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Abstract
Since teratogenicity testing in mammals is a particular challenge from an animal welfare perspective, there is a great need 
for the development of alternative test systems. In this context, the zebrafish (Danio rerio) embryo has received increasing 
attention as a non-protected embryonic vertebrate in vivo model. The predictive power of zebrafish embryos for general 
vertebrate teratogenicity strongly depends on the correlation between fish and mammals with respect to both overall general 
toxicity and more specific endpoints indicative of certain modes-of-action. The present study was designed to analyze the 
correlation between (1) effects of valproic acid and nine of its analogues in zebrafish embryos and (2) their known neu-
rodevelopmental effects in mice. To this end, zebrafish embryos exposed for 120 h in an extended version of the acute fish 
embryo toxicity test (FET; OECD TG 236) were analyzed with respect to an extended list of sublethal endpoints. Particular 
care was given to endpoints putatively related to neurodevelopmental toxicity, namely jitter/tremor, deformation of sensory 
organs (eyes) and craniofacial deformation, which might correlate to neural tube defects caused by valproic acid in mammals. 
A standard evaluation of lethal (LC according to OECD TG 236) and sublethal toxicity (EC) merely indicated that four out 
of ten compounds tested in zebrafish correlate with positive results in mouse in vivo studies. A detailed assessment of more 
specific effects, however, namely, jitter/tremor, small eyes and craniofacial deformation, resulted in a correspondence of 75% 
with in vivo mouse data. A refinement of endpoint analysis from an integration of all observations into one LCx or ECx data 
(as foreseen by current ecotoxicology-driven OECD guidelines) to a differential evaluation of endpoints specific of selected 
modes-of-action thus increases significantly the predictive power of the zebrafish embryo model for mammalian teratogenic-
ity. However, for some of the endpoints observed, e.g., scoliosis, lordosis, pectoral fin deformation and lack of movement, 
further experiments are required for the identification of underlying modes-of-action and an unambiguous interpretation of 
their predictive power for mammalian toxicity.
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Introduction

Given an ever-growing number and amount of industrial 
chemicals, pesticides, biocides, drugs and cosmetics, a 
comprehensive and highly integrated regulatory system for 
hazard and risk assessment of chemical substances has been 
installed worldwide to protect the health of humans and the 
environment (OECD 2014; Scholz et al. 2013). This has led 
to a considerable increase in the numbers of animals used 
for toxicity testing, and in 2017 alone, more than 2,180,000 
animals (172,000 fish) were used for regulatory toxico-
logical and other safety assessments in the EU (European-
Commission 2020), which does not even include tests con-
ducted outside of Europe for purposes of meeting European 
chemical legislation. These numbers account for 14% of all 
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animals used for research and testing in the EU in 2017. 
This has given rise to significant ethical concern not only in 
the scientific community, but in the entire society, and—at 
least in the EU—modern legislations for chemical control 
such as REACH (Registration, Evaluation, Authorization 
and Restriction of Chemicals) (EU 2006) in conjunction 
with the current EU Animal Welfare Regulation (EU 2010) 
provide a clear mandate to develop and implement alterna-
tive methods to account for the 3Rs principle by Russell and 
Burch (1959). Since especially the assessment of reproduc-
tive, developmental and ecotoxicity testing is still associated 
with moderate (if not severe) suffering of the experimental 
animals (European Commission, 2020), there is an urgent 
need for the development of alternative methods in toxicity 
and ecotoxicity testing.

Within the EU-funded consortium EU-ToxRisk, a large 
integrated European in vitro “flagship” toxicology project 
exploring new alternative-to-animal approaches to chemi-
cal safety evaluation (Daneshian et al. 2016; Escher et al. 
2019; Leist et al. 2017), one project addresses alternatives to 
mammalian teratogenicity testing, which, especially from an 
animal welfare point of view, represents a major challenge. 
One alternative approach to mammalian testing is based on 
the use of early developmental stages of lower vertebrates 
(fish), which are not regarded protected according to cur-
rent EU animal welfare legislation (EU 2010; Strähle et al. 
2012). Over the last two decades, the zebrafish (Danio rerio) 
embryo has developed into one of the most promising mod-
els not only in ecotoxicity testing, but also in mammalian 
toxicology (Ali et al. 2011b; Bambino and Chu 2017; Bran-
nen et al. 2010; Braunbeck 2009; de Esch et al. 2012; Dries-
sen et al. 2013; Fernandes et al. 2017; Guo et al. 2015; Kari 
et al. 2007; Nishimura et al. 2015; Scholz 2013; Sipes et al. 
2011; Sukardi et al. 2011; Ton et al. 2006; Weigt et al. 2011). 
As a small cyprinid, zebrafish is not only inexpensive, easy 
to maintain and to breed in large numbers, but also provides 
fully transparent embryos, which allow continuous access 
to developmental disorders in a non-protected model system 
outside the (mammalian) mother (Braunbeck et al. 2015).

Most importantly, in screening tests, the zebrafish data 
also showed concordance of at least 80% to mammalian 
developmental toxicity (Bachmann 2002; Brannen et al. 
2010; Nagel 2002) or rodent models and even humans 
(MacRae and Peterson 2015). Approximately 84% of genes 
known to be associated with human diseases and a large 
number of drug metabolism pathways are shared by human 
and zebrafish or have a zebrafish counterpart (Howe et al. 
2013; MacRae and Peterson 2015; Uechi and Kenmochi 
2019), and about 70% of human genes have at least one obvi-
ous zebrafish orthologue (Howe et al. 2013). Furthermore, 
the types of effects observed in zebrafish could frequently be 
correlated with those found in mammals, which indicates the 
utility and efficiency of the zebrafish embryo model for the 

detection of at least strong mammalian toxicants (Ball et al. 
2014; Brannen et al. 2010; Iida et al. 2019; Kim et al. 2011).

In the present experiment, zebrafish embryos were 
screened for the teratogenic potential of valproic acid 
(VPA), an antiepileptic drug, and several chemically related 
substances (analogues), which were suspected to produce 
hazardous effects in humans similar to those by VPA (Her-
rmann 1993). In fact, previous comparisons of effects by 
anticonvulsants in zebrafish with mammalian in vivo data 
and human clinical data showed a promising correlation of 
up to 88% (Berghmans et al. 2007; Lee et al. 2013; Nagel 
2002). However, only Nau and Löscher (1986) attempted 
to discriminate between VPA and several of its analogues 
by testing them also in mice. The same approach was taken 
in zebrafish embryos by Herrmann (1993), who, however, 
restricted himself to an assessment of summary toxicity of 
the antiepileptics, but ignored any more specific effects such 
as neural tube defects, which are among the most common 
and most severe disorders of fetuses and neonates in mam-
malian species after exposure to VPA (Duru and Ceylan 
2019; Hill et al. 2010; Nau 1986; Nau et al. 1991).

For this reason, the focus of the present study was laid on 
a comparison of indicators of general toxicity by VPA and 
nine of its analogues (Table 1) in zebrafish embryos with an 
analysis of more specific endpoints that were selected for 
their potential correspondence with changes associated with 
symptoms of neural tube defects in mammals. For the selec-
tion of specific endpoints, fundamental differences in neuru-
lation between zebrafish and mammals had to be considered: 
The development of the neural tube can be categorized into 
primary and secondary neurulation. During primary neuru-
lation, the cells surrounding the neural plate direct the neu-
ral plate cells to proliferate, invaginate, and pinch off from 
the surface to form a hollow tube (Gilbert 2000; Yuskaitis 
and Pomeroy 2017). In contrast, in secondary neurulation, 
a solid cord of cells along the dorsal axis of the embryo 
sinks down and subsequently cavitates to form a hollow tube 
(Gilbert 2000; Yuskaitis and Pomeroy 2017). Since second-
ary neurulation is based on the migration of individual cells 
(Ahsan et al. 2019; Araya et al. 2016; Hiscock et al. 2018) 
and not on folding of complete epithelia, such processes can-
not be visualized by simple morphological techniques, i.e., 
without specific tagging of individual cells.

