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ABSTRACT 

“What, Why, How and When” are the quintessential questions for any field 

of research. Keeping this spirit, the present article is an attempt to provide 

a short appraisal on the state of zebrafish safety methods and suggest 

directions for the future. Although, zebrafish models have attracted 

curiosity and research interest over last two decades, a snapshot on their 

counterparts for the non-clinical safety studies is long overdue. This article 

provides short descriptions of various methods and their stage of utility in 

drug safety evaluation. It aims to help toxicologists from academia and 

industry to the choose appropriate zebrafish methods to address issue of 

safety assessment when there is a need for a quick and cost-effective 

alternative. 

 

 
INTRODUCTION 

In last couple of decades Zebrafish have gained popularity in 

pharmaceutical research. These developments have followed from their 

use in research for environmental toxicity, developmental biology, genetic 

research, evolution biology and other disciplines of fundamental research 

[1-3]. In pharmaceutical research, they are being used widely for 

development of disease models to understand pathobiology, discover 

and/or validate new druggable targets, and, creation of screening assays 

for pharmacology and toxicology [1-3].  

 
Over the years, zebrafish toxicology screens have been developed for 

various toxicity endpoint encompassing almost all the aspects of non-

clinical safety assessment studies.  
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In this review, we will try to understand the various zebrafish counterparts 

for the safety assessment studies. There will be differences in protocols 

published by various research groups across the world, however, in this 

article, the general perspective on these assays has been presented. 

Table 1 provides a snapshot glance at zebrafish counterparts for routine 

safety assessment studies. 

Table 1: Routine safety studies and their zebrafish counterparts 

Category 
Routine Non-Clinical 
Safety Studies 

Zebrafish Counterparts 

Genotoxicity 

▪ Ames 
▪ Mouse Micronucleus 
▪ Chromosomal 

Aberration 

▪ Micronucleus 
▪ Chromosomal aberration 
▪ Comet assay 
▪ EGFPmut reverse mutation 

assay 

Carcinogenicity 
▪ 2-year rat study 
▪ 2-year mouse study 

▪ Tumorigenesis in long 
terms studies 

▪ Short term studies in p53 
heterozygotes 

CNS Safety 
Pharmacology 

▪ Irwin (modified) test 
▪ Functional observation 

battery in repeated 
dose toxicity 

▪ Behavioural analysis 
(group of assays) 

▪ Adult fish EEG 
▪ Developmental 

neurotoxicity assay 

Cardiovascular 
Safety 
Pharmacology 

▪ hERG 
▪ Dog/Primate telemetry 
▪ Purkinje fibre 

▪ Larval heart rate, AV block 
▪ Adult fish ECG 

Respiratory Safety 
Pharmacology 

▪ Plethysmograph ▪ Swim bladder assessment 

General Toxicity 

▪ Acute toxicity 
▪ Repeated dose toxicity 

(14 days to 6 months) 
▪ Vital organs 

assessment (in vitro, 
exploratory) 

▪ Acute fish toxicity 
▪ Vital organ studies by 

simple phenotype 
assessment for: 
– Neurotoxicity 
– Hepatotoxicity 
– Nephrotoxicity 
– Immunogenicity 

Reproductive 
Toxicity 

▪ Fertility 
▪ Teratogenicity 
▪ Pre- and post-natal 

development 

▪ Fertility 
▪ Male Vitellogenin 
▪ Teratogenicity & 

Developmental toxicity 
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Overall strengths and weaknesses of zebrafish from safety 

assessment perspective 

Strengths:  

Zebrafish are the organisms with over 70% conserved genome as 

compared to humans and organ systems and functions similar to humans. 

Over 80% disease causing genes in humans have zebrafish counterparts 

[4]. A single zebrafish female produces large number of viable and healthy 

eggs allowing large sample studies for statistical power. Embryo-larval 

stages of zebrafish are translucent allowing observation of several safety 

evaluation endpoints in an intact organism, including in live organism in 

real time. The translucency also allows to observe endpoints using simple 

staining, immunohistochemistry, in-situ techniques, etc. Zebrafish are 

convenient and cost effective to maintain, e.g., 50 fish can be maintained 

in a space equivalent to one mouse cage. For embryo-larval based 

studies, these can be arrayed in multi-well plates and observed under 

simple stereo-zoom microscope. Small size also allows to conduct toxicity 

assessments with low quantities of the candidate drugs.  

