. Then, hepatotoxicity was the final parameter evaluated. The integrated experimental pipeline is displayed in Figure 1.




2.2. Test Compounds


In order to validate our ZeGlobalTox platform, 24 compounds were evaluated; including four drugs used as positive toxic controls. To calculate the ZeGlobalTox predictive potential, compounds were chosen according to their known toxicity in humans, as displayed in known molecule toxicity databases such as TOXNET (Hazardous Substances Data Bank, HSDB), Side effects (EMBL), drugs.com, and ema.europa. The four selected control drugs have been selected due to their reported toxicities both in humans and zebrafish. Haloperidol, a known anti-dopaminergic antipsychotic drug, has been used as our positive cardiotoxic drug because it has been described to produce hERG blockade, QT interval prolongation, and arrhythmias both in humans and zebrafish [19,20,21]. MPTP, a prodrug to 1-methyl-4-phenylpyridinium (MPP+) first synthesized as an analgesic, has been shown to cause permanent Parkinson’s symptoms by destroying dopaminergic neurons in the substantia nigra [22]. Indeed, it has been used to model Parkinson’s disease in various animal models including zebrafish [23]. Hence, we used MPTP as the neurotoxic positive control drug. Finally, ethanol and acetaminophen (APAP, paracetamol) were used as our positive hepatotoxicity drugs. Both are well known molecules producing liver injury (extensively reviewed in [24,25]), with steatosis as a major side-effect for ethanol and liver malfunction and necrosis of liver tissue as the main toxic effect from paracetamol. Both hepatotoxic effects have also been reported in zebrafish larvae [26,27,28,29] (Table 1).



Table 1. Selected compounds and their toxicity in humans. White background: tested compounds. Grey background: compounds used as controls. Abbreviations: HCL (hydrochloride), NaCl (sodium chloride), MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine).







	
Drug

	
Cardiotoxicity

	
Neurotoxicity

	
Hepatotoxicity






	
Acetaminophen

	
Toxic 1,2,3

	
Toxic 2,3

	
Toxic 1,2,3 [24]




	
Ethanol

	
Toxic 1

	
Toxic 1

	
Toxic [26,27]




	
Haloperidol

	
Toxic 1,2,3 [19,20,21]

	
Toxic 1,2,3

	
Safe




	
MPTP

	
A

	
Toxic [22,30,31]

	
A




	
(±)-Epinephrine HCL

	
Toxic 1,2,3

	
Toxic 1,2,3

	
Safe




	
Ciprofloxacin

	
Toxic 1,2,3

	
Toxic 1,2,3

	
Toxic 1,2,3




	
Cisapride

	
Toxic 1,3

	
Safe

	
Safe




	
d-(+)-glucose

	
Safe

	
Safe

	
Safe




	
Digoxigenin

	
Toxic 1

	
Safe

	
Safe




	
Docetaxel

	
Toxic 2,3

	
Toxic 1,2,3

	
Toxic 1,2,3




	
Dofetilide

	
Toxic 1,2,3

	
Safe

	
Safe




	
Finasteride

	
Safe

	
Safe

	
Safe




	
Flupirtine

	
Safe

	
Safe

	
Toxic 4




	
Fusidic Acid

	
Safe

	
Safe

	
Toxic [32,33]




	
Isoniazid

	
Safe

	
Toxic 1,2,3

	
Toxic 1,2,3




	
l-Cysteine

	
Safe

	
Safe

	
Safe




	
l-Glutamine

	
Safe

	
Safe

	
Safe




	
Methyldopa

	
Safe

	
Toxic 1,3

	
Toxic 1,2,3




	
NaCl

	
Safe

	
Safe

	
Safe




	
Pindolol

	
Toxic 1,2,3

	
Toxic 2,3

	
Safe




	
Riluzole

	
Toxic 2,3

	
Safe

	
Toxic 2,3




	
Suramin

	
Safe

	
Toxic [34,35]

	
Safe




	
Trifluoperazine HCL

	
Toxic 1,2,3

	
Toxic 1,2,3

	
Toxic 1,2,3




	
Vincristine

	
Toxic 1,2,3

	
Toxic 1,2,3

	
Safe








1 TOXNET (Hazardous Substances Data Bank, HSDB); 2 Side effects (EMBL; European Molecular Biology Laboratory); 3 drugs.com; 4 ema.europa, A effects in humans not known.









2.3. Acute Tox Analysis


As explained above, the Acute Tox test was performed to determine the maximum drug concentration in which no mortality or gross teratogenic effects were observed (Non Observed Effect Concentration; NOEC). As a positive toxic drug we chose Diethylaminobenzaldehyde (DEAB), a Retinoid Acid inhibitor that promoted mortality and teratogenicity in a reproducible concentration dependent curve. 1% DMSO, which is the constant solvent concentration in all conditions, was used as the negative control. Mortality curves for all compounds at 96 hpf (blue line; Figure 2A–T), compared with DEAB curves (red line; Figure 2A–T), are shown in Figure 2. Additionally, the results from this analysis are displayed in Table 2.


Figure 2. 96 hpf mortality concentration response curve (red line), compared to DEAB (Diethylaminobenzaldehyde)(blue line), for (A) (±)-Epinephrine hydrochloride; (B) Ciprofloxacin; (C) Cisapride; (D) d-(+)-glucose; (E) Digoxigenin; (F) Docetaxel; (G) Dofetilide; (H) Finasteride; (I) Flupirtine; (J) Fusidic Acid; (K) Isoniazid; (L) l-Cysteine; (M) l-Glutamine; (N) Methyldopa; (O) NaCl; (P) Pindolol; (Q) Riluzole; (R) Suramin; (S) Trifluoperazine hydrochloride; and (T) Vincristine.
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Table 2. Non Observed Effect Concentration (NOEC), Lowest Observed Effect Concentration (LOEC), and Lethal Concentration 50 (LC50) of selected compounds at 96 hpf. White background: tested compounds. Grey background: DEAB, used as positive toxic control. Abbreviations: NaCl (sodium chloride), DEAB (Diethylaminobenzaldehyde).







	
Drug

	
96 hpf NOEC (µM)

	
96 hpf LOEC (µM)

	
96 hpf LC50 (µM)






	
DEAB

	
1.00

	
10.00

	
185.99




	
(±)-Epinephrine hydrochloride

	
1000.00

	
N.A.

	
3.11 × 1010




	
Ciprofloxacin

	
1000.00

	
N.A.

	
7.01 × 109




	
Cisapride

	
1000.00

	
N.A.

	
2935.74




	
d-(+)-glucose

	
1000.00

	
N.A.

	
N.A




	
Digoxigenin

	
100.00

	
1000.00

	
N.A




	
Docetaxel

	
10.00

	
100.00

	
N.A




	
Dofetilide

	
10.00

	
100.00

	
N.A




	
Finasteride

	
10.00

	
100.00

	
31.62




	
Flupirtine

	
10.00

	
100.00

	
136.05




	
Fusidic Acid

	
10.00

	
100.00

	
124.15




	
Isoniazid

	
1000.00

	
N.A.

	
N.A




	
l-Cysteine

	
1000.00

	
N.A.

	
N.A




	
l-Glutamine

	
1000.00

	
N.A.

	
N.A




	
Methyldopa

	
1000.00

	
N.A.

	
N.A




	
NaCl

	
1000.00

	
N.A.

	
N.A




	
Pindolol

	
100

	
1000

	
6608.09




	
Riluzole

	
1

	
10

	
13.71




	
Suramin

	
100

	
1000

	
196.56




	
Trifluoperazine hydrochloride

	
10

	
100

	
31.62




	
Vincristine

	
10

	
100

	
31.62











2.4. Cardiotoxicity Analysis


Four cardiac parameters were evaluated to assess whether a compound was cardiotoxic: heart rate (beats per minute, BPM), QTc prolongation, ejection fraction (EJF), and cardiac arrest. Haloperidol has been described as cardiotoxic in humans and zebrafish [19] and was used as our cardiotoxic control. 1% DMSO was used as the negative control.



Cardiotoxicity evaluation was performed from 96 hpf, when the zebrafish heartbeat is already stabilised [36,37], so the analysis might not be altered by unstable beating. Zebrafish hearts were video-recorded at 4 h after drug incubation (100 hpf) and analysed using the ZeCardio® β software (Figure 3A).


Figure 3. Cardiotoxicity evaluation results. (A) Scheme of the experimental procedure; (B) Bar graphs showing heart beat frequency in beats per minute (bpm); (C) QT corrected interval (QTc); (D) Ejection fraction (EJF); (E) and longest cardiac arrest of 100 h old zebrafish larvae. Asterisks indicate statistical significance after a One-way ANOVA: * p < 0.05; ** p < 0.01; *** p < 0.001. Black bar: negative control. Red bar: positive control. n = 16 but for DMSO n = 46.
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Eight compounds—haloperidol, cisapride, docetaxel, dofetilide, pindolol, riluzole, trifluoperazine HCL, and vincristine—decreased the heart rate when compared to DMSO-only (Figure 3B). Longer cardiac arrest was promoted by the same compounds as well (Figure 3E). Inversely, zebrafish larvae treated with ciprofloxacin and d-(+)-glucose showed increased heart rates but no differences were observed in the duration of the cardiac arrest, when compared to the DMSO-only treated larvae (Figure 3B,E).