In humans, both neurulation processes play a role. More 
specifically, the process of neurulation can be subdivided 
into two distinct phases: (a) primary neurulation during 
weeks 3 and 4 of gestation leading to the development of 
the brain and spinal cord, and (b) secondary neurulation 
occurring in weeks 5 and 6, with formation of the lower 
sacral and coccygeal cord (Gilbert 2000; Greene and Copp 
2014; Mitchell et al. 2004; Yuskaitis and Pomeroy 2017). 
In humans, secondary neurulation only starts when primary 
neurulation has been completed and the posterior neuropore 
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Table 1   Chemical identity and 
test concentrations of valproic 
acid and its analogues tested in 
the Fish Embryo Acute Toxicity 
test with zebrafish (Danio rerio)

Compound Chemical
structure

CAS Mol. 
weight (g/
mol)

KOW Nominal con-
centration

µM mg/L

2,2-Dimethylvaleric acid 1185-39-3 130.19 2.43 267
321
385
462
555
666
800

35
42
50
60
72
87
104

2-Ethylbutyric acid 88-09-5 116.16 1.68 100
200
400
800
1000

12
23
46
93
116

2-Ethylhexanoic acid 149-57-5 144.21 2.64 6.25
12.5
25
50
100
200
400

1
2
4
7
14
29
58

Hexanoic acid 142-62-1 116.16 1.92 512
563
619
681
750
900

60
65
71
79
87
105

2-Methylhexanoic acid 4536-23-6 130.19 2.47 125
250
500
1000

16
33
65
130

2-Methylpentanoic acid 97-61-0 116.16 1.80 177.7
266.6
400
600
900
1350

21
31
46
70
105
157

2-n-Propylheptanoic acid 31080-39-4 172.27 3.20 12.5
25
50
100

2
4
9
17

4-Pentenoic acid 591800 100.12 1.42 414
538
700
910
1183
1538
2000

41
54
70
91
118
154
200

4-ene Valproic acid 1,575,720 142.20 2.82 79.01
118.5
177.7
266.6
400
600
800

11
17
25
38
57
85
114
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has been closed, with the latter also being the prime region 
of interest for spinal cord malformations such as spina bifida 
(Copp et al. 2015; Northrup and Volcik 2000; Yuskaitis and 
Pomeroy 2017). In fish, neurulation is exclusively secondary 
(Gilbert 2000; Yuskaitis and Pomeroy 2017), which is also 
of ecological relevance, since an open neural tube would be 
absolutely lethal in the non-sterile environment of aquatic 
ecosystems. Given these fundamental differences in neurula-
tion processes between mammals and fish, specific effects 
putatively related or surrogate to neural tube defects were 
selected as endpoints, namely jitter/tremor as behavioral 
changes resulting from neurotoxicity, as well as deforma-
tion of the eye as a major sensory organ and craniofacial 
deformation as an indicator of changes potentially associated 
with malformation of the brain.

An in-depth literature search revealed that in vivo devel-
opmental data for VPA and its structural analogues are avail-
able for various mammalian models, whereas for zebrafish 
only VPA data could be localized. To fill this gap with 
experimental data, extended fish embryo acute toxicity tests 
(FETs) based on OECD TG 236 (OECD 2013) were con-
ducted and analyzed following three different approaches: 
(1) In accordance with OECD TG 236, a standard analysis 
of toxicity was carried out using the 4 core endpoints listed 

in the guideline (coagulation, lack of somite formation, lack 
of heartbeat, lack of tail detachment) to form one summariz-
ing toxicity value of 50% lethality (LC50). (2) In a second 
approach, the 4 core endpoints of acute lethality were com-
plemented by any other observation indicative of both lethal 
and sublethal changes (Table 2) to calculate no (NOECs) 
and lowest observed effect concentrations (LOECs) as well 
as 10% levels for lethality (LC10) and any observed effect 
(EC10). (3) In a third approach, each observation for VPA 
and its nine analogues was analyzed separately with respect 
to NOEC, LOEC, EC10 and EC50 data as well concentration-
effect relationships. The latter multi-endpoint approach was 
expected to result in higher sensitivity and better predictiv-
ity of the zebrafish embryo toxicity test for developmental 
(neuro)toxicity screening (Beker van Woudenberg et al. 
2014). By selection of such analyses of increasing specific-
ity, the study was designed to answer the following ques-
tions: (1) Which of the selected VPA analogues would also 
be teratogenic in the zebrafish embryo? Would the zebrafish 
embryo be able to predict in vivo-negative or in vivo-posi-
tive results in mice? (2) Would an isolated analysis of spe-
cific endpoints improve the predicative power of testing in 
zebrafish embryos relative to a simple evaluation based on 
a summary combination of all effects?

Table 1   (continued) Compound Chemical
structure

CAS Mol. 
weight (g/
mol)

KOW Nominal con-
centration

µM mg/L

Valproic acid (VPA) 99,661 144.21 2.75 6.25
12.5
25
50
100
200
400
800

1
2
4
7
14
29
58
115

Table 2   List of endpoints 
recorded in the 120 h Fish 
Embryo Acute Toxicity (FET) 
tests with zebrafish (Danio 
rerio) embryos

The lethal endpoints are defined by OECD TG 236 (OECD 2013). The sublethal endpoints specifically 
analyzed for their relationship to neurotoxicity are given in bold letters

Core endpoints of acute lethality
(OECD TG 236; OECD 2013)

Sublethal endpoints
(“any other observation”)

Coagulation
Lack of somite formation
Lack of tail detachment
Lack of heartbeat

Jitter/tremor
Eye deformation (small eyes)
Craniofacial deformation
Developmental retardation
Spontaneous movement
Lack of pigmentation
Reduced yolk resorption
Reduced heartbeat
Blood congestion
Formation of edemata (pericardium, yolk)
Scoliosis/lordosis
Lack of hatch
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Materials and methods

Chemicals

With the exception of 4-ene valproic acid (Santa Cruz 
Biotechnologies, Dallas, Texas, USA), all test chemicals 
(Table 1) were purchased at the highest purity available 
(> 98%) from Sigma-Aldrich (Deisenhofen, Germany). 
The same holds true for all other substances, unless stated 
otherwise. Test solutions were freshly prepared in dilu-
tion water according to annex 2 of OECD TG 203 (OECD 
1992) prior to each experiment, and the pH of the dilution 
water was adjusted using hydrogen chloride and sodium 
hydroxide before the addition of the test substances. Addi-
tion of the test compounds usually resulted in a decline of 
pH. However, since OECD TG 236 allows for a pH range 
between 6.5 and 8.5, no further correction of pH was made 
for the purpose of the present manuscript.

The final concentration ranges of the test compounds 
are listed in Table 1. Technically, only 2-n-propylhepta-
noic acid required the use of dimethylsulfoxide (DMSO; 
Grüssing, Filsum, Germany) as a solvent; however, for rea-
sons of comparability, all test compounds were dissolved 
in 100% DMSO and then diluted with dilution water to a 
final concentration of 0.1% DMSO. Test solutions were 
replaced after 24, 48, 72, 96 h of exposure. For validation 
of the real test concentrations, media samples were ana-
lyzed by liquid chromatography and mass spectrometry. 
Since analyses confirmed most real media concentrations 
within a range of 30%, test concentrations are reported as 
nominal concentrations.

Fish maintenance

Adult zebrafish (Danio rerio) of the wild-type strain 
‘Westaquarium’ were obtained from in-house breed-
ing facilities of the Aquatic Ecology and Toxicology 
Group at the Center for Organismal Studies (University 
of Heidelberg; licensed under no. 35-9185.64/BH). Fish 
maintenance as well as breeding and spawning condi-
tions were described in detail by Lammer et al. (2009). 
In brief, a breeding stock of zebrafish aged between 6 and 
24 months was used for egg production. Spawners were 
free from externally visible diseases and had not been 
treated with any pharmaceutical (acute or prophylactic) 
for 6 months before spawning. Females and males were 
kept together in glass aquaria providing sufficient space 
for swimming (i.e., ≥ 1 L per fish). Standardized dilution 
water as specified in ISO 7346–1 and 7346–2 (ISO 1996; 
294.0 mg/L CaCl2 × 2 H2O; 123.3 mg/L MgSO4 ּ × 7 H2O; 
63.0 mg/L NaHCO3; 5.5 mg/L KCl) or suitable drinking 

water with ≥ 60% oxygen saturation was used for keeping 
and breeding. Temperature was maintained at 26 ± 1 °C, 
and fish were kept under a constant artificial dark/light 
cycle of 10/14 h. Constant filtering or permanent flow-
through conditions guarantee that ammonia, nitrite, and 
nitrate were kept below detection limits (0–5, 0.025–1 and 
0–140 mg/L, respectively). Fish were fed a commercially 
available artificial diet (TetraMin™ flakes; Tetra, Melle, 
Germany) twice daily, occasionally supplemented with 
Artemia (Sanders Premium Great Salt Lake; Ogden, Utah, 
USA) nauplii or Paramecium protozoans of appropriate 
size obtained from an uncontaminated source. Overfeed-
ing was strictly avoided to ensure optimal water quality; 
remaining food and feces were removed daily.