 

Weaknesses:  

The major limitation of zebrafish for human safety assessment is that it’s 

a fish, therefore have major physiological differences when compared to 

other mammalian animal models. These differences make it difficult to 

correlate data and establish predictivity. The predictive aspect for 

zebrafish, similar to any research model, is a tricky question, as none of 

the models predict clinical outcomes accurately. In fact, pivotal clinical 

trials also fall short of predicting outcomes of definitive clinical trials. 

 

The second important weakness is the duplication of some of the genes in 

zebrafish that increases complexity of functional impact of these genes, 

thus making interpretation difficult. However, the fact that the entire 

zebrafish genome is sequenced, such aspects can be now factored in 

safety evaluation. 

 

The third major drawback is lack of widely standardized protocols and their 

validation. Although, many major pharmaceutical companies and reputed 

academic laboratories use zebrafish models and there are over 40,000 

publications using them, regulatory agencies will still depend on 

standardization of study protocols and widespread validation of these 
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models. Therefore, good quality data generation and its analysis are key 

to establish the regulatory acceptance of any model for predictions on 

clinical outcomes.  

 

DESCRIPTION OF SOME IMPORTANT METHODOLOGIES 

Genotoxicity 

Comet assay, micronucleus test and chromosomal aberration test are 

standard clastogenicity and DNA damage tests that have been published 

in zebrafish [5]. The principles of these methods are similar to the 

conventional methods used in-vitro or in rodent models. While these tests 

offer the general advantages of zebrafish, the classical models, along with 

in-silico approaches, have the benefit of extensive data and validation 

performed over several decades and are known to have substantial 

predictive value. Zebrafish standard battery assays may be useful in very 

early stages of a discovery program where potentially pro-genotoxic 

agents will require in-vivo assessment with very low compound available 

in a quick turnaround time.  

 

One promising approach for genotoxicity assessment using zebrafish is 

the reverse mutation assays proposed in a European Patent titled “Method 

for determining genotoxicity using non-fluorescent proteins” [6]. This assay 

is based on the principle of reverse mutagenesis wherein transgenic 

zebrafish lines are created that express a non-fluorescent variation of a 

protein, e.g. EGFP (enhanced green fluorescent protein) variant 

(EGFPmut), and exposure of zebrafish larvae (between 24 – 96 hours post 

fertilization) to genotoxic test substances results in a reverse mutation to 

green fluoresce that could be observed and analysed using simple 

microscopic and image analysis techniques [6]. This method needs 

specific attention as it provides the in-vivo environment and possibilities of 

DNA repair (either from the organism or external introduction of human 

enzymes). Organ specific target proteins that might be susceptible to 

certain mutagenic candidate drugs could be developed using similar 

approach and relevant proteins. This assay promises to be an important 

addition/alternative to pharmaceutical risk assessment for genotoxicity.  

 

Carcinogenicity 

ICH S1 Expert Working Group (S1 EWG) started discussion on changes 

to the ICH S1 guidelines for assessment of carcinogenicity using the 2 
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rodent species, 2-year assay [7]. The major considerations of the S1 EWG 

is to study and suggest ways to predict the outcome of a 2-year rat 

carcinogenicity assay based on knowledge of toxicological pathways and 

other classical toxicology study data. Other considerations include the 

possibility of using only one species i.e. rat and waive of requirement for 

second species, use of transgenic mouse models such as rasH2 or p53 

heterozygote mice with a 6-9 months study and using other weight of 

evidence (WOE) approaches [7]. This discussion and effort on part of ICH 

suggests that regulators are very keen on reducing the time of the 

carcinogenic risk assessment. The EWG is evaluating 50 representative 

compounds as part of their assessment to propose changes to the S1 

guidelines. 