QTc interval prolongation was detected in larvae treated with haloperidol and pindolol, while ciprofloxacin and d-(+)-glucose showed a shorter QTc interval than the DMSO treated group (Figure 3C). Finally, no differences in ejection fraction were detected in any of the 24 compounds tested (Figure 3D).




2.5. Locomotor Activity Analysis


By 5 dpf, zebrafish larvae perform spontaneous swimming and their visual system is fully developed [31,38,39]. Therefore, behavioural experiments were performed from this time point (Figure 4A). Deviations in total distance moved, in response to photo-visual stimulation, were analysed as a direct measurement of neurotoxicity. Thus, drugs increasing or decreasing total distance moved when compared to the DMSO-only group were considered neurotoxic. As the positive neurotoxic control we used MPTP, which has been identified as a neurotoxic drug in humans and zebrafish [40].


Figure 4. Locomotion results. (A) Scheme of the experimental procedure; (B) Bar graphs showing total distance moved corrected to the DMSO group. Asterisks indicate statistical significance after a One-way ANOVA * p < 0.05; ** p < 0.01; *** p < 0.001. Black bar: negative control. Red bar: positive control. Experiment performed once with 16 larvae per condition. n = 43 for the DMSO.
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Decreased motility was detected in MPTP, paracetamol, and trifluoperazine-HCL treated larvae, while (±)-epinephrine HCL, docetaxel, pindolol, and vincristine groups showed increased motility when compared to the DMSO (Figure 4B).




2.6. Hepatotoxicity Analysis


Zebrafish liver development is fast and can be divided in three main stages: specification, differentiation, and hepatic outgrowth (reviewed in [41]). By 5 dpf, the liver is fully functional and consists of two lobes, with an overall oblong shape [42]. Since hepatotoxic effects are mainly due to metabolic processes, which require a certain time to be executed, experiments were performed at 132 hpf. As the positive control we used paracetamol and ethanol, which have been shown to produce hepatotoxicity in humans and zebrafish [43].



2.6.1. Hepatomegaly and Liver Necrosis Evaluation


Zebrafish larvae were fixated and photographed after 36 h of drug incubation (96-132 hpf; Figure 5A). The transgenic zebrafish line Tg(cmlc2:GFP; fabp10:RFP; ela31:EGFP) expressed RFP protein in all liver cells. The analysis of fluorescence intensity allowed for the detection of drugs affecting liver size or the number of hepatocytes [44]. Thus, drugs reducing the number of hepatocytes (necrosis) translated into reduced RFP area, whereas drugs increasing liver size (hepatomegalia) corresponded with increased RFP area. In that regard, liver areas of the 24 compounds were analysed and compared with those obtained using the DMSO-only group. Three drugs including paracetamol, flupirtine, and methyldopa showed decreased RFP area signal, whereas finasteride and fusidic acid treatments increased the area of the RFP signal (Figure 5B).


Figure 5. Hepatotoxicity results (A) Scheme of the experimental procedure (B). Bar graphs showing average liver area in mm. (C) Bar graphs showing the percentage of larvae presenting steatosis or yolk lipid accumulation after oil red O stain (D–F) Representative oil red O whole mount staining images of (D) DMSO, (E) EtOH and (F) APAP; black arrows point at non-affected liver (D), liver with steatosis (E), and yolk lipid retention (F), respectively. Asterisks indicate statistical significance after One-way ANOVA (liver area) or Fisher’s exact test (steatosis and yolk lipid retention): * p < 0.05; ** p < 0.01; *** p < 0.001. Black bar: negative control (B). Red bar: positive control (B). n = 20 but for DMSO n = 45.
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2.6.2. Steatosis and Yolk Lipid Accumulation Evaluation


During the first week of development, the unique source of energy for the zebrafish embryo and larva is the yolk sac. Zebrafish yolk consists of 70% neutral lipid, which is metabolized mainly in the liver [45]. Thus, yolk lipid accumulation can be used as an endpoint for liver function since, if impaired, the yolk metabolism and absorption is delayed, which results in higher lipid retention [46]. On the other hand, drug-induced steatosis (hepatocyte lipid accumulation) is an off-target liver effect which can be used to prioritize compounds for development [47,48]. Hence, drugs affecting lipid metabolism in human hepatocytes might be identified by using zebrafish livers [26,49].



In order to assess drugs producing steatosis and yolk lipid accumulation, and subsequent to the RFP filtered images being acquired, zebrafish larvae were stained with Oil Red O. Larvae and were sorted into steatosis positive or negative, yolk lipid accumulation, or both (see materials and methods). Percentages were calculated for each drug and compared with those obtained in the DMSO-only group (Figure 5D).



Seven out of the 24 drugs were considered to be positive for steatosis (a representative image is displayed in Figure 5E): EtOH (55%), MPTP (50%), (±)-epinephrine HCL (80%), digoxigenin (55%), finasteride (65%), isoniazid (60%), and trifluoperazine HCL (85%). Three drugs were considered to produce yolk lipid retention (a representative image is displayed in Figure 5F): paracetamol (60%), ciprofloxacin (65%), and methyldopa (50%). DMSO percentages for steatosis and yolk lipid accumulation were 24.44% and 22.22%, respectively (Figure 5C,D).






3. Discussion


Cardio-, neuro-, and hepatotoxicity are the most relevant organ-toxicities promoting drug attrition during preclinical, clinical, and post market stages [10]. Previous studies have shown the relevance of using zebrafish for predicting the possible impact of drugs in those three organs individually [21,29,50,51,52,53,54,55,56]. However, no previous studies have integrated the analysis of these three organ-toxicities in the same animal; a procedure that reduces animal usage, experimental time and costs, and the quantity of the tested compound.



Results obtained through the ZeGlobalTox assay show high sensitivity, specificity, and accuracy values when we compare the zebrafish experimental data with known human toxicity outputs (Table 3). This is indeed a promising conclusion, given the need for predictive and cost-effective procedures required to narrow down the number of compounds reaching expensive and time-consuming mammalian and clinical studies. Altogether, we propose ZeGlobalTox could be used to reduce the time and costs of drugs for being approved, together with improving 3Rs policies during the whole drug discovery process. Nonetheless, we will discuss below a number of aspects to be considered in order to improve this approach.



Table 3. Zebrafish versus Human predictive assessment of Cardiotoxicity, Neurotoxicity, Hepatotoxicity, and ZeGlobalTox. White background: tested compounds. Grey background: Positive toxic controls. Abbreviations: TN: true negative, TP: true positive, FN: false negative, FP: false positive, PPV: positive predictive value, NPV: negative predictive value. Specificity: TN/(TN + FP); sensitivity: TP/(TP + FN); Accuracy: (TP + TN)/(TP + TN + FP + FN); PPV: TP/(TP + FP); NPV: TN/(TN + FN).







	
Drug

	
Cardiotoxicity

	
Neurotoxicity

	
Hepatotoxicity

	






	
(±)-Epinephrine HCL

	
FN

	
TP

	
FP

	




	
Ciprofloxacin

	
TP

	
FN

	
TP

	




	
Cisapride

	
TP

	
TN

	
TN

	




	
d-(+)-glucose

	
FP

	
TN

	
TN

	




	
Digoxigenin

	
FN

	
TN

	
FP

	




	
Docetaxel

	
TP

	
TP

	
FN

	




	
Dofetilide

	
TP

	
TN

	
TN

	




	
Finasteride

	
TN

	
TN

	
FP

	




	
Flupirtine

	
TN

	
TN

	
TP

	




	
Fusidic Acid

	
TN

	
TN

	
TP

	




	
Isoniazid

	
TN

	
FN

	
TP

	




	
l-Cysteine

	
TN

	
TN

	
TN

	




	
l-Glutamine

	
TN

	
TN

	
TN

	




	
Methyldopa

	
TN

	
FN

	
TP

	




	
NaCl

	
TN

	
TN

	
TN

	




	
Pindolol

	
TP

	
TP

	
TN

	




	
Riluzole

	
TP

	
TN

	
FN

	




	
Suramin

	
TN

	
FN

	
TN

	




	
Trifluoperazine HCL

	
TP

	
TP

	
TP

	




	
Vincristine

	
TP

	
TP

	
TN

	




	
Acetaminophen

	
FN

	
TP

	
TP

	




	
Ethanol

	
FN

	
FN

	
TP

	




	
Haloperidol

	
TP

	
FN

	
TN

	