Exposure of zebrafish embryos

For the Fish Embryo Acute Toxicity (FET) test, egg produc-
tion was performed according to OECD TG 236 (OECD 
2013) with the exception that the duration of the experiments 
was extended to 120 h, which, however, is still within the 
developmental phase defined as non-protected (EU 2010) 
according to Strähle et al. (2012). In brief, freshly fertilized 
eggs (< 1 h post-fertilization (hpf)) were seeded into 25 ml 
crystallizing dishes filled with the respective test solution. 
After fertilization success had been controlled, eggs were 
individually transferred into 24-well plates (TPP, Trasadin-
gen, Switzerland) with 1 ml of test solution per embryo. All 
test vessels had been pre-incubated with the test solutions 
for at least 24 h. Subsequently, well plates were sealed with 
self-adhesive foil (SealPlate®, Dunn, Asbach, Germany) to 
prevent evaporation and cross-contamination and placed in 
a HettCube 600R incubator (Hettich, Tuttlingen, Germany) 
at 26 ± 1 °C under a 10/14 h dark/light regime. The test 
medium was renewed each day (semi-static exposure), and 
lethal and sublethal effects in the embryos were documented 
at 24, 48, 72, 96 and 120 hpf according to OECD TG 236 
(OECD 2013) and Nagel (2002), respectively. FETs with 
a minimum mortality rate of 30% in the positive control 
(4 mg/L 3,4-dichloroaniline) and a maximum effect rate of 
10% in the negative control (dilution water) at 120 hpf were 
classified as valid. All tests were run in triplicates.

Data analysis and scoring of morphological effects

For documentation of morphological alterations, images 
were recorded on an Olympus CKX41 inverted micro-
scope (Olympus, Hamburg, Germany) and captured using 
the Olympus C5040 AUD camera (Olympus, Hamburg, 
Germany).

Lethal (LC) and effect (EC) concentrations were cal-
culated with ToxRat® (vers. 2.10.03; ToxRat Solutions, 
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Alsdorf, Germany), with both lethal and sublethal effects 
included for the calculation of EC values.

Design of graphs and statistical analyses were performed 
using SigmaPlot® 13.0 (Jandel-Systat, Erkrath, Germany). 
Data analysis was accomplished following two separate 
strategies:

(1)	 In the standard FET approach, all observations made 
for a certain time-point and a given exposure concen-
tration were taken together as a cumulative data point. 
In case of the four lethal core endpoints of OECD TG 
236 (coagulation, lack of somite formation, lack of 
tail detachment, lack of heartbeat (blood circulation; 
Table 2), the cumulative effect was termed “lethal con-
centration” (LC). In case of all observations, i.e. the 
lethal four core endpoints plus any other (sublethal) 
observation, the cumulative effect was termed “effect 
concertation” (EC).

	   Out of the sublethal endpoints, three parameters were 
specifically analyzed due to their potential relationship 
to neurotoxicity: jitter/tremor (indicative of modified 
nerve transmission), eye deformation (small eyes as 
indicator of malformation of sensory organs) and crani-
ofacial deformation (as a morphological orthologue 
to neural tube defects in mice (https​://aopwi​ki.org/
aops/275) based on inhibition of histone deacetylase 
(HDAC) (https​://aopwi​ki.org/aops/274) (Gurvich et al. 
2005; Kong et al. 2014; Massa et al. 2005; McGee-
Lawrence and Westendorf 2011; Menegola et al. 2005; 
Murko et al. 2013; Pillai et al. 2004; Rao and LaBonne 
2018)).

(2)	 In a more detailed approach, using the same software, 
separate graphs were generated for all effects observed, 
namely pericardial edemata, yolk edemata, yolk discol-
oration, yolk sac absorption reduced, yolk sac deforma-
tion, reduced heartbeat, lack of heartbeat, blood con-
gestion, scoliosis/lordosis, chorda deformation, loss 
of somite differentiation, craniofacial deformation, 
small eyes, eye under-pigmentation, head deforma-
tion, reduced otic vesicles, lack of otoliths, enlarged 
otic vesicles, brain discoloration, body under-pigmen-
tation, jitter/tremor, pectoral fins deformed, lack of 
movement, lying in a lateral position, lack of hatch. For 
this purpose, the numbers (x out of 20–40) of embryos 
exhibiting specific effects were scored, and the result-
ing concentration-effect graphs were used to compute 
EC10 values (defined as the concentration, where a 10% 
increase of incidence of a monitored effect over con-
trols could be recorded). EC10 values for specific end-
points of all compounds were then used for ranking the 
compounds with respect to their potency to induce the 
specific effect in question. As for the standard approach, 
out of all lethal and sublethal effects, three effects were 

selected for comparison with known in vivo potencies 
of mice expressing exencephaly: jitter/tremor, small 
eyes and craniofacial deformation.

Results

General toxicity in the standard fish embryo test

In the standard FET, results are given as one single value 
such as an LC50 or an EC50 for acutely lethal or sublethal 
effects, respectively—as holds true for any conventional 
short-term test in ecotoxicology. Especially, when it comes 
to more specific modes of action, however, EC10 values have 
received increasing interest in an attempt to exclude inter-
ference with systemic toxicity. An alignment of the ten test 
substances according to their EC10 values (Fig. 1) revealed 
2-n-propylheptanoic acid, valproic acid, 2-ethylhexanoic 
acid and 4-ene valproic acid as the most toxic compounds 
for fish embryos (Fig. 1, Table 3):

2-n-propylheptanoic acid > valproic acid > 2-ethyl-
hexanoic acid > 4-ene valproic acid > 2-methylhexa-
noic acid > 2-ethylbutyric acid > 2-methylpentanoic 
acid > 2,2-dimethylvaleric acid > 4-pentenoic acid > hexa-
noic acid.

Most interestingly, all of these four substances that 
showed the highest toxicity in zebrafish embryos also 
induced exencephaly in mice (Nau and Löscher 1986; Nau 
and Zierer 1982; Padmanabhan and Ahmed 1996; Paulson 
et al. 1985; Sonoda et al. 1990). In addition, 4-pentenoic 
acid as one of the least toxic compounds in the FET had also 
proved in vivo-negative in mice.

Toxicity scoring for specific (sublethal) endpoints 
in the FET

In a more differentiated approach, each effect expressed 
in ≥ 20% of all individuals was plotted separately for each 
compound, and EC10 values as well as lowest (LOECs) and 
no observed effect concentrations (NOECs) were determined 
(Table 4). Effects showing an expression profile of < 20% 
at the highest tested concentration only were interpreted as 
negative (−) and are not listed in Table 4. As an example, 
results for VPA are illustrated in Fig. 2. Specific data and 
graphs for the nine analogues of VPA are given as Figs. 
S1–S9 as well as Table S1 in the Supplemental Materials.

As common (unspecific) effects, pericardial and yolk 
edemata could be recorded with all substances even at 
the lowest test concentrations (Fig. 3). Most interestingly, 
with increasing exposure time, edemata proved reversible 
for all test substances even at concentrations up to their 
EC50 values. An in-depth analysis of effects, however, 
also identified pericardial edemata as the most sensitive 

https://aopwiki.org/aops/275
https://aopwiki.org/aops/275
https://aopwiki.org/aops/274
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endpoint for all substances except 2-methylhexanoic acid, 
while blood congestion and lack of otoliths were the sec-
ond-most sensitive endpoints for 2-methylpentanoic acid, 
4-pentenoic acid, hexanoic acid, 2,2-dimethylvaleric acid 
and 2-ethylbutyric acid. In contrast, for all compounds 
except 2-ethylbutyric acid, craniofacial deformation and 
scoliosis/lordosis, taking an intermediate position with 

respect to their EC10 data (Table S1), could be recorded 
as the most prominent observations (Fig. 4).

Fig. 1   Cumulated portion (% of individuals) of zebrafish (Danio 
rerio) embryos (n = 20–40) showing any lethal or sublethal effect 
after 120  h exposure to valproic acid and its nine analogues. The 

sequence of the chemicals represents the ranking in overall toxicity. 
Data in brackets: effective concentrations (µM), where 10% of the 
embryos show an effect (EC10)

Table 3   Cumulative lethal 
(LC) and sublethal effect 
concentrations (EC) as well as 
NOECs and LOECs derived 
from all lethal and sublethal 
endpoints in zebrafish (Danio 
rerio) embryos after 120 h of 
exposure to valproic acid and its 
nine analogues

Data are listed according to scoring for decreasing toxicity
NOEC no observed effect concentration, LOEC lowest observed effect concentration

Substance NOEC (µM) LOEC (µM) Sublethal effects 
(µM)

Lethal effects 
(µM)

EC10 EC50 LC10 LC50

2-n-Propylheptanoic acid 12 13 14 18 52 67
Valproic acid 13 25 43 82 231 435
2-Ethylhexanoic acid 25 50 50 114 168 265
4-ene Valproic acid 80 119 200 233 350 485
2-Methylhexanoic acid 125  < 221 221 327 578 646
2-Ethylbutyric acid 100 200 278 502 527 721
2-Methylpentanoic acid 250 267 372 468 450 584
2,2-Dimethylvaleric acid 313 400 418 480 551 593
4-Pentenoic acid 512 520 521 601 634 1034
Hexanoic acid 414 500 533 577 642 665



648	 Archives of Toxicology (2021) 95:641–657

1 3

Comparison of fish embryo test (FET) data 
with in vivo mouse data

For direct comparison with the in vivo neurotoxic poten-
cies in mice, three specific effects were selected as poten-
tially indicative of neurodevelopmental defects in zebrafish 
embryos: small eyes (Fig. 5b), jitter/tremor and craniofa-
cial deformation (Fig. 7b). The occurrences of these three 
endpoints per compound are summarized in Figs. 5a, 6, 
7a, which, however, only illustrate changes for those test 
substances that produced the effects.