 

Zebrafish carcinogenicity studies in wild type and p53 heterozygotes have 

been reported in substantial numbers now. These suggests that 3-6 

months evaluation in zebrafish models could be used to predict the 

carcinogenic potential of candidate drugs [8-10]. Furthermore, several 

biomarker studies can be conducted for mechanistic evaluation with large 

sample size. Although the protocols for zebrafish carcinogenicity assays 

need standardization and validation, the potential benefits of developing 

these assays are substantial. Especially a zebrafish carcinogenicity assay 

in p53 heterozygotes will not just have cost and time implications but an 

exploratory study, with very low quantities of test compound, in early 

stages of drug development can avoid late stage attrition of candidate 

drugs, which has far more value. 

 

CNS Safety Pharmacology and Neurotoxicity 

Neurobehavior is an important aspect of safety assessment that must be 

studied in whole organisms; as in-vitro or 3D organoids are less likely to 

depict any of these phenotypes. The major CNS safety pharmacology 

effects that have been studied well in zebrafish are locomotor activity, 

sedation/excitation, anxiogenic/anxiolytic behaviour, startle response, 

convulsions and EEG measurements [11, 12]. The major advantages of 

these endpoints are that almost all of them can be performed in both larval 

(high throughput) and adult zebrafish, are non-invasive and there are 

automated systems available with defined quantitative parameters. 

Several publications have reported good correlation between zebrafish 
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models and human behavioural end points. A set of 5-6 endpoints 

(locomotion, sedation/excitation, anxiety, startle response, convulsions 

and shoaling) in zebrafish could act as surrogate for the modified Irwin test 

in rodents.  

 

In terms of general neurotoxicity, the National Centre of Toxicology 

Research (NCTR) of the US FDA have been routinely publishing papers 

on zebrafish developmental neurotoxicity including standard protocol for 

the same [13, 14].  

 

Neurobehavioral effects and neurotoxicity can have go/no-go impact in a 

drug discovery program and thus early assessment of these risks is 

valuable. Several major pharmaceutical companies are known to use 

zebrafish for such screens either in-house or at CROs/academia 

suggesting that zebrafish models for neurotoxicity have higher acceptance 

in the industry for early screening [15].  

 

Cardiac Safety Pharmacology 

Cardiac safety pharmacology, especially for prediction of potential to 

cause QT-prolongation is a major aspect of safety assessment for 

pharmaceuticals. A “thorough QT study” in non-rodent (commonly dog 

telemetry study) is conducted for this aspect of risk assessment. The major 

focus in this area has shifted to developing in-silico predictions for hERG 

inhibition and by implication QT liability. Availability of a good in-vitro 

method like the hERG channel assay have subdued the interest in simpler 

zebrafish assays on heart rate and AV block. However, the in-vitro hERG 

channel assay along with adult zebrafish ECG could provide a substantial 

advantage for early prediction of pre-clinical and clinical QT risk [16-18].  

 

Furthermore, zebrafish ECG study can be used as an in-vivo system for 

drug effects on specific sub-populations of congenital long QT syndrome 

(LQTS). There is increasing understanding that three major LQTS genes 

KCNQ1, KCNH2, and SCN5A have been associated with this condition 

and such individuals are at higher risk of drug induced QT prolongation 

[19,20]. Furthermore, several single nucleotide polymorphisms (SNPs) are 

responsible for making certain set of individuals more susceptible to such 

drug induced effects [20]. Zebrafish models using genetic manipulations 
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of LQTS genes have been now reported and they suggest high 

conservation for major pathways [21-24].  

 

QT-prolongation liability is a fatal risk at pharmacodynamic doses and 

hence requires to be assessed in order to ensure that none of the known 

suspectable populations is at a drug induced risk. Adult zebrafish ECG 

model, with and without genetically modified strains, offer to be valuable 

model system to address this aspect of cardiac safety assessment. 

 

Respiratory Safety Pharmacology and Toxicity 

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) 

are assessed in classical toxicity studies in rodents and also in respiratory 

safety pharmacology. The zebrafish swim bladder is becoming very 

appealing organ system with structural and functional similarities with 

mammalian lungs [25]. Fluorescence fish lines or other florescence and 

imaging techniques can be used to assess ALI or ARDS in transparent 

zebrafish larvae in real time. There are recent reports of modelling chronic 

obstructive pulmonary disease (COPD) and other inflammatory conditions 

in zebrafish swim bladder [25-27]. More reports of standardization and 

validation of studies in swim bladder would help develop protocols for 

respiratory safety evaluation. 