	
MPTP

	
-

	
TP

	
-

	
ZeGlobalTox




	
Specificity

	
90%

	
100%

	
77%

	
89%




	
Sensitivity

	
69%

	
54%

	
80%

	
68%




	
Accuracy

	
78%

	
75%

	
82%

	
78%




	
PPV

	
90%

	
100%

	
73%

	
88%




	
NPV

	
69%

	
65%

	
83%

	
72%










Four endpoints were analysed for cardiotoxicity evaluation—BPM, QTc, EJF, and cardiac arrest. A drug was considered cardiotoxic when one of these parameters was found to be statistically different when compared to the DMSO-only group. Our analysis has detected cardiotoxic end-phenotypes in 9 out of 12 human cardiotoxic compounds present in the study. However, from 6 drugs reported to produce QTc prolongation in humans—haloperidol, (±)-epinephrine HCL, ciprofloxacin, cisapride, dofetilide, and trifluoperazine HCL—only haloperidol treated larvae displayed that phenotype. Furthermore, pindolol, not reported to produce QTc prolongation in humans, showed increased QTc in zebrafish larvae. This latter phenotype might be explained by pindolol non-selective blockage of heart ß-receptors. Interestingly, bradycardia was detected in 4 out of 6 drugs producing QTc prolongation in humans. This is consistent with results presented by Wen et al. [57], which showed a correlation between drugs producing QTc prolongation (in dogs) and bradycardia in zebrafish. On the other hand, tachycardia was observed in d-(+)-glucose treated zebrafish larvae. Although glucose is generally innocuous for humans, cardiotoxicity has been reported in hyperglycemic patients and patients suffering from diabetes [58,59,60]. A correlation between high blood glucose levels and poorer outcomes after cardiac arrest has also been described [61]. Therefore, high doses of glucose might also be related to increased cardiotoxicity risk in humans. We hypothesize that tachycardia detected in zebrafish might be due to the need for eliminating/compensating high glucose concentrations as fast as possible. Cardiotoxic false negatives (FN) such as paracetamol, ethanol, and (±)-epinephrine HCL could be explained by differences among human and zebrafish physiology or by the ZeGlobalTox procedure, where cardiotoxic effects are analysed only 4 h after drug incubation. Most cardiotoxic effects can be detected shortly after compound incubation; however, these three compounds might require a longer exposure to reproduce their known cardiotoxic effects. This seems certain for ethanol and paracetamol, since their human cardiotoxic impact is observed as a late effect after drug poisoning. In fact, paracetamol has been reported to have no impact on the heart rate in zebrafish larvae [50,57], to the point that Wen et al. [54] included this drug as a negative cardiotoxic drug [57]. In summary, we support zebrafish as a powerful tool for predicting drug-induced cardiotoxic liabilities in humans, including typical repolarization and depolarization end-phenotypes such as QTc or EJC. However, our experimental methodology—drug exposure timing, chosen drug concentration, image acquisition, and image analysis—might require some further improvement to facilitate a more accurate detection of some of the analysed parameters.



Regarding neurotoxicity assessment, motor behaviour might be affected by neurotoxic, but also by non-neurotoxic compounds that affect the function of the nervous system, such as hypnotic or neuroactive drugs [52,54,60]. This ambivalence could have promoted the identification of a larger percentage of false positives (FP). However, we observed high specificity, since no false positives have been detected. On the other hand, better sensitivity is indeed required because five compounds known to produce some kind of neurotoxicity in humans did not alter larvae locomotion significantly. Thus, we suggest locomotion results should be interpreted cautiously. Indeed, we propose that drugs altering zebrafish locomotion should be tagged with a red-flag, since they could signal a possible Central Side Effect impact. However, drugs not influencing larvae locomotion cannot be tagged safe for neurotoxicity, since they might be neurotoxic without affecting locomotor neural pathways. In that regard, future ZeGlobalTox experimental versions might include a more comprehensive assessment of neural tissue after drug incubation—neuronal mortality, axonal growth defects, etc.



Previous studies have shown the robustness of zebrafish for hepatotoxicity prediction [43,44]. This robustness is supported by a high degree of genetic conservation for the enzymes and pathways required in drug metabolism, such as ARH receptors, CYP enzymes, or Adh isoinzymes, which are present, and functional, from early developmental stages, including our experimental window [62,63,64]. Three phenotypic endpoints were analysed for hepatotoxicity evaluation: liver area, steatosis, and yolk lipid retention. A drug was considered hepatotoxic when at least one of these parameters was statistically different when compared to the DMSO-only group. Consistent with previous studies, we show that paracetamol reduces liver size and increases yolk lipid accumulation. Thus, by reducing the hepatocyte number and/or viability, paracetamol was reducing zebrafish liver size and impairing its function, which led to a decreased lipid metabolism and therefore, its accumulation in the yolk. On the other hand, larvae treated with 2% ethanol showed steatosis but no impact on the liver size or yolk lipid accumulation. Steatosis promoted by 2% ethanol has been extensively reported [26,49,65]. However, there are controversial results regarding the ethanol impact on liver size. Gong et al. [44] identified a reduction in liver size, but Sadler et al. showed hepatomegaly [26,27,49]. In our hands, 2% ethanol did not significantly affect the liver area. However, we detected more rounded livers (shape differences). This phenotype agreed with [26] and might be indicative of an inflammatory process, which later leads to hepatomegaly. Larvae treated with (±)-epinephrine HCL, digoxigenin, and finasteride were found to produce significant higher percentages of hepatic steatosis when compared to the DMSO-only treated group. (±)-epinephrine is not reported to be hepatotoxic in humans. However, it is known that high levels of epinephrine stimulate lipolysis in adipose tissue liberating free fatty acids to the blood, which are then absorbed by the liver that converts them to triglycerides [64,66]. Furthermore, (±)-epinephrine stimulates the breakdown of glycogen in the liver releasing glucose [67]. Glucose can also be converted to fatty acids and finally into triglycerides [68]. Thus, high (±)-epinephrine concentrations might lead to an excessive accumulation of triglycerides in hepatocytes producing, as a side effect, hepatic steatosis in zebrafish larvae. Finasteride and digoxigenin are both extensively metabolized in the liver. Finasteride is a 5-alpha reductase inhibitor that is metabolized via the cytochrome P450 system (CYP 3A4). No severe hepatotoxicity or clinical liver injury has been reported. However, some publications report mild transient serum aminotransferase elevations occurring during finasteride therapy [69]. Digoxigenin is a steroid that when attached to sugars forms glycosides. Digoxigenin is metabolized in the liver via the human liver alcohol dehydrogenase [70]. Thereby, hepatic steatosis, observed after digoxigenin treatment might be originated by a similar mechanism to that seen after ethanol 2% treatment. Consistent with that, in our approach, both treatments cause steatosis in the same percentage (Figure 5C). Finally, regarding MPTP, its hepatotoxicity in humans is not known, however it has been reported to be hepatotoxic in rat livers or isolated hepatocytes [71,72]. Consistent with these studies, steatosis was observed in MPTP treated larvae. All in all, the predictive power of zebrafish hepatotoxicity assessment, may be greater than most in silico or in vitro approaches that are traditionally used [73].



Overall, our results show ZeGlobalTox to be a reliable method to red flag a toxic compound according to its putative general organ liability. On its current methodological version—preliminary AcuteTox, drug concentration, drug exposure timing, and typology of end-phenotypes—it yields an overall high sensitivity, specificity, and accuracy at identifying specific organ toxicities. However, we acknowledge some adjustments need to be implemented to more accurately segment the general organ-toxicities into specific end-phenotypes (i.e., General cardiotoxicity vs. specific QTc prolongation). Moreover, the exposure to NOEC might yield some false negatives. In that sense, testing more than one concentration might provide a better understanding of a possible drug-induced organ liability, if that phenotype requires a higher than NOEC concentration to be triggered. In spite of those possible drawbacks, we expect our results will further support the use of zebrafish as an appropriate model to be exploited in the early phases of drug discovery/development. In that regard, zebrafish could become the chosen model to bridge the gap between low predictive but high throughput in vitro studies and high predictive but expensive and time-consuming in vivo mammalian studies.




4. Materials and Methods


4.1. Materials and Chemicals


The 20 chemicals used in the present study were chosen and kindly provided by Pivot Park Screening Centre (Oss, The Netherlands) to be tested in a single-blind test: ciprofloxacin, cisapride, l-cysteine, digoxigenin, docetaxel, dofetilide, (±)-epinephrine hydrochloride, finasteride, flupirtine, fusidic acid, d-(+)-glucose, l-glutamine, isoniazid, methyldopa, pindolol, riluzole, sodium chloride (NaCl), suramin, trifluoperazine hydrochloride, and vincristine. The six chemicals used as controls were purchased from Sigma-Aldrich (Sant Louis, MO, USA): dimethyl sulfoxide (DMSO) (D8418), ethanol (EtOH) (02860-1L), haloperidol (H1512), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (M0896-10MG), paracetamol (APAP, acetaminophen Bioxtra) (A7085-100G), and 4-diethylaminobenzaldehyde (DEAB) (D86256).