Due to the low occurrence of < 10% of effects at the high-
est test concentration and software limitations, the EC10 
values of some effects computed for 2-n-propylheptanoic 

acid, valproic acid, 2-ethylbutyric acid and 2-ethylhexanoic 
acid were greater than the highest concentration tested in 
the FETs. Sorting the compounds for these specific effects 
by EC10 values resulted in the following order starting with 
highest toxicity:

Small eyes:2-n-propylheptanoic acid > 4-ene valproic 
acid > 2,2-dimethylvaleric acid > valproic acid > 2-ethylbu-
tyric acid > 2-ethylhexanoic acid.

Jitter/tremor:2-n-propylheptanoic acid > valproic 
acid > 4-ene valproic acid > 2-ethylhexanoic acid > 2-meth-
ylhexanoic acid > 2,2-dimethylvaleric acid > hexanoic acid.

Craniofacial  deformation:2-n-propylheptanoic 
acid > valproic acid > 2-ethylhexanoic acid > 4-ene valp-
roic acid > 2-methylpentanoic acid > 2,2-dimethylvaleric 

Table 4   Endpoint-specific effect 
concentrations (EC) as well as 
NOEC and LOEC of valproic 
acid in zebrafish (Danio rerio) 
embryos after 120 h of exposure

Effects showing an expression rate of < 20% at the highest test concentration only were interpreted as nega-
tive and are not included in this table. n.d. not determined (> highest test concentration)

Effects NOEC (µM) LOEC (µM) EC10 (µM) EC50 (µM)

Coagulation 12.5 400 88 335
Blood congestion 100 200 119 n.d
Craniofacial deformation 50 100 52 142
Development retardation 200 400 n.d n.d
Jitter/tremor 50 100 82 196
Lack of hatch 200 400 300 n.d
Pericardial edemata 25 50 38 90
Reduced heartbeat 200 400 209 n.d
Scoliosis/lordosis 6.25 50 59 230
Small eyes 200 400 n.d n.d
Yolk edemata 12.5 25 82 n.d
Yolk sac absorption reduced 12.5 25 20 194

Fig. 2   Concentration–response curves and EC10 values for specific sublethal endpoints recorded after 120 h exposure of zebrafish (Danio rerio) 
embryos to various concentrations of valproic acid. Specific data given are EC10 values (µM)
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acid > hexanoic acid > 4-pentenoic acid > 2-methylhexanoic 
acid.

For the comparison between zebrafish embryo and 
mouse neurotoxicity, mouse potencies for exencephaly 
and zebrafish embryo data are summarized in Table 5. 
For reasons of simplification, the occurrence of an effect 
was marked either with an + (effect expressed) or − (effect 
not expressed). Since in some cases a clear categorization 
could not be established, specific comments were added 
as superscripts: Since for 2-ethylbutyric acid the endpoint 
“small eyes” was expressed in less than 20% of individu-
als, this effect was interpreted as negative ( −). In the cases 
of 2,2-dimethylvaleric acid and 2-methylhexanoic acid, the 
endpoint “jitter/tremor” could only be recorded after 96 h 
of exposure, since embryos exposed for 120 h were immo-
bilized. In contrast, for hexanoic acid, the observation of 

“jitter/tremor” could be made in only 1 out of 3 replicates 
with an occurrence of > 50%. For 4-pentenoic acid and 
2-methylhexanoic acid, “craniofacial deformation” was 
only evident at the highest test concentration; however, 
these embryos simultaneously also expressed several other 
severe effects (for details, see Table S1 in Supplemental 
Materials).

Discussion

For the pre-screening of drugs suspected to be hazardous, 
the zebrafish embryo has repeatedly been advocated as a 
promising model (Beker van Woudenberg et al. 2014; Her-
rmann 1993; Kari et al. 2007; MacRae and Peterson 2015; 
Scholz et al. 2008; Yamashita et al. 2014; Yang et al. 2009). 
The present study had been designed to analyze the predic-
tivity of observations obtained with embryos of a wild-type 
strain of the zebrafish (Danio rerio) for neurotoxic effects 
in mice after treatment with valproic acid (VPA) and nine 
selected analogues. In humans, application of VPA as an 
anticonvulsant drug increases the risk of neural tube defects 
by a factor of 10–20 (Spiegelstein et al. 2003). The phe-
notypes indicating neurotoxicity in mammals, however, 
are quite diverse: Whereas, e.g., VPA-induced neural tube 
defects in humans express themselves as spina bifida (Nanau 
and Neuman 2013), the reaction in mice is characterized by 
exencephaly (Nau et al. 1991; Nau and Löscher 1986). In rat 
medicated with VPA, neural tube effects could be recorded 
as “spina bifida occulta” with split vertebrae incapable of 
effectively protecting the neural tube (Duru and Ceylan 
2019). According to Nau (1986), VPA causes neural tube 
defects in humans (spina bifida), mice and hamsters (exen-
cephaly), but not in monkeys and rabbits. Finally, apart from 
zebrafish, mouse and rat, VPA has been tested both in vivo 

Fig. 3   Pericardial edema (PE) and yolk edema (YE) as common 
effects recorded in zebrafish (Danio rerio) embryos after expsoure to 
VPA and all analogues (682 µM hexanoic acid; 96 hpf)

Fig. 4   a Lordosis (2-methylhexanoic acid; 500 µM, 120 hpf) and b scoliosis (800 µM 2,2-dimethylvaleric acid; 120 hpf) as two of the most 
prominent observations after exposure of zebrafish (Danio rerio) embryos to VPA and its analogues
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and in vitro in Xenopus, chicken, hamster, gerbil, rabbit, 
dog and rhesus monkeys; however, the most common effects 
were not neural tube defects, but skeletal defects in ribs, ver-
tebrae, digits and craniofacial bones as manifested in ossifi-
cation defects as well as abnormal numbers and shapes (Hill 
et al. 2010; Turgut et al. 2019).

In vertebrates, there are generally two alternatives to 
form the neural tube: (1) In primary neurulation, the cells 
surrounding the neural plate induce proliferation and 

invagination of neural plate cells, thus shaping the neu-
ral tube (Gilbert 2000; Yuskaitis and Pomeroy 2017). (2) 
In contrast, secondary neurulation is a process character-
ized by sinking of a solid cord of cells followed by sub-
sequent formation of hollow neural tube. In fish, neurula-
tion is exclusively secondary (Gilbert 2000; Yuskaitis and 
Pomeroy 2017), whereas in humans the process of neu-
rulation can be subdivided into primary neurulation dur-
ing weeks 3 and 4 of gestation and secondary neurulation 

Fig. 5   a Occurrence of the end-
point “small eyes” in zebrafish 
(Danio rerio) embryos exposed 
for 120 h to valproic acid and 
selected analogues. Data are 
given as % of affected embryos 
(n = 20–40). Due to the low 
occurrence of < 10% of effects 
at the highest test concentra-
tion and software limitations, 
the EC10 values computed for 
2-propylheptanoic acid, valproic 
acid, 2-ethylbutyric acid and 
2-ethylhexanoic acid were 
greater than the highest con-
centration tested in the FETs. 
Whereas embryos exposed to 
2-propylheptanoic acid, 4-ene 
valproic acid, 2,2-dimethyl-
valeric acid, valproic acid, 
2-etyhlbutyric acid and 
2-ethylhexanoic acid showed 
an increase in the number of 
individuals with decreased 
eye size, embryos exposed to 
2-methylpentanoic acid, 2-meth-
ylhexanoic acid, 4-pentenoic 
acid and hexanoic acid did not 
show an effect. b (a) Normal 
development of eyes in 120 h 
old zebrafish (Danio rerio) 
embryos. (b) Endpoint "small 
eyes" in 120 h old zebrafish 
embryos after treatment with 
100 µM 2-n-propylheptanoic 
acid. Area of interest outlined 
in red
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between weeks 5 and 6 (Gilbert 2000; Greene and Copp 
2014; Mitchell et al. 2004; Yuskaitis and Pomeroy 2017). 
In humans, secondary neurulation only starts, when pri-
mary neurulation has been completed and the posterior 
neuropore has been closed, with the latter also being the 
prime region of interest for spinal cord malformations such 
as spina bifida (Copp et al. 2015; Northrup and Volcik 
2000; Yuskaitis and Pomeroy 2017).