 

Hepatotoxicity 

Drug induced liver injury (DILI) in zebrafish can be assessed using 

histopathology and biomarkers of liver injury in both adults and larvae. The 

most promising quick, simple and early detection assay for is use of simple 

morphological endpoints in 3 – 7 days old larvae wherein liver size, liver 

optical density and yolk absorption are considered good markers of 

hepatotoxic effect of a candidate drug [28]. Yolk absorption especially is a 

good indicator of liver function as it is a sole source of nutrition for larvae 

till day 7 of birth. A set of these endpoints were studied by Janssen and 

Pfizer in collaboration with Evotec for 50 selected compounds and the 

sensitivity, specificity and predictivity was claimed to be over 80% when 

correlated to classical 28-day toxicity in rats [28]. Further analysis and 

publications in last few years have suggested that zebrafish being a whole 

animal model can be used to understand mechanisms using follow-up 

experiments and thus aid in better risk assessment.   
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Nephrotoxicity 

There are two good methods to evaluate renal safety of candidate drugs 

in zebrafish. One is a simple renal function assessment using rhodamine-

dextran dye [29]. The principle is simple, a normally functioning zebrafish 

renal system will clear the dye at a certain rate; however, in case of renal 

injury this rate of clearance will be reduced significantly (in exceptional 

cases it might be increased). This assay can be performed in 5 – 7 days 

old larvae and end point can be observed under fluorescence filters of 

simple microscope.  

 

Another recently published assay is a high throughput imaging system 

wherein detailed morphological measurements of glomerular and tubular 

structures in larval zebrafish kidneys has been shown. The authors of this 

publication have screened 1,280 known drugs at single concentration. 

While the authors have not performed in calculations on sensitivity, 

specificity and predictivity, they have demonstrated a large correlation 

between mammalian nephrotoxic classes and zebrafish [30].  

 

Immunogenicity 

Zebrafish immunobiology has been an area of increasing curiosity in 

recent years. The innate and adaptive immune systems in zebrafish are 

highly conserved with organ systems having species differences [31, 32].  

Several publications show the utility of zebrafish in developing models for 

infection, immune oncology, auto-immune conditions and vaccine 

research [33]. Although specific drug-based studies on immunogenicity 

are infrequent, there is a possibility of assessing immunological end points 

in a detailed developmental toxicity study.   

 

General Toxicity 

Repeated dose general toxicity study in zebrafish is very rarely reported. 

While several vital organ toxicity methods have been popular (discussed 

in subsequent sections), this is a major missing piece in utilizing zebrafish 

for drug toxicity screening. However, a detailed and well conducted 

developmental toxicity study in embryo-larval stages with sufficient 

morphological details could be quite predictive of general toxicity 

endpoints. The anxiety amongst toxicologists would be the high sensitivity 

of developing embryos as compared to developed adults. Suitable factors 
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of extrapolation, after generating large amount of data, can be developed 

to address this issue.   

 

Fertility Assays 

Routine fertility assays by pre-treatment of chemical agents in evaluation 

for endpoints of fertility, fecundity, sex organs histopathology and 

morphology of gametes have been well reported [34]. However, the most 

significant assay that has become very popular is the male zebrafish 

vitellogenin assay to determine endocrine disruption and estrogenic effect 

on male fertility. This particular method has been adopted as OECD 

guideline 234 [35]. 