4.2. Zebrafish Maintenance


Zebrafish embryos were obtained by mating adult fish through standard methods. All experiments were performed on zebrafish larvae from 4 dpf until 5.5 dpf, with the exception of the Acute Toxicity test (see “zebrafish exposure conditions” below). Transgenic zebrafish (Danio rerio) Tg(cmlc2:GFP; fabp10:RFP;ela31:EGFP) was obtained by crossing individual transgenic lines and were kept according to established standard procedures. Tg(cmlc:GFP) [50] expresses Green Fluorescent Protein (GFP) in cardiomyocytes, Tg(fabp10:RFP) [74] expresses Red Fluorescent Protein (RFP) in hepatocytes, and Tg(ela31:EGFP) [75] expresses enhanced Green Fluorescent Protein (EGFP) in pancreatic cells. In the present study, pancreatic toxicity was not analysed, but since it was not affecting the current image analysis, and it might become useful in future experiments, the pancreatic reporter line was kept inside the complete transgene line.




4.3. Drug Exposure Conditions


Mortality and Developmental toxicity were assessed through an Acute Toxicity test, adapted from specific OECD guidelines (FET: Fish Embryo Toxicity; OECD 236). Thus, 20 wild type (wt) zebrafish embryos per condition were incubated with tested compounds from 3 to 96 hpf. The test was performed in 5 logarithmic concentrations per drug (from 0.1 µM to 1 mM). Each larva was analysed for mortality, body deformity, edema, tail detachment, pigmentation, heart activity, heart edema, and motor activity. For every compound, a no observed effect concentration (NOEC) was identified to use in the following experiments. The concentrations for drugs used as organo-toxic positive controls were obtained from previous publications and in-house validation: paracetamol (2600 µM; [46]), EtOH (2%; [26]), MPTP (100 µM; [30]), and haloperidol (10 µM; [21]). DMSO 1% was used as the negative control in all experiments.



For the ZeGlobalTox assay, fertilized Tg(cmlc2:GFP; fabp10:RFP; ela31:EGFP) zebrafish embryos were collected in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM, MgSO4) in Petri dishes. At 3, 24, and 48 hpf, dishes were observed and all not fertilized, abnormal, or coagulated eggs were discarded. At 96 hpf, 20 larvae per condition were incubated with the NOECs from the different drugs and allowed to develop until 132 hpf at 28.5 °C.




4.4. Cardiotoxicity Evaluation in Zebrafish Larvae


After 4 h of drug incubation (100 hpf), zebrafish larvae were anesthetized by immersion in 0.7 µM tricaine methanesulfonate (A4050, Sigma-Aldrich, Saint Louis, MO, USA)/E3 solution. 10 µM haloperidol treated embryos were used as positive cardiotoxic controls. The 1% DMSO treated embryos were used as negative cardiotoxic controls. Embryos were positioned in an agarose based mold to allow their appropriate orientation under the fluorescence stereo microscope (Olympus MVX10). Individual fluorescent hearts were recorded during 60 s each (Figure 6A). Videos were acquired with a high-speed recording camera (Hamamatsu C11440 ORCA-flash 2.8) and analysed with the ZeCardio® β software to extract different cardiac parameters—heart rate, cardiac arrest, QTc prolongation, and Ejection Fraction (EJF) (Figure 6B).


Figure 6. ZeCardio β software user pipeline. (A) Video acquisition of larvae incubated with the candidate drug; (B) Video import into the software; (C) User drawn line along the heart axis; (D–H) GUI (Graphical User Interface) display of (D) Chamber kymographs; (E) atrial and ventricular BPM (Beats Per Minute) values; (F) Distribution plot over time of atrial and ventricular BPM; (G) QTc interval and EJF (Ejection Fraction) values and (H) Cardiac arrest events; (I) Output values are presented in .csv format. Kymographs and measurements are displayed in green or blue for ventricle or atrium respectively.
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ZeCardio® β software, developed by ZeClinics and currently in β status, provides a graphical user interface (GUI) that facilitates the semi-automatic analysis of living heart videos. Interactive analysis of the different parameters functions as follows: The user draws a line along the heart axis, from ventricle to atrium, to initiate the calculation. At the ventricle and atrium, an additional line perpendicular to the heart axis (first line) is automatically displayed (Figure 6C). All lines can be subjected to modification of their angles and lengths. From the line selections, two outputs are generated: (i) A kymograph for each of the lines that allows, on one hand, the visual inspection and easy identification/validation of phenotypes (Figure 6D) and, on the other hand, it is used for individual beat detection (Figure 6E); (ii) A numerical output that is displayed in the ZeCardio® GUI.



Heart beat frequency for each chamber is detected and frequencies are presented in the GUI as a mean. A plot distribution is used for assessing beat stability over time (Figure 6F). In the same fashion, chamber specific cardiac arrest is measured as the longest beating pause (Figure 6H). No beating chambers and/or incorrect bpm can be manually flagged when detected.



For calculation of the QTc interval (linearly corrected QT interval), the Framingham formula (QTc = QT + 0.154 (1 − RR)) was adjusted for zebrafish as QTc = QT + 0.154 (2.66 − RR). RR = 6.6 ms/measured bpm is applied (Figure 6G). Finally, the Ejection Fraction, calculated as the maximal dilatation (the diastolic diameter, DD) versus the maximal contraction (systolic diameter, SD) is measured in % as EF% = (DD − SD)/DD*100 (Figure 6G). Computed values for the described parameters were exported in .csv format (Figure 6H).




4.5. Neurotoxicity Evaluation in Zebrafish Larvae


Immediately after heart video acquisition, larvae are washed with E3 medium to remove tricaine methanesulfonate from the solution. Fresh drug solution is added and the larvae are transferred individually in a volume of 150 µL to 96 well plates.



Neurotoxicity is analysed at 120 hpf by locomotion assessment using the EthoVision XT 11.5 software and the DanioVision device from Noldus Information Technologies, Wageningen, The Netherlands. This closed system consists of a camera placed above a chamber with circulating water and a temperature sensor set at 28 °C. The 96-well plates are placed in the chamber, which can then be illuminated with white light using the software. Larvae are then left for 20 min under these conditions and with the lights on to help their acclimation. Finally, larvae locomotion is measured during 50′ under the following light/dark conditions: 10′ darkness-10′ Light-10′ darkness-10′ Light-10′ darkness. Total distance moved (in mm) is acquired under this light/dark trial. Due to circadian rhythms, all locomotion assays were performed from 13:00 pm onwards to ensure steady activity of the zebrafish [76].



Neurotoxicity is assessed by comparing locomotion differences among the tested compounds (solved in DMSO) and the negative control group (DMSO 1%-only).




4.6. Hepatoxicity Evaluation in Zebrafish


After 36 h of drug incubation (132 hpf), embryos are fixed in 4% paraformaldehyde (158127-500G, Sigma-Aldrich, Saint Louis, MO, USA) for 2–4 h at room temperature (RT) and then are 3× washed with PBS.



4.6.1. Liver Area Analysis


Fixed larvae are observed under an Olympus MVX10 fluorescent stereo microscope and photographed with a digital camera (Olympus DP71) and the cell’D software. RFP filtered images of the liver were taken and their areas were analysed using the FIJI software for hepatomegaly and necrosis detection.




4.6.2. Oil Red O Staining


Oil Red O is a lysochrome dye used for the staining of neutral triglycerides and lipids. In order to detect the presence of steatosis and yolk lipid retention, zebrafish larvae were stained with Oil Red O (O0625-25G, Sigma-Aldrich, Saint Louis, MO, USA) as described in [77]. Briefly, the skin pigment from fixed larvae is removed by incubating with bleaching solution (for 10 mL: 6 mL H2O, 0.25 mL 20× SSC, 0.5 mL formamide, 3.3 mL H2O2) during 20 min at RT. Then, the larvae are 5× washed with PBS. Bleached embryos are first submerged in 85% Propylene glycol (PG) (134368-1L, Sigma-Aldrich, Saint Louis, MO, USA) for 10 min and then in 100% PG for another 10 min before staining them with Oil Red O 0.5% in 100% PG (overnight, at RT and with gentle rocking). Oil Red O stained embryos are washed in 100% PG for 30 min, 50 min in 85% PG, and 40 min in 85% PG with an equal volume of PBS. Finally, embryos are washed 1× with PBS before adding 80% glycerol (G7757-500ML, Sigma-Aldrich, Saint Louis, MO, USA). Bright field images are taken to detect both steatosis and yolk lipid accumulation. For steatosis, larvae are considered positive when 3 or more round lipid droplets are visible within the hepatic parenchyma (Figure 5E and Figure 7; [77]). Yolk lipid retention is considered positive when a red strong signal is observed in the yolk area (Figure 5F).


Figure 7. Lipid droplets on a zebrafish liver stained with Oil Red O. Steatosis is considered when three or more droplets are seen within the liver area.
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Embryos were incubated with ethanol 2% as the positive control for steatosis [26,49] and with APAP 2600 µM as the positive control for necrosis and yolk lipid accumulation [46]. DMSO 1% treated larvae were used as the negative control group.