Despite differential formation of neural tube in fish, open 
neural tubes have been documented in mutant zebrafish 
embryos that were deficient in, e.g., Nodal signaling (Aqui-
lina-Beck et al. 2007; Kindt et al. 2018) or the cell adhesion 
protein N-adherin; (squint) sqtcz35 (Yuskaitis and Pomeroy 
2017) as well as sqtcz35 ; cyc294 (Feldman et al. 1998). Even 
Zoep mutants, usually expressing cyclops at high rates, did 
show the open neural tube phenotype (Ma et al. 2015). How-
ever, in all of these studies, whole mount in situ hybridi-
zation was necessary to make this effect detectable (e.g., 
Aquilina-Beck et al. 2007; Araya et al. 2016). Thus, due to 
differences in embryonic developmental processes between 
fish and humans, the classical deficits in neural tube clo-
sure such as open head or notochord or a complete lack of 

head formation (anencephaly; Kindt et al. 2018) cannot be 
observed in zebrafish embryos without specific markers (Lu 
et al. 2013; Ma et al. 2015).

In fact, using the simple four standard endpoints (coag-
ulation, lack of somite formation, lack of heartbeat, lack of 
tail detachment) listed in the protocol for OECD TG 236 
(OECD 2013), the present study also failed to identify def-
icits in neural tube closure after exposure to VPA and its 
analogues. However, inclusion of additional observations 
did allow the diagnosis of neurodevelopmental effects: (1) 
deformation of eyes (“small eyes”), (2) craniofacial defor-
mation and (3) behavioral effects such as jitter/tremor. 
Deformation of eyes, namely the observation of “small 
eyes”, was selected as an endpoint for its immediate con-
nection to the neural system of the embryo (Asharani et al. 
2008; Bilotta et al. 2004; Kim et al. 2018; Roy et al. 2016; 
Santos-Ledo et al. 2011; Xin et al. 2015).

Craniofacial deformation was picked as an endpoint 
on the basis of established AOPs connecting histone dea-
cetylase (HDAC) inhibition, a molecular initiating event 
(MIE), to defects in craniofacial formation (https​://aopwi​
ki.org/aops/274) (Kong et al. 2014; McGee-Lawrence and 

Fig. 6   Occurrence of the end-
point “jitter/tremor” in zebrafish 
(Danio rerio) embryos exposed 
for 120 h to valproic acid and 
selected analogues. Data are 
given as % of affected embryos 
(n = 20–40). Whereas embryos 
exposed to 2-n-propylheptanoic 
acid, valproic acid, 4-ene 
valproic acid, 2-ethylhexa-
noic acid, 2-methylhexanoic 
acid, 2,2-dimethylvaleric acid 
and hexanoic acid showed an 
increase in the number of indi-
viduals with tremor, embryos 
exposed to 2-methylpentanoic 
acid, 2-ethylbutyric acid and 
4-pentenoic acid did not show 
an effect

https://aopwiki.org/aops/274
https://aopwiki.org/aops/274
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Westendorf 2011; Pillai et al. 2004; Rao and LaBonne 
2018) and neural tube defects (https​://aopwi​ki.org/
aops/275) (Gurvich et  al. 2005; Massa et  al. 2005; 
Menegola et al. 2005; Murko et al. 2013) as an adverse 
outcome (AO). Since VPA has been shown to be an HDAC 
inhibitor in both mammals and zebrafish (Giavini and 
Menegola 2014; Gurvich et al. 2005; Li et al. 2016; Massa 
et al. 2005), this effect offers a valuable connection on a 
molecular base between the compounds investigated and 
morphological endpoints.

Jitter or tremor (Vaz et al. 2018) is defined as uncontrolled 
vigorous movement of the entire embryo without clear 
movement into one direction (Kalueff 2017; Kalueff et al. 
2013; Santos et al. 2018). In more general terms, the manip-
ulation of movement by environmental toxicants has recently 
received increasing attention as a quantitative marker of neu-
rotoxicity (d’Amora and Giordani 2018; Legradi et al. 2015, 
2018; Tierney 2011; Zindler et al. 2019a, b).

In search of surrogate endpoints in zebrafish embryos for 
neural tube effects, the combination of these three endpoints 

Fig. 7   a Occurrence of the 
endpoint “craniofacial defor-
mation” in zebrafish (Danio 
rerio) embryos exposed for 
120 h to valproic acid and 
selected analogues. Data are 
given as % of affected embryos 
(n = 20–40). Whereas embryos 
exposed to 2-n-propylheptanoic 
acid, valproic acid, 2-ethyl-
hexanoic acid, 4-ene valproic 
acid, 2-methylpentanoic acid, 
2,2-dimethylvaleric acid, hexa-
noic acid, 4-pentenoic acid and 
2-methylhexanoic acid showed 
an increase in the number of 
individuals with craniofacial 
deformation, embryos exposed 
to 2-ethylbutyric acid did not 
show an effect. b (a) Normal 
development of craniofacial 
structures in 120 h old zebrafish 
(Danio rerio) embryos. (b) 
Endpoint “craniofacial deforma-
tion” in zebrafish embryos after 
treatment with 400 µM valproic 
acid: lower jaws are massively 
reduced in extension. Area of 
interest outlined in red

https://aopwiki.org/aops/275
https://aopwiki.org/aops/275
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was analyzed to test the hypothesis by Beker van Wouden-
berg et al. (2014) that such a multi-endpoint approach would 
generally increase the sensitivity and predictivity of the 
FET for developmental (neuro)toxicity screening. Specifi-
cally, two basic questions formed the basis for the present 
study: (1) Would the accuracy of the zebrafish embryo as a 
model for the prediction of mammalian and human toxicity 
and teratogenicity benefit from an isolated assessment of 
all effects, if compared to a standard analysis combining all 
observations into one summary parameter (as stipulated in 
OECD TG 236)? (2) Which of the structurally similar VPA 
analogues would also be teratogenic in the zebrafish embryo, 
indicating that the zebrafish embryo would allow the pre-
diction of known in vivo-negative and/or in vivo-positive 
potentials of VPA analogues?

With respect to the first (methodological) question, the 
comparison of isolated versus summary analysis of end-
points revealed that both approaches lead to similar conclu-
sions as to the predictivity of effects in mammals (mice), 
however, with the isolated approach allowing a more 
straightforward comparison of FET and mice data. While a 
summarizing analysis of all effects followed by an alignment 
according to their EC10 values only allowed the identifica-
tion of a trend (higher or lower toxicity), an isolated evalua-
tion of more specific endpoints allowed a direct comparison 
of the frequencies of the three selected endpoints (eye devel-
opment, craniofacial deformation and jitter/tremor) to mouse 
in vivo potencies. Furthermore, sorting the compounds for 
these specific effects by EC10 values resulted in an order 
similar to that found for general toxicity.

With respect to the second question (prediction of the 
teratogenic potentials), the results of the summary analysis 
revealed 2-n-propylheptanoic acid, valproic acid, 2-ethyl-
hexanoic acid and 4-ene valproic acid as the most toxic com-
pounds for fish embryos (cf. Fig. 1, Table 3) by aligning all 
ten substances tested according to their EC10 values. Given 
that all of these substances induced exencephaly in mice 
(Nau and Löscher 1986; Nau and Zierer 1982; Padmanabhan 
and Ahmed 1996; Paulson et al. 1985; Sonoda et al. 1990), 
results provide evidence of principal predictive power of the 
zebrafish embryo model.

The analysis of more specific endpoints thought to be 
suitable as surrogates of neural tube defects (tremor, crani-
ofacial deformation, small eyes), however, not only correctly 
identified neural tube defect-positive analogues, but also 
correctly identified 4-pentenoic acid and 2-ethylbutyric acid 
as negative analogues (cf. Table 5). Only two compounds 
(2,2-dimethylvaleric acid and 2-methylhexanoic acid) were 
tested negative in the mouse model, but were predicted posi-
tive in the zebrafish embryo model, albeit evidence was not 
unequivocal in that tremor could not be observed consist-
ently in all experimental groups and craniofacial deforma-
tion could only be detected at fairly high concentrations of 
2-methylhexanoic acid. In fact, for all compounds craniofa-
cial deformation took an intermediate position with respect 
to their EC10 data (cf. Table S1) except for 2-ethylbutyric 
acid.