 

Teratogenicity and Developmental Toxicity 

Teratogenicity and developmental toxicity assessment are one of the most 

well researched method in zebrafish research. Zebrafish developmental 

toxicity assay (ZEDTA) has been a collaborative effort by major 

biopharmaceutical companies like AstraZeneca, Bristol-Mayers Squibb, 

Pfizer, Amgen, and others in different projects. Various publications from 

these efforts suggest a predictive potential of over 80% for zebrafish 

teratogenicity and developmental toxicity potential [36, 37]. A novel 

automated morphological assessment methodology has also been 

recently published [38]. The OECD guideline TG 236 is a good simple 

protocol of potential effects of a candidate drug on embryo-foetal 

development [39]. However, a detailed morphological scoring system 

proposed by Panzica-Kelly et al. is the most detailed and descriptive 

methodology that could be useful for predicting toxicities in several vital 

organs using phenotypic end points [40]. 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

Zebrafish models for pharmaceutical safety assessment can complement 

the present safety assessment landscape. The field has been evolving and 

several innovative methods are developing routinely. A well conducted 

detailed evaluation of phenotypes in a developmental toxicity study can 

actually predict several vital organ toxicities. Over several years it has 

been observed that zebrafish larval studies for several endpoints have 

good predictivity even for adults. Similarly, adult models have major 

advantages, especially from perspective of drug administration and 

important safety pharmacology end points (ECG, EEG, behaviour, etc.), 
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and as more of these are developed and understood, the utility of zebrafish 

will further improve. 

 

A few areas of importance that need specific focus are as follows:  

 

Drug exposure data:  

A major lacuna in present research has been paucity on data on 

pharmacokinetics and internal drug concentrations in zebrafish toxicity 

studies. Protocols and methods for such assessments are being published 

now and as more data is available there will be better correlation between 

zebrafish data and classical toxicology data [41-44].  

 

Consortium approach for standardization and validation:  

While individual laboratories and companies develop their own protocols 

and validate them for specific use, there is a need for coordinated efforts 

to identify and carry out large scale validation of these methods. 

Furthermore, the research has reached a stage where industry, regulators 

and academicians need to engage more to understand and work on 

sensitivity, specificity and predictivity of different models for human safety 

assessment. The consortium for zebrafish developmental toxicity assay is 

a perfect example on the way forward for standardization and validation of 

zebrafish methods for drug safety evaluation. 

 

Utilization in personalised medicine:  

Zebrafish ‘avatars’ or ‘human equivalents’ have attracted major attention 

in personalised medicine in recent years. Zebrafish telomer biology closely 

resembles humans, even better than rodents, this along with the data on 

conservation of cancer associated genes have made ‘zebrafish cancer 

avatars’ very popular in precision medicine for cancer [45, 46]. A 

prospective co-clinical trial (ClinicalTrials.gov Identifier: NCT03668418) is 

being conducted, wherein chemotherapy administered to cancer patients 

will be concurrently administered to zebrafish embryos xeno-transplanted 

with cancer cells of the specific patients (patient derived xenografts (PDX)) 

in order to demonstrate the ability to predict the therapeutic regimen and 

efficacy [47]. Many such studies and their correlation with human data are 

planned or underway. 

 

Similarly, personalized medicine methods are also being utilized to treat 

rare diseases. Fenfluramine became the first drug based on zebrafish 
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screens approved by US FDA for the treatment of Dravet Syndrome, a 

rare debilitating epileptic disease [48, 49]. There are presently 10 rare 

diseases where drugs developed based on zebrafish screens are being 

investigated clinically [50]. Several of these rare diseases occur in specific 

sub population of a certain condition that cannot be treated by routine 

therapies and this is due to genetic reasons attributable to these sub 

populations. The ease of modelling rare genetic diseases in zebrafish 

makes it useful to create screening models for repurposing drugs or 

optimizing therapeutic regimens of symptomatic drugs for precision 

medicine to such sub-populations. 

 

As personalised precision medicine approaches increase for therapeutic 

purposes, there will be requirement for personalised safety assessment as 

well. Furthermore, this assessment will have to be quicker, robust and an 

addition to the routine safety evaluation. Zebrafish models have the 

potential to fulfil this requirement. 
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QUESTIONS 
1. What are the benefits of using Zebrafish over traditional Toxicity methods?  
2. What are the major developments in Preclinical/Non-Clinical Safety Studies? 
3. What are the strengths/ weakness of using various Zebra fish studies for 

genotoxicity? 
4. Write a brief note on various well established and accepted Zebrafish 

Preclinical/Non-Clinical Safety Studies. 
 

---------End of the Document--------- 
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