4.7. Statistical Analysis


Data were analysed using the IBM SPSS Statistics version 20.0 software (Armonk, NY, USA). Data are presented as mean ± standard error (SE). Prior to the analyses, the Shapiro-Wilk test was used to assess the normality of the distribution of the dependent variables. Not normally distributed variables were transformed using Templeton’s two-step method for transforming continuous variables to normal variables [78]. Statistical analysis of the data for the cardiotoxic and neurotoxic parameters as well as for liver size measurements were performed using One-way ANOVA followed by the Dunnett test. Fisher’s exact test was used for data analysis of the steatosis and yolk lipid retention. Results were statistically compared between drug-treated groups and untreated (DMSO) group. Differences were considered statistically significant when p < 0.05.








Acknowledgments


The ZeGlobalTox project received financial support as an innovative CRACK IT Solution—Agreement of 1 June 2015—by the National Centre for the Replacement, Refinement and Reduction of Animals in Research (NC3Rs), legally represented by the Medical Research Council (MRC), United Kingdom. The Spanish Ministry of Economy and Competitiveness financially supports Simone Calzolari and Sylvia Dyballa, through a Torres Quevedo Fellowship (Simone Calzolari: PTQ-14-07351; Sylvia Dyballa: PTQ-15-07995) and Carles Cornet with an Industrial Doctorate Fellowship (DI-14-06969). Noldus Information Technology, Wageningen, The Netherlands, has contributed by providing the DanioVision TM for the behavioural analysis.




Author Contributions


Carles Cornet designed the project, performed the experiments, analyzed the data and contributed to the manuscript preparation. Simone Calzolari conceived and designed the project, performed the experiments, and contributed to the manuscript preparation. Rafael Miñana-Prieto performed the experiments. Sylvia Dyballa designed the ZeCardio software, contributed to its development, and contributed to writing the manuscript. Els van Doornmalen contributed to the experimental design and analysis of the results. Helma Rutjes provided reagents, and contributed to the project design and data analysis. Thierry Savy developed the ZeCardio software. Davide D’Amico and Javier Terriente conceived of the project, coordinated the work, and contributed to the manuscript preparation.




Conflicts of Interest


The authors declare the following conflict of interest: All authors, except Els van Doornmalen, Helma Rutjes, and Thierry Savy, are currently employed by Zeclinics.




Abbreviations




	MDPI
	Multidisciplinary Digital Publishing Institute



	DOAJ
	Directory of open access journals



	TLA
	Three letter acronym



	LD
	Linear dichroism



	hpf
	Hours post fertilization







References


	1. 
Blomme, E.A.G.; Will, Y. Toxicology Strategies for Drug Discovery: Present and Future. Chem. Res. Toxicol. 2016, 29, 473–504. [Google Scholar] [CrossRef] [PubMed]

	2. 
Munos, B. Lessons from 60 years of pharmaceutical innovation. Nat. Rev. Drug Discov. 2009, 8, 959–968. [Google Scholar] [CrossRef] [PubMed]

	3. 
Hay, M.; Thomas, D.W.; Craighead, J.L.; Economides, C.; Rosenthal, J. Clinical development success rates for investigational drugs. Nat. Biotechnol. 2014, 32, 40–51. [Google Scholar] [CrossRef] [PubMed]

	4. 
Kola, I.; Landis, J. Can the pharmaceutical industry reduce attrition rates? Nat. Rev. Drug Discov. 2004, 3, 1–5. [Google Scholar] [CrossRef] [PubMed]

	5. 
Waring, M.J.; Arrowsmith, J.; Leach, A.R.; Leeson, P.D.; Mandrell, S.; Owen, R.M.; Pairaudeau, G.; Pennie, W.D.; Pickett, S.D.; Wang, J.; et al. An analysis of the attrition of drug candidates from four major pharmaceutical companies. Nat. Rev. Drug Discov. 2015, 14, 475–486. [Google Scholar] [CrossRef] [PubMed]

	6. 
Cook, D.; Brown, D.; Alexander, R.; March, R.; Morgan, P.; Satterthwaite, G.; Pangalos, M.N. Lessons learned from the fate of AstraZeneca’s drug pipeline: A five-dimensional framework. Nat. Rev. Drug Discov. 2014, 13, 419–431. [Google Scholar] [CrossRef] [PubMed]

	7. 
Hornberg, J.J.; Laursen, M.; Brenden, N.; Persson, M.; Thougaard, A.V.; Toft, D.B.; Mow, T. Exploratory toxicology as an integrated part of drug discovery. Part I: Why and how. Drug Discov. Today 2014, 19, 1131–1136. [Google Scholar] [CrossRef] [PubMed]

	8. 
Olson, H.; Betton, G.; Robinson, D.; Thomas, K.; Monro, A.; Kolaja, G.; Lilly, P.; Sanders, J.; Sipes, G.; Bracken, W.; et al. Concordance of the toxicity of pharmaceuticals in humans and in animals. Regul. Toxicol. Pharmacol. 2000, 32, 56–67. [Google Scholar] [CrossRef] [PubMed]

	9. 
Foster, W.R.; Chen, S.-J.; He, A.; Truong, A.; Bhaskaran, V.; Nelson, D.M.; Dambach, D.M.; Lehman-McKeeman, L.D.; Car, B.D. A retrospective analysis of toxicogenomics in the safety assessment of drug candidates. Toxicol. Pathol. 2007, 35, 621–635. [Google Scholar] [CrossRef] [PubMed]

	10. 
Schuster, D.; Laggner, C.; Langer, T. Why Drugs Fail—A Study on Side Effects in New Chemical Entities. Curr. Pharm. Des. 2005, 11, 3545–3559. [Google Scholar] [CrossRef] [PubMed]

	11. 
Bowes, J.; Brown, A.J.; Hamon, J.; Jarolimek, W.; Sridhar, A.; Waldron, G.; Whitebread, S. Reducing safety-related drug attrition: The use of in vitro pharmacological profiling. Nat. Rev. Drug Discov. 2012, 11, 909–922. [Google Scholar] [CrossRef] [PubMed]

	12. 
Kari, G.; Rodeck, U.; Dicker, A.P. Zebrafish: An Emerging Model System for Human Disease and Drug Discovery. Clin. Pharmacol. Ther. 2007, 82, 70–80. [Google Scholar] [CrossRef] [PubMed]

	13. 
MacRae, C.A.; Peterson, R.T. Zebrafish as tools for drug discovery. Nat. Rev. Drug Discov. 2015, 14, 721–731. [Google Scholar] [CrossRef] [PubMed]

	14. 
Raldúa, D.; Piña, B. In vivo zebrafish assays for analyzing drug toxicity. Expert Opin. Drug Metab. Toxicol. 2014, 10, 685–697. [Google Scholar] [CrossRef] [PubMed]

	15. 
Rennekamp, A.J.; Peterson, R.T. 15 Years of Zebrafish Chemical Screening. Curr. Opin. Chem. Biol. 2015, 24, 58–70. [Google Scholar] [CrossRef] [PubMed]

	16. 
European Union. European Union Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes. Off. J. Eur. Union 2010, 33–79. [Google Scholar]

	17. 
Halder, M.; Léonard, M.; Iguchi, T.; Oris, J.T.; Ryder, K.; Belanger, S.E.; Braunbeck, T.A.; Embry, M.R.; Whale, G.; Norberg-King, T.; et al. Regulatory aspects on the use of fish embryos in environmental toxicology. Integr. Environ. Assess. Manag. 2010, 6, 484–491. [Google Scholar] [CrossRef] [PubMed]

	18. 
Embry, M.R.; Belanger, S.E.; Braunbeck, T.A.; Galay-Burgos, M.; Halder, M.; Hinton, D.E.; Léonard, M.A.; Lillicrap, A.; Norberg-King, T.; Whale, G. The fish embryo toxicity test as an animal alternative method in hazard and risk assessment and scientific research. Aquat. Toxicol. 2010, 97, 79–87. [Google Scholar] [CrossRef] [PubMed]

	19. 
Milan, D.J.; Jones, I.L.; Ellinor, P.T.; Macrae, C.A. In vivo recording of adult zebrafish electrocardiogram and assessment of drug-induced QT prolongation. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H269–H273. [Google Scholar] [CrossRef] [PubMed]

	20. 
Dhillon, S.S.; Dóró, É.; Magyary, I.; Egginton, S.; Sík, A.; Müller, F. Optimisation of Embryonic and Larval ECG Measurement in Zebrafish for Quantifying the Effect of QT Prolonging Drugs. PLoS ONE 2013, 8, e60552. [Google Scholar] [CrossRef] [PubMed]