For 2-methylpentanoic acid and hexanoic acid, a direct 
comparison was not possible due to a lack of information 
about in vivo potencies in the mouse model. However, based 

Table 5   Comparison of in vivo mouse potencies for exencephaly and effects observed in zebrafish (Danio rerio) embryos
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1 Interpreted as negative ( −), since the number of embryos expressing this effect was < 20%. 2Effect observed in 96 h zebrafish embryos only 
(negative in 120 h embryos). 3In one replicate out of three only, 50% of zebrafish embryos expressed tremor. 4At highest concentration only



654	 Archives of Toxicology (2021) 95:641–657

1 3

on the zebrafish embryo data, 2-methylpentanoic acid proved 
negative neurotoxic potency for “small eyes” and “jitter/
tremor”, but positive for “craniofacial deformation”. Hexa-
noic acid would be regarded as negative for “small eyes”, but 
positive for “jitter/tremor” and “craniofacial deformation”.

Thus, for VPA and its analogues with known mammalian 
neurotoxic potency, a predictive power of about 75% could 
be concluded for the zebrafish embryo model. This rate is 
similar to the conclusions (≥ 80%) drawn from previous 
studies on the agreement of data obtained from zebrafish 
screening and data for mammalian developmental toxic-
ity focusing on both morphological endpoints and/or gene 
expression (Bachmann 2002; Brannen et al. 2010; MacRae 
and Peterson 2015; Nagel 2002). Therefore, according to the 
evaluation guidelines of the European Centre for the Valida-
tion of Alternative Methods (ECVAM), the present study 
would score the zebrafish embryo as a “good” alternative 
toxicity assay (predictivity > 75%) (Genschow et al. 2002; 
Yang et al. 2009).

In fact, the predictivity of the zebrafish model could be 
further improved by additional modifications of the OECD 
TG 236 protocol. For substances affecting pH (like the acids 
tested in the present study), a more rigid adjustment of pH 
would be helpful. Although zebrafish embryos are fairly 
tolerant to pH variations between pH 6.5 and 8.5 (OECD 
2013), it should be noted that pH may also profoundly affect 
the speciation and solubility of the test compounds by shift-
ing the equilibrium of ionized to non-ionized molecules in 
the test solutions and, thus, changing the availability of the 
compounds to the zebrafish embryos. In case of pH adjust-
ment, the overall range of EC10 values of the VPA analogues 
would have become broader due to differential absorption 
capacities, and the negative analogues would even have 
needed relatively higher (nominal) test concentrations for 
inducing effects than the positive analogues, thus confirming 
the current conclusions. For confirmation of this hypothesis, 
comparisons of the bioavailability for a pH adjusted versus 
non-adjusted test scenario are under investigation.

On the other hand, both approaches taken in the present 
study have limitations: The standard summary approach (one 
LC/EC value) was restricted to only provide a trend of gen-
eral toxic activities of the substances, but inherently failed to 
make any prediction as to their in vivo potency. In contrast, 
due to considerable inter-individual variability especially 
with respect to specific effects, the isolated analysis of spe-
cific endpoints at concentrations < EC10 frequently suffered 
from a lack of a consistent dose–response relationship: The 
calculation of EC10 values inherently suffered from, e.g., (1) 
low percentages of affected embryos within all test concen-
trations, (2) the occurrence of effects solely at the highest 
test concentration or (3) ratios of < 10% individuals affected 
across all concentrations and replicates.

Conclusions

The results of the present study clearly document that an 
extension of the number and an improved selection of 
endpoints make the zebrafish embryo toxicity test (FET; 
OECD 236) a promising basis for the development of a 
screening tool for the prediction of (neuro)developmen-
tal effects and teratogenicity in vertebrates. A differen-
tial assessment of selected specific endpoints can clearly 
improve the predictive power over that of the standardized 
summary approach using one parameter for the combi-
nation of all effects observed; depending on the obser-
vation, however, a clear distinction between + (in vivo 
positive) and – (in vivo negative) may become difficult 
due to inter-individual variability. In any case, however, 
the zebrafish embryo has the potential to bridge the gap 
between subcellular as well as cell-based in vitro systems 
and intact animal models. However, further research is 
required and should, e.g., include a well-based selection 
of effects related to the mammalian disease of interest and 
a well-justified guidance for the interpretation of effects 
occurring at low rates in only part of the experimental 
animals. Thus, identification and testing of new chemicals 
might be improved for immediate use for human society 
as, e.g., concluded by Gao et al. (2014) from their attempts 
to investigate the potential of zebrafish embryos to predict 
anti-cancer therapeutics.

Acknowledgements  This project has received funding from the Euro-
pean Union’s Horizon 2020 research and innovation programme under 
grant agreement No 681002 (GA, art. 38.1.2).

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Compliance with ethical standards 

Conflicts of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


655Archives of Toxicology (2021) 95:641–657	

1 3

References

Ahsan K, Singh N, Rocha M et al (2019) Prickle1 is required for EMT 
and migration of zebrafish cranial neural crest. Dev Biol 448:16–
35. https​://doi.org/10.1016/j.ydbio​.2019.01.018

Ali S, Champagne DL, Spaink HP et al (2011) Zebrafish embryos and 
larvae: a new generation of disease models and drug screens. Birth 
Defects Res C 93:115–133. https​://doi.org/10.1002/bdrc.20206​

Ali S, Mil HGJV, Richardson MK (2011) Large-scale assessment of 
the zebrafish embryo as a possible predictive model in toxic-
ity testing. PLoS ONE 6:e21076. https​://doi.org/10.1371/journ​
al.pone.00210​76

Aquilina-Beck A, Ilagan K, Liu Q et al (2007) Nodal signaling is 
required for closure of the anterior neural tube in zebrafish. BMC 
Dev Biol 7:126–146. https​://doi.org/10.1186/1471-213x-7-126

Araya C, Ward LC, Girdler GC et al (2016) Coordinating cell and tis-
sue behaviour during zebrafish neural tube morphogenesis. Dev 
Dynam 245:197–208. https​://doi.org/10.1002/DVDY.24304​

Asharani PV, Lian WuY, Gong Z et  al (2008) Toxicity of silver 
nanoparticles in zebrafish models. Nanotechnology 19:255102–
255110. https​://doi.org/10.1088/0957-4484/19/25/25510​2

Bachmann J (2002) Entwicklung und Erprobung eines Teratogenitäts-
Screening Testes mit Embryonen des Zebrabärblings Danio rerio., 
Technische Universität Dresden

Ball JS, Stedman DB, Hillegass JM et al (2014) Fishing for teratogens: 
a consortium effort for a harmonized zebrafish developmental tox-
icology assay. Toxicol Sci 139:210–219. https​://doi.org/10.1093/
toxsc​i/kfu01​7

Bambino K, Chu J (2017) Zebrafish in toxicology and environmental 
health. Curr Top Dev Biol 124:331–367. https​://doi.org/10.1016/
bs.ctdb.2016.10.007

Beker van Woudenberg A, Snel C, Rijkmans E et al (2014) Zebrafish 
embryotoxicity test for developmental (neuro)toxicity: demo case 
of an integrated screening approach system using anti-epileptic 
drugs. Reprod Toxicol 49:101–116. https​://doi.org/10.1016/j.repro​
tox.2014.07.082

Berghmans S, Hunt J, Roach A et al (2007) Zebrafish offer the poten-
tial for a primary screen to identify a wide variety of potential 
anticonvulsants. Epilepsy Res 75:18–28. https​://doi.org/10.1016/j.
eplep​syres​.2007.03.015

Bilotta J, Barnett JA, Hancock L et al (2004) Ethanol exposure alters 
zebrafish development: a novel model of fetal alcohol syndrome. 
Neurotoxicol Teratol 26:737–743. https​://doi.org/10.1016/j.
ntt.2004.06.011

Brannen KC, Panzica-Kelly JM, Danberry TL et al (2010) Develop-
ment of a zebrafish embryo teratogenicity assay and quantita-
tive prediction model. Birth Defects Res B Dev Reprod Toxicol 
89:66–77. https​://doi.org/10.1002/bdrb.20223​

Braunbeck T (2009) Zebrafish embryos as a model in general toxi-
cology. Toxicol Lett 189:48–49. https​://doi.org/10.1016/j.toxle​
t.2009.06.097

Braunbeck T, Kais B, Lammer E et al (2015) The fish embryo test 
(FET): origin, applications, and future. Environ Sci Pollut Res 
Int 22:16247–16261. https​://doi.org/10.1007/s1135​6-014-3814-7

Copp AJ, Adzick NS, Chitty LS et al (2015) Spina bifida. Nat Rev 
1:15007–15007. https​://doi.org/10.1038/nrdp.2015.7

d’Amora M, Giordani S (2018) The utility of zebrafish as a model for 
screening developmental neurotoxicity. Front Neurosci 12:976–
972. https​://doi.org/10.3389/fnins​.2018.00976​

Daneshian M, Kamp H, Hengstler J et al (2016) Highlight report: 
launch of a large integrated European in vitro toxicology pro-
ject: EU-ToxRisk. Arch Toxicol 90:1021–1024. https​://doi.
org/10.1007/s0020​4-016-1698-7

de Esch C, Slieker R, Wolterbeek A et al (2012) Zebrafish as potential 
model for developmental neurotoxicity testing: a mini review. 
Neurotoxicol Teratol 34:545–553. https​://doi.org/10.1016/j.
ntt.2012.08.006