	21. 
Parker, T.; Libourel, P.-A.; Hetheridge, M.J.; Cumming, R.I.; Sutcliffe, T.P.; Goonesinghe, A.C.; Ball, J.S.; Owen, S.F.; Chomis, Y.; Winter, M.J. A multi-endpoint in vivo larval zebrafish (Danio rerio) model for the assessment of integrated cardiovascular function. J. Pharmacol. Toxicol. Methods 2014, 69, 30–38. [Google Scholar] [CrossRef] [PubMed]

	22. 
Davis, G.C.; Williams, A.C.; Markey, S.P.; Ebert, M.H.; Caine, E.D.; Reichert, C.M.; Kopin, I.J. Chronic parkinsonism secondary to intravenous injection of meperidine analogues. Psychiatry Res. 1979, 1, 249–254. [Google Scholar] [CrossRef]

	23. 
Sarath Babu, N.; Murthy, C.L.N.; Kakara, S.; Sharma, R.; Brahmendra Swamy, C.V.; Idris, M.M. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine induced Parkinson’s disease in zebrafish. Proteomics 2016, 16, 1407–1420. [Google Scholar] [CrossRef] [PubMed]

	24. 
Hinson, J.A.; Roberts, D.W.; James, L.P. Mechanisms of Acetaminophen-Induced Liver Necrosis. Handb. Exp. Pharmacol. 2011, 1–34. [Google Scholar]

	25. 
Lieber, C.S. Metabolism of ethanol and associated hepatotoxicity. Drug Alcohol Rev. 1991, 10, 175–202. [Google Scholar] [CrossRef] [PubMed]

	26. 
Howarth, D.L.; Passeri, M.; Sadler, K.C. Drinks like a fish: Using zebrafish to understand alcoholic liver disease. Alcohol Clin. Exp. Res. 2011, 35, 826–829. [Google Scholar] [CrossRef] [PubMed]

	27. 
Tsedensodnom, O.; Vacaru, A.M.; Howarth, D.L.; Yin, C.; Sadler, K.C. Ethanol metabolism and oxidative stress are required for unfolded protein response activation and steatosis in zebrafish with alcoholic liver disease. Dis. Model. Mech. 2013, 6, 1213–1226. [Google Scholar] [CrossRef] [PubMed]

	28. 
Vliegenthart, A.D.; Tucker, C.S.; Del Pozo, J.; Dear, J.W. Zebrafish as model organisms for studying drug induced liver injury. Br. J. Clin. Pharmacol. 2014, 78, 1217–1227. [Google Scholar] [CrossRef] [PubMed]

	29. 
Mesens, N.; Crawford, A.D.; Menke, A.; Hung, P.D.; Van Goethem, F.; Nuyts, R.; Hansen, E.; Wolterbeek, A.; Van Gompel, J.; De Witte, P.; et al. Are zebrafish larvae suitable for assessing the hepatotoxicity potential of drug candidates? J. Appl. Toxicol. 2015, 35, 1017–1029. [Google Scholar] [CrossRef] [PubMed]

	30. 
Wen, L.; Wei, W.; Gu, W.; Huang, P.; Ren, X.; Zhang, Z.; Zhu, Z.; Lin, S.; Zhang, B. Visualization of monoaminergic neurons and neurotoxicity of MPTP in live transgenic zebrafish. Dev. Biol. 2008, 314, 84–92. [Google Scholar] [CrossRef] [PubMed]

	31. 
Thirumalai, V.; Cline, H.T. Endogenous dopamine suppresses initiation of swimming in prefeeding zebrafish larvae. J. Neurophysiol. 2008, 100, 1635–1648. [Google Scholar] [CrossRef] [PubMed]

	32. 
Christiansen, K. Fusidic acid adverse drug reactions. Int. J. Antimicrob. Agents 1999, 12 (Suppl. S2), S3–S9. [Google Scholar] [CrossRef]

	33. 
Leitner, J.M.; Graninger, W.; Thalhammer, F. Hepatotoxicity of antibacterials: Pathomechanisms and clinical. Infection 2010, 38, 3–11. [Google Scholar] [CrossRef] [PubMed]

	34. 
Eisenberger, M.A.; Reyno, L.M.; Jodrell, D.I.; Sinibaldi, V.J.; Tkaczuk, K.H.; Sridhara, R.; Zuhowski, E.G.; Lowitt, M.H.; Jacobs, S.C.; Egorin, M.J. Suramin, an active drug for prostate cancer: Interim observations in a phase I trial. J. Natl. Cancer Inst. 1993, 85, 611–621. [Google Scholar] [CrossRef] [PubMed]

	35. 
Kaur, M.; Reed, E.; Sartor, O.; Dahut, W.; Figg, W.D. Suramin’s development: What did we learn? Investig. New Drug 2002, 20, 209–219. [Google Scholar] [CrossRef]

	36. 
Leong, I.U.S.; Skinner, J.R.; Shelling, A.N.; Love, D.R. Zebrafish as a model for long QT syndrome: The evidence and the means of manipulating zebrafish gene expression. Acta Physiol. 2010, 199, 257–276. [Google Scholar] [CrossRef] [PubMed]

	37. 
Zhen, Y.S.; Wu, Q.; Xiao, C.L.; Chang, N.N.; Wang, X.; Lei, L.; Zhu, X.; Xiong, J.W. Overlapping Cardiac Programs in Heart Development and Regeneration. J. Genet. Genom. 2012, 39, 443–449. [Google Scholar] [CrossRef] [PubMed]

	38. 
Lin, G.G.; Scott, J.G. Zebrafish: A Model System for the Study of Eye Genetics. Prog. Retin. Eye Res. 2012, 100, 130–134. [Google Scholar]

	39. 
Colwill, R.M.; Creton, R. Locomotor behaviors in zebrafish (Danio rerio) larvae. Behav. Process. 2011, 86, 222–229. [Google Scholar] [CrossRef] [PubMed]

	40. 
Anichtchik, O.V.; Kaslin, J.; Peitsaro, N.; Scheinin, M.; Panula, P. Neurochemical and behavioural changes in zebrafish Danio rerio after systemic administration of 6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. J. Neurochem. 2004, 88, 443–453. [Google Scholar] [CrossRef] [PubMed]

	41. 
Wilkins, B.J.; Pack, M. Zebrafish Models of Human Liver Development and Disease. Compr. Physiol. 2013, 3, 1213–1230. [Google Scholar] [PubMed]

	42. 
Chu, J.; Kirsten, C.; Sadler, A. New School in Liver Development: Lessons from Zebrafish. Hepatology 2009, 50, 1656–1663. [Google Scholar] [CrossRef] [PubMed]

	43. 
North, T.E.; Babu, I.R.; Vedder, L.M.; Lord, A.M.; Wishnok, J.S.; Tannenbaum, S.R.; Zon, L.I.; Goessling, W. PGE2-regulated wnt signaling and N-acetylcysteine are synergistically hepatoprotective in zebrafish acetaminophen injury. Proc. Natl. Acad. Sci. USA 2010, 107, 17315–17320. [Google Scholar] [CrossRef] [PubMed]

	44. 
Zhang, X.; Li, C.; Gong, Z. Development of a convenient in vivo hepatotoxin assay using a transgenic zebrafish line with liver-specific dsred expression. PLoS ONE 2014, 9, e91874. [Google Scholar] [CrossRef] [PubMed]

	45. 
Jones, K.S.; Alimov, A.P.; Rilo, H.L.; Jandacek, R.J.; Woollett, L.A.; Penberthy, W.T. A high throughput live transparent animal bioassay to identify non-toxic small molecules or genes that regulate vertebrate fat metabolism for obesity drug development. Nutr. Metab. 2008, 5, 1743–7075. [Google Scholar] [CrossRef] [PubMed]

	46. 
He, J.H.; Guo, S.Y.; Zhu, F.; Zhu, J.J.; Chen, Y.X.; Huang, C.J.; Gao, J.M.; Dong, Q.X.; Xuan, Y.X.; Li, C.Q. A zebrafish phenotypic assay for assessing drug-induced hepatotoxicity. J. Pharmacol. Toxicol. Methods 2013, 67, 25–32. [Google Scholar] [CrossRef] [PubMed]

	47. 
Donato, M.T.; Gomez-Lechon, M.J. Drug-induced Liver Steatosis and Phospholipidosis: Cell-Based Assays for Screening of Drug Candidates. Curr. Drug Metab. 2012, 13, 1160–1173. [Google Scholar] [CrossRef] [PubMed]

	48. 
Kramer, J.A.; Sagartz, J.E.; Morris, D.L. The application of discovery toxicology and pathology towards the design of safer pharmaceutical lead candidates. Nat. Rev. Drug Discov. 2007, 6, 636–649. [Google Scholar] [CrossRef] [PubMed]

	49. 
Passeri, M.J. Hepatic Steatosis in Response to Acute Alcohol Exposure in Zebrafish requires Srebp Activation. Hepatology 2010, 49, 443–452. [Google Scholar] [CrossRef] [PubMed]

	50. 
Burns, C.G.; Milan, D.J.; Grande, E.J.; Rottbauer, W.; MacRae, C.A.; Fishman, M.C. High-throughput assay for small molecules that modulate zebrafish embryonic heart rate. Nat. Chem. Biol. 2005, 1, 263–264. [Google Scholar] [CrossRef] [PubMed]

	51. 
MacRae, C.A. Cardiac Arrhythmia: In vivo screening in the zebrafish to overcome complexity in drug discovery. Expert Opin. Drug Discov. 2010, 5, 619–632. [Google Scholar] [CrossRef] [PubMed]

	52. 
Irons, T.D.; MacPhail, R.C.; Hunter, D.L.; Padilla, S. Acute neuroactive drug exposures alter locomotor activity in larval zebrafish. Neurotoxicol. Teratol. 2010, 32, 84–90. [Google Scholar] [CrossRef] [PubMed]

	53. 
De Esch, C.; Slieker, R.; Wolterbeek, A.; Woutersen, R.; de Groot, D. Zebrafish as potential model for developmental neurotoxicity testing. A mini review. Neurotoxicol. Teratol. 2012, 34, 545–553. [Google Scholar] [CrossRef] [PubMed]

	54. 
Legradi, J.; el Abdellaoui, N.; van Pomeren, M.; Legler, J. Comparability of behavioural assays using zebrafish larvae to assess neurotoxicity. Environ. Sci. Pollut. Res. 2014, 22, 16277–16289. [Google Scholar] [CrossRef] [PubMed]

	55. 
Hill, A.; Mesens, N.; Steemans, M.; Xu, J.J.; Aleo, M.D. Comparisons between in vitro whole cell imaging and in vivo zebrafish-based approaches for identifying potential human hepatotoxicants earlier in pharmaceutical development. Drug Metab. Rev. 2012, 44, 127–140. [Google Scholar] [CrossRef] [PubMed]

	56. 
Driessen, M.; Kienhuis, A.S.; Pennings, J.L.A.; Pronk, T.E.; Van De Brandhof, E.J.; Roodbergen, M.; Spaink, H.P.; Van De Water, B.; Van Der Ven, L.T.M. Exploring the zebrafish embryo as an alternative model for the evaluation of liver toxicity by histopathology and expression profiling. Arch. Toxicol. 2013, 87, 807–823. [Google Scholar] [CrossRef] [PubMed]

	57. 
Wen, D.; Liu, A.; Chen, F.; Yang, J.; Dai, R. Validation of visualized transgenic zebrafish as a high throughput model to assay bradycardia related cardio toxicity risk candidates. J. Appl. Toxicol. 2012, 32, 834–842. [Google Scholar] [CrossRef] [PubMed]

	58. 
Marfella, R.; Nappo, F.; De Angelis, L.; Siniscalchi, M.; Rossi, F.; Giugliano, D. The effect of acute hyperglycaemia on QTc duration in healthy man. Diabetologia 2000, 43, 571–575. [Google Scholar] [CrossRef] [PubMed]

	59. 
Preis, S.R.; Hwang, S.; Coady, S.; Michael, J.; D’Agostino, R.B.S.; Savage, P.J.; Levy, D.; Fox, C.S. Trends in All-Cause and Cardiovascular Disease Mortality among Women and Men with and without Diabetes in the Framingham Heart Study, 1950–2005. Circulation 2009, 119, 1728–1735. [Google Scholar] [CrossRef] [PubMed]

	60. 
Nathan, D.M. Diabetes: Advances in Diagnosis and Treatment. JAMA 2015, 314, 1052–1062. [Google Scholar] [CrossRef] [PubMed]

	61. 
Daviaud, F.; Dumas, F.; Demars, N.; Geri, G.; Bouglé, A.; Morichau-Beauchant, T.; Nguyen, Y.L.; Bougouin, W.; Pène, F.; Charpentier, J.; et al. Blood glucose level and outcome after cardiac arrest: Insights from a large registry in the hypothermia era. Intensive Care Med. 2014, 40, 855–862. [Google Scholar] [PubMed]

	62. 
Du, M.; Fang, C.; Qiu, L.; Dong, S.; Zhang, X.; Yan, C. Diastereoisomer-specific effects of hexabromocyclododecanes on hepatic aryl hydrocarbon receptors and cytochrome P450s in zebrafish (Danio rerio). Chemosphere 2015, 132, 24–31. [Google Scholar] [PubMed]

	63. 
Timme-Laragy, A.; Cockman, C.; Matson, C.; Di Giulio, R. Synergistic induction of AHR regulated genes in developmental toxicity from co-exposure to two model PAHs in zebrafish. Aquat. Toxicol. 2007, 454, 42–54. [Google Scholar]

	64. 
Klüver, N.; Ortmann, J.; Paschke, H.; Renner, P.; Ritter, A.P.; Scholz, S. Transient overexpression of adh8a increases allyl alcohol toxicity in zebrafish embryos. PLoS ONE 2014, 9, 1–8. [Google Scholar]

	65. 
Liu, L.Y.; Fox, C.S.; North, T.E.; Goessling, W. Functional validation of GWAS gene candidates for abnormal liver function during zebrafish liver development. Dis. Model. Mech. 2013, 6, 1271–1278. [Google Scholar] [CrossRef] [PubMed]

	66. 
Frayn, K.N.; Arner, P.; Yki-Jarvinen, H. Fatty acid metabolism in adipose tissue, muscle and liver in health and disease. Essays Biochem. 2006, 42, 89–103. [Google Scholar] [CrossRef] [PubMed]

	67. 
Deibert, D.C.; Defronzo, R.A. Epinephrine-induced insulin resistance in man. J. Clin. Investig. 1980, 65, 717–721. [Google Scholar] [PubMed]

	68. 
Rui, L. Energy Metabolism in the Liver. Compr. Physiol. 2014, 4, 177–197. [Google Scholar] [PubMed]

	69. 
Martínez de Guzmán, M.; Martínez-Crespo, J.J. Finasteride-induced hepatitis. Farm. Hosp. 2006, 30, 385. [Google Scholar] [PubMed]

	70. 
Frey, W.A.; Vallee, B.L. Digitalis metabolism and human liver alcohol dehydrogenase. Proc. Natl. Acad. Sci. USA 1980, 77, 924–927. [Google Scholar] [CrossRef] [PubMed]

	71. 
Di Monte, D.; Ekstrom, G.; Shinka, T.; Smith, M.T.; Trevor, A.J.; Castagnoli, N.J. Role of 1-methyl-4-phenylpyridinium ion formation and accumulation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity to isolated hepatocytes. Chem. Biol. Interact. 1987, 62, 105–116. [Google Scholar] [CrossRef]

	72. 
Ohta, S. Metabolism of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in perfused rat liver: Involvement of hepatic aldehyde oxidase as a detoxification enzyme. Drug Metab. Dispos. 2000, 28, 538–543. [Google Scholar]

	73. 
Bisgin, H. Toward predictive models for drug-induced liver injury in humans: Are we there yet? Biomark. Med. 2014, 8, 201–213. [Google Scholar]

	74. 
Dong, P.D.S.; Munson, C.A.; Norton, W.; Crosnier, C.; Pan, X.; Gong, Z.; Neumann, C.J.; Stainier, D.Y.R. Fgf10 regulates hepatopancreatic ductal system patterning and differentiation. Nat. Genet. 2007, 39, 397–402. [Google Scholar] [CrossRef] [PubMed]

	75. 
Wan, H.; Korzh, S.; Li, Z.; Mudumana, S.P.; Korzh, V.; Jiang, Y.J.; Lin, S.; Gong, Z. Analyses of pancreas development by generation of gfp transgenic zebrafish using an exocrine pancreas-specific elastaseA gene promoter. Exp. Cell Res. 2006, 312, 1526–1539. [Google Scholar] [CrossRef] [PubMed]

	76. 
MacPhail, R.C.; Brooks, J.; Hunter, D.L.; Padnos, B.; Irons, T.D.; Padilla, S. Locomotion in larval zebrafish: Influence of time of day, lighting and ethanol. Neurotoxicology 2009, 30, 52–58. [Google Scholar] [CrossRef] [PubMed]

	77. 
Howarth, D.L.; Yin, C.; Yeh, K.; Sadler, K.C. Defining hepatic dysfunction parameters in two models of fatty liver disease in zebrafish larvae. Zebrafish 2013, 10, 199–210. [Google Scholar] [CrossRef] [PubMed]

	78. 
Templeton, G.F. A two-step approach for transforming continuous variables to normal: Implications and recommendations for IS research. Commun. Assoc. Inf. Syst. 2011, 28, 41–58. [Google Scholar]



























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-18-00864


  
    		
      ijms-18-00864
    


  




  





media/file8.jpg
Drug treatment Hepatotoxicity evaluation

b

’y < jﬁ%{/fxfx vx/,f «wj; 4

|

oo
o0ss

HEHEH

Liverarea )
gegegee

g8

%
I
0

H

o 2

H

%

H

i | il
o

P 06)