Driessen M, Kienhuis AS, Pennings JLA et al (2013) Exploring the 
zebrafish embryo as an alternative model for the evaluation of 
liver toxicity by histopathology and expression profiling. Arch 
Toxicol 87:807–823. https​://doi.org/10.1007/s0020​4-013-1039-z

Duru S, Ceylan S (2019) Valproic acid sodium-induced spina 
bifida occulta in the rat. Neurosurg Rev 24:31–34. https​://doi.
org/10.1007/PL000​11963​

Escher SE, Kamp H, Bennekou SH et al (2019) Towards grouping con-
cepts based on new approach methodologies in chemical hazard 
assessment: the read-across approach of the EU-ToxRisk project. 
Arch Toxicol 93:3643–3667. https​://doi.org/10.1007/s0020​4-019-
02591​-7

EU (2006) Regulation (EC) No 1907/2006 of the European Parliament 
and of the Council of 18 December 2006 concerning the Regis-
tration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH). Off J EU L396:1-849

EU (2010) 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. vol Off. J. EU L. OJ

European-Commission (2020) 2019 report on the statistics on the num-
ber of animals used for experimental and other scientific purposes 
in the member states of the European union in 2015–2017. Com-
mission staff working document. EU

Feldman B, Gates MA, Egan ES et al (1998) Zebrafish organizer devel-
opment and germ-layer formation require nodal-related signals. 
Nature 395:181–185. https​://doi.org/10.1038/26013​

Fernandes Y, Buckley DM, Eberhart JK (2017) Diving into the world 
of alcohol teratogenesis: a review of zebrafish models of fetal 
alcohol spectrum disorder. Biochem Cell Bio 96:88–97. https​://
doi.org/10.1139/bcb-2017-0122

Gao X-P, Feng F, Zhang X-Q et al (2014) Toxicity assessment of 7 
anticancer compounds in zebrafish. Int J Toxicol 33:98–105. https​
://doi.org/10.1177/10915​81814​52314​2

Genschow E, Spielmann H, Scholz G et al (2002) The ECVAM inter-
national validation study on in vitro embryotoxicity tests: results 
of the definitive phase and evaluation of prediction models. Euro-
pean Centre for the Validation of Alternative Methods. Altern Lab 
Anim 30:151–176. https​://doi.org/10.1177/02611​92902​03000​204

Giavini E, Menegola E (2014) Teratogenic activity of HDAC inhibitors. 
Curr Pharm Des 20:5438–5442. https​://doi.org/10.2174/13816​
12820​66614​02051​44900​

Gilbert SF (2000) Formation of the neural tube. In: Dev Biol. 6 edn. 
Sinauer Associates, Sunderland

Greene NDE, Copp AJ (2014) Neural tube defects. Annu Rev Neu-
rosci 37:221–242. https​://doi.org/10.1146/annur​ev-neuro​-06201​
2-17035​4

Guo P, Huang Z, Tao T et al (2015) Zebrafish as a model for study-
ing the developmental neurotoxicity of propofol. J Appl Toxicol 
35:1511–1519. https​://doi.org/10.1002/jat.3183

Gurvich N, Berman MG, Wittner BS et al (2005) Association of val-
proate-induced teratogenesis with histone deacetylase inhibition 
in vivo. FASEB J 19:1166–1174. https​://doi.org/10.1096/fj.04-
3425f​je

Herrmann K (1993) Effects of the anticonvulsant drug valproic acid 
and related substances on the early development of the zebrafish 
(Brachydanio rerio). Toxicol In  Vitro 7:41–54. https​://doi.
org/10.1016/0887-2333(93)90111​-h

Hill DS, Wlodarczyk BJ, Palacios AM et al (2010) Teratogenic effects 
of antiepileptic drugs. Expert Rev Neurother 10:943–959. https​
://doi.org/10.1586/ern.10.57

https://doi.org/10.1016/j.ydbio.2019.01.018
https://doi.org/10.1002/bdrc.20206
https://doi.org/10.1371/journal.pone.0021076
https://doi.org/10.1371/journal.pone.0021076
https://doi.org/10.1186/1471-213x-7-126
https://doi.org/10.1002/DVDY.24304
https://doi.org/10.1088/0957-4484/19/25/255102
https://doi.org/10.1093/toxsci/kfu017
https://doi.org/10.1093/toxsci/kfu017
https://doi.org/10.1016/bs.ctdb.2016.10.007
https://doi.org/10.1016/bs.ctdb.2016.10.007
https://doi.org/10.1016/j.reprotox.2014.07.082
https://doi.org/10.1016/j.reprotox.2014.07.082
https://doi.org/10.1016/j.eplepsyres.2007.03.015
https://doi.org/10.1016/j.eplepsyres.2007.03.015
https://doi.org/10.1016/j.ntt.2004.06.011
https://doi.org/10.1016/j.ntt.2004.06.011
https://doi.org/10.1002/bdrb.20223
https://doi.org/10.1016/j.toxlet.2009.06.097
https://doi.org/10.1016/j.toxlet.2009.06.097
https://doi.org/10.1007/s11356-014-3814-7
https://doi.org/10.1038/nrdp.2015.7
https://doi.org/10.3389/fnins.2018.00976
https://doi.org/10.1007/s00204-016-1698-7
https://doi.org/10.1007/s00204-016-1698-7
https://doi.org/10.1016/j.ntt.2012.08.006
https://doi.org/10.1016/j.ntt.2012.08.006
https://doi.org/10.1007/s00204-013-1039-z
https://doi.org/10.1007/PL00011963
https://doi.org/10.1007/PL00011963
https://doi.org/10.1007/s00204-019-02591-7
https://doi.org/10.1007/s00204-019-02591-7
https://doi.org/10.1038/26013
https://doi.org/10.1139/bcb-2017-0122
https://doi.org/10.1139/bcb-2017-0122
https://doi.org/10.1177/1091581814523142
https://doi.org/10.1177/1091581814523142
https://doi.org/10.1177/026119290203000204
https://doi.org/10.2174/1381612820666140205144900
https://doi.org/10.2174/1381612820666140205144900
https://doi.org/10.1146/annurev-neuro-062012-170354
https://doi.org/10.1146/annurev-neuro-062012-170354
https://doi.org/10.1002/jat.3183
https://doi.org/10.1096/fj.04-3425fje
https://doi.org/10.1096/fj.04-3425fje
https://doi.org/10.1016/0887-2333(93)90111-h
https://doi.org/10.1016/0887-2333(93)90111-h
https://doi.org/10.1586/ern.10.57
https://doi.org/10.1586/ern.10.57


656	 Archives of Toxicology (2021) 95:641–657

1 3

Hiscock TW, Miesfeld JB, Mosaliganti KR et al (2018) Feedback 
between tissue packing and neurogenesis in the zebrafish neural 
tube. Development. https​://doi.org/10.1242/dev.15704​0

Howe K, Clark MD, Torroja CF et al (2013) The zebrafish reference 
genome sequence and its relationship to the human genome. 
Nature 496:498–503. https​://doi.org/10.1038/natur​e1211​1

Iida A, Wang Z, Sehara-Fujisawa A (2019) Disruption of integrin 
α4 in zebrafish leads to cephalic hemorrhage during develop-
ment. Genes Genet Syst 94:177–179. https​://doi.org/10.1266/
ggs.19-00033​

Kalueff AV (2017) The rights and wrongs of zebrafish: behavioral phe-
notyping of zebrafish. Springer, Switzerland

Kalueff AV, Gebhardt M, Stewart AM et al (2013) Towards a compre-
hensive catalog of zebrafish behavior 1.0 and beyond. Zebrafish 
10:70–86. https​://doi.org/10.1089/zeb.2012.0861

Kari G, Rodeck U, Dicker AP (2007) Zebrafish: an emerging model 
system for human disease and drug discovery. Clin Pharmacol 
Ther 82:70–86. https​://doi.org/10.1038/sj.clpt.61002​23

Kim JH, Lee S-R, Li L-H et al (2011) High cleavage efficiency of a 2A 
peptide derived from porcine teschovirus-1 in human cell lines, 
zebrafish and mice. PLoS ONE. https​://doi.org/10.1371/journ​
al.pone.00185​56

Kim J, Oh H, Ryu B et al (2018) Triclosan affects axon formation 
in the neural development stages of zebrafish embryos (Danio 
rerio). Environ Pollut 236:304–312. https​://doi.org/10.1016/j.
envpo​l.2017.12.110

Kindt LM, Coughlin AR, Perosino TR et al (2018) Identification of 
transcripts potentially involved in neural tube closure using RNA 
sequencing. Genesis. https​://doi.org/10.1002/dvg.23096​