¢ f/f'fj.,’{//ﬁé’ vwfz{,;g

[RE——

APAP. z!nu





media/file11.png
Video

Video Import & User drawn line
Interactive analysis along heart axis

Acquisition

Immediate visual output and calculation of physiological values:

Computation of Atrial & Ventricular BPM Cardiac Arrest
chamber specific E
kymographs Heart 0: 216.29 BPM  (217.56 217.56)

F
MAAAA

QTc Intervall
Ejection Fraction

40.73%
36.36%

110ms
107ms

| A B C D E F
BPM QTc EJF cardiac Arrest
dataset 1
dataset 2
dataset 3

.csv Export






media/file6.jpg
050

000

96 hpf

120 hpf

L 50 minutes

Drug treatment Locomotion assesment

i

H

@’;ﬁ;&y&gffwxw&;w f





media/file1.png
EC50
Day 0 Day 4 —> LC50
+ I NOEC
| M
Drug treatment Morta.hf[y and .
Teratogenicity analysis
< Acute Toxicity
(5 x Concentrations)
B Hepatotoxicity
(128 hpf)
Neurotoxicity 4
(120 hpt)
Cardiotoxicity

(100 hpf)

Day 5 Day 6

Egg collection Drug treatment

<

Larvae fixation

ZeGlobalTox
(NOEC)






media/file13.png





media/file10.jpg





media/file7.png
Distance moved

I_ 50 minutes

Drug treatment Locomotion assesment

2.50

E3
%k
-
%
2.00 %
*
1.50
1.00
0.50 - I I I
*
sk
0.00 T
S A & ¢§ > ¥ ¥
=)

- : O D@ PO S A <&
¢ &f - R %o _&o o“'z (@ ¢ o’é &OY*OO&'O‘E/ ﬁé@&“-‘f &b’oq é”’, bo\' 0'3’0 '{ ngé&
© & & &F XS S X S i o
> P ~¢$&,er o % T P s* ‘é\% v Vﬁ’ &

BB %%

BH %%%
I, — %





media/file12.jpg





media/file9.png
96 hpt 120 hpt 132 hpf

]

Drug treatment Hepatotoxicity evaluation
0.050
0.045 £ *
_ 0.040 :
‘© 0.035
£ 0.030 * - *
g 0.025
S 0.020
2 0.015
= 0.010
0.005
0.000
> R O K O F F S PP ERRE PO :
Qéé)of Q)‘p &OB \§i\"6& Qs@%&"i;@‘\{% *}og'icé{io@\ & QIZ\O&O. t&vlo&&p\ée \of ﬂ\boq {\"’ \ f *2” %&‘
¥ &S K& 0 & T VF
R -‘&’
& <«

90
80

%k
*
70 s
60
50
30
2
10 I
0

*%¥

*%

*

I| ||||| |I||‘ ||I.‘|I||||||I|I| |I||I
& < :

o

Percentage (%)
o
(=)

Sad & x Q \o ¥ \9 O z
@@@’9 'b 0 "2” & & \. ‘} Y’ 6’ & \bo étb "’ >
O T K x&& & C@Q & *'\'%ooo og& ® <¢\°Q s \%& O\%;}@ 3 Sl 0&4&é®
<R o
& M Steatosis ® Yolk lipid accumulation <

EtOH 2% i APAP 2640uM






media/file5.png
1 *
150 x

0

96 hpf 100 hpf

-]

Drug treatment  Cardiotoxicity evaluation

] - T 3*
g - * *% ¥*x 4
* H "

*W*

*,

**

* N

*H¥
*H¥

*
-1

o Q*O’&‘b“' o‘Qfo\o\z Oo&
6&6 ‘4& &Qﬁ{éﬁ{{f@ é;g; Q\o‘Q i @ézﬁ " @b e &P ;ﬁ“b

160

EJF (%)

Longest arrest (s)

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

.
T

X Q‘»"g

Q»Q >
\%X . . &i&

W Ventricle ™ Atrium

=
kS

O

‘?}

T

G & & & : > ¥ \&
f&@x&p‘b R fobﬂof @jﬁ ﬁéy fff y§¢é§

) o
& &

S SR AL SIS,

f @of

S <&

#*
#*
#*

Ilii JIE iiiiiiii i

i
& ya&@g@ é.e. P .S

ff@'@ o-\f"' oqo Qf}& jffxboé

s & c»f”"zx" *’6‘} ‘&9 Aoz ;;%

<R

3 m Ventricle m Atrium &

O

*H¥
*¥¥

il





media/file3.png
A 96h Concentration-Mortality response: (+)-Epinephrine
HCI

Mg g

0
25715 -0.5 0.5 15 25 3.5

Logr (C)
===(£)-Epinephrine HCI ~==DEAB curve

E 96h Concentration-Mortality response: Digoxigenin

0
25715 -0.5 0.5 1.5 25 35

C)

Loge (
===Digoxigenin ===DEAB curve

I 96h Concentration-Mortality response: Flupirtine

125
100
s
2

fs

=

01
25715 -0.5 0.5 15 25 35

Logs (C)

===Flupirtine =—=DEAB curve

M 96h Concentration-Mortality response: L-Glutamine

-
»
o

TP

_,:-1.5 0.5 05 1.5 35
Logu (C)
=== L-Glutamine ~==DEAB curve
Q 96h Concentration-Mortality response: Riluzole

125
100

5
550
525

o +
2515 05 0.5 1.5 25 35

1 (C)

~Riluzole =—DEAB curve

B 96h Mortality response: Ciprofloxacin
125
=5
0
2515 0.5 05 15 25 35
Logt (C)
=== Ciprofloxacin ~==DEAB curve
F 96h Concentration-Mortality response: Docetaxel
125
100
?5
=50
&
=
0
2515 0.5 05 1.5 25 35
Log: (C)
==Docetaxel =—DEAB curve
J 96h Concentration-Mortality response: Fusidic Acid
125
100
s
&
0
2515 -0.5 0.5 15 25 35
Logw (C)
~==Fusidic Acid ~—DEAB curve
N 96h Concentration-Mortality response: Methyldopa
125
100
i;as
=50
S 5
u 1
2515 0.5 05 15 25 35
Logw (C)
~==Methyldopa ~—=DEAB curve
R 96h Concentration-Mortality response: Suramin
125
100
&s
£
0 1
25715 0.5 0.5 15 25 3.5
Logse (C)
“===Suramin ~—DEAB curve

C 96h Concentration-Mortality response: Cisapride

uEP s §

0
2515 0.5 0.5 15 35
Logw (C)
w==Cisapride =——DEAB curve
G 96h Concentration-Mortality response: Dofetilide
100
s
F)
5
0
25715 -05 05 1.5 25 35
Log. (C)
===Dofetilide ===DEAB curve
K 96h Concentration-Mortality response: Isoniazid
125
100
§75
=50
55
=
0
2515 0.5 0.5 15 25 35
Logw (C)
~==lsoniazid ===DEAB curve
O 96h Concentration-Mortality response: NaCl
125
100
1;—35
=50
gzs
0
2515 0.5 05 15 25 35
Logn (C)
===NaCl =—=DEAB curve
S 96h Concentration-Mortality response: Trifluoperazine
125 HCI
100
&s
2,
£ / ;
=
0
2515 -0.5 0.5 1.5 25 35

Log (C)
====Trifluoperazine HC| ===DEAB curve

D 96h Concentration-Mortality response: D-(+)-glucose

100
?5

£

=

0
_25-1.5 -0.5 0.5 15 25 35
Logmw (C)
w==D-(+)-glucose ~==DEAB curve

I I 96h Concentration-Mortality response: Finasteride

12!

100

s

%50

gzs

_25-1' 5 0.5 0.5 15 25 3.5

Logs (C)
~=Finasteride =——DEAB curve

L 96h Concentration-Mortality response: L-Cysteine

125
100
s
2
5
=
0
2515 0.5 05 15 25 35

Log
w=L-Cysteine ==—=DEAB curve

P 96h Concentration-Mortality response: Pindolol

125
100
5
=)
52
= 0
2515 -0.5 0.5 1.5 25 35
Logw (C)
===Pindolol ~—=DEAB curve
T 96h Concentration-Mortality response: Vincristine
125
100
5
50
£
0 .
_25-1.5 -0.5 0.5 1.5 25 35

Log (C)

===Vincristine =DEAB curve





media/file14.png





media/file4.jpg
{;// a4

B2z GG

[l

,,//;/M,,,WW,

|mmmﬂhmlmllih

"y" LSRG R LS






media/file0.jpg
e mmm ca0

Day 0 Day4 — LC30
A | NOEC

Mortality and

Drug treatment Teratogenicity analysis

Acute Toxicity
(5 Concentrations)

B Hepatotoxicity
(128 hpf)

Neurotoxicity
(120 hpf)

Cardiotoxicity
(100 hpf)

Egg collection Drug treatment atvas Exsion

ZeGlobalTox
(NOEC)






media/file2.jpg