Kong Y, Grimaldi M, Curtin E et al (2014) Neural crest development 
and craniofacial morphogenesis is coordinated by nitric oxide 
and histone acetylation. Chem Biol 21:488–501. https​://doi.
org/10.1016/j.chemb​iol.2014.02.013

Lammer E, Carr GJ, Wendler K et al (2009) Is the fish embryo toxic-
ity test (FET) with the zebrafish (Danio rerio) a potential alter-
native for the fish acute toxicity test? Comp Biochem Physiol 
C Toxicol Pharmacol 149:196–209. https​://doi.org/10.1016/j.
cbpc.2008.11.006

Lee SH, Kang JW, Lin T et al (2013) Teratogenic potential of antiepi-
leptic drugs in the zebrafish model. Biomed Res Int 2013:726478–
726478. https​://doi.org/10.1155/2013/72647​8

Legradi J, el Abdellaoui N, van Pomeren M et al (2015) Comparabil-
ity of behavioural assays using zebrafish larvae to assess neuro-
toxicity. Environ Sci Pollut Res Int 22:16277–16289. https​://doi.
org/10.1007/s1135​6-014-3805-8

Legradi JB, Di Paolo C, Kraak MHS et al (2018) An ecotoxicological 
view on neurotoxicity assessment. Environ Sci Eur 30:46. https​
://doi.org/10.1186/s1230​2-018-0173-x

Leist M, Ghallab A, Graepel R et al (2017) Adverse outcome path-
ways: opportunities, limitations and open questions. Arch Toxicol 
91:3477–3505. https​://doi.org/10.1007/s0020​4-017-2045-3

Li L, Bonneton F, Tohme M et al (2016) In vivo screening using trans-
genic zebrafish embryos reveals new effects of HDAC inhibi-
tors trichostatin A and valproic acid on organogenesis. PLoS 
ONE 11:e0149497–e0149497. https​://doi.org/10.1371/journ​
al.pone.01494​97

Lu P-N, Lund C, Khuansuwan S et al (2013) Failure in closure of 
the anterior neural tube causes left isomerization of the zebrafish 
epithalamus. Dev Biol 374:333–344. https​://doi.org/10.1016/j.
ydbio​.2012.11.025

Ma P, Swartz MR, Kindt LM et al (2015) Temperature sensitivity of 
neural tube defects in zoep mutants. Zebrafish 12:448–456. https​
://doi.org/10.1089/zeb.2015.1113

MacRae CA, Peterson RT (2015) Zebrafish as tools for drug discov-
ery. Nat Rev Drug Discov 14:721–731. https​://doi.org/10.1038/
nrd46​27

Massa V, Cabrera RM, Menegola E et al (2005) Valproic acid-induced 
skeletal malformations: associated gene expression cascades. 
Pharmacogenet Genom 15:787–800. https​://doi.org/10.1097/01.
fpc.00001​70914​.11898​.3a

McGee-Lawrence ME, Westendorf JJ (2011) Histone deacetylases in 
skeletal development and bone mass maintenance. Gene 474:1–
11. https​://doi.org/10.1016/j.gene.2010.12.003

Menegola E, Di Renzo F, Broccia ML et al (2005) Inhibition of histone 
deacetylase activity on specific embryonic tissues as a new mecha-
nism for teratogenicity. Birth Defects Res B Dev Reprod Toxicol 
74:392–398. https​://doi.org/10.1002/bdrb.20053​

Mitchell LE, Adzick NS, Melchionne J et al (2004) Spina bifida. Lancet 
364:1885–1895. https​://doi.org/10.1016/s0140​-6736(04)17445​-x

Murko C, Lagger S, Steiner M et al (2013) Histone deacetylase inhibi-
tor trichostatin A induces neural tube defects and promotes neu-
ral crest specification in the chicken neural tube. Differentiation 
85:55–66. https​://doi.org/10.1016/j.diff.2012.12.001

Nagel R (2002) DarT: the embryo test with the zebrafish Danio rerio-a 
general model in ecotoxicology and toxicology. Altex 19(Suppl 
1):38–48

Nanau RM, Neuman MG (2013) Adverse drug reactions induced 
by valproic acid. Clin Biochem 46:1323–1338. https​://doi.
org/10.1016/j.clinb​ioche​m.2013.06.012

Nau H (1986) Species differences in pharmacokinetics and drug tera-
togenesis. In: Lucier GW, Hook GER (eds) Environmental health 
perspectives, vol 70. National Institute of Environmental Health 
Sciences, North Carolina, pp 113–129

Nau H, Zierer R (1982) Pharmacokinetics of valproic acid and metabo-
lites in mouse plasma and brain following constant-rate applica-
tion of the drug and its unsaturated metabolite with an osmotic 
delivery system. Biopharm Drug Dispos 3:317–328. https​://doi.
org/10.1002/bdd.25100​30405​

Nau H, Löscher W (1986) Pharmacologic evaluation of various metab-
olites and analogs of valproic acid: teratogenic potencies in mice. 
Fund Appl Toxicol 6:669–676. https​://doi.org/10.1016/0272-
0590(86)90180​-6

Nau H, Hauck R-S, Ehlers K (1991) Valproic acid-induced neu-
ral tube defects in mouse and human: aspects of chirality, 
alternative drug development, pharmacokinetics and possi-
ble mechanisms. Pharmacol Toxicol 69:310–321. https​://doi.
org/10.1111/j.1600-0773.1991.tb013​03.x

Nishimura Y, Murakami S, Ashikawa Y et al (2015) Zebrafish as a 
systems toxicology model for developmental neurotoxicity test-
ing. Congenit Anom 55:1–16. https​://doi.org/10.1111/cga.12079​

Northrup H, Volcik KA (2000) Spina bifida and other neural tube 
defects. Curr Probl Pediatr 30:313–332. https​://doi.org/10.1067/
mpp.2000.11205​2

OECD (1992) OECD guideline for the testing of chemicals. Sec-
tion 2: Effects on biotic systems. OECD Test Guideline 203: 
Fish, Acute toxicity test. Paris, France: Organization for Eco-
nomic Cooperation and Development. OECD guideline for the 
testing of chemicals

OECD (2013) OECD Guidelines for the Testing of Chemicals. Sec-
tion 2: Effects on Biotic Systems Test No. 236: Fish Embryo 
Acute Toxicity (FET) Test. Paris, France: Organization for Eco-
nomic Cooperation and Development. OECD Publishing,

OECD (2014) Fish testing framework. Ser Test Assess 171:174. https​
://doi.org/10.1787/97892​64221​437-en

Padmanabhan R, Ahmed I (1996) Sodium valproate aguments spon-
taneous neural tube defects and axial skeletal malformations 
in TO mouse fetuses [corrected]. Reprod Toxicol 10:345–363. 
https​://doi.org/10.1016/0890-6238(96)00081​-0

Paulson RB, Sucheston ME, Hayes TG et al (1985) Teratogenic 
effects of valproate in the CD-1 mouse fetus. Arch Neurol 
42:980–983. https​://doi.org/10.1001/archn​eur.1985.04060​09006​
2015

https://doi.org/10.1242/dev.157040
https://doi.org/10.1038/nature12111
https://doi.org/10.1266/ggs.19-00033
https://doi.org/10.1266/ggs.19-00033
https://doi.org/10.1089/zeb.2012.0861
https://doi.org/10.1038/sj.clpt.6100223
https://doi.org/10.1371/journal.pone.0018556
https://doi.org/10.1371/journal.pone.0018556
https://doi.org/10.1016/j.envpol.2017.12.110
https://doi.org/10.1016/j.envpol.2017.12.110
https://doi.org/10.1002/dvg.23096
https://doi.org/10.1016/j.chembiol.2014.02.013
https://doi.org/10.1016/j.chembiol.2014.02.013
https://doi.org/10.1016/j.cbpc.2008.11.006
https://doi.org/10.1016/j.cbpc.2008.11.006
https://doi.org/10.1155/2013/726478
https://doi.org/10.1007/s11356-014-3805-8
https://doi.org/10.1007/s11356-014-3805-8
https://doi.org/10.1186/s12302-018-0173-x
https://doi.org/10.1186/s12302-018-0173-x
https://doi.org/10.1007/s00204-017-2045-3
https://doi.org/10.1371/journal.pone.0149497
https://doi.org/10.1371/journal.pone.0149497
https://doi.org/10.1016/j.ydbio.2012.11.025
https://doi.org/10.1016/j.ydbio.2012.11.025
https://doi.org/10.1089/zeb.2015.1113
https://doi.org/10.1089/zeb.2015.1113
https://doi.org/10.1038/nrd4627
https://doi.org/10.1038/nrd4627
https://doi.org/10.1097/01.fpc.0000170914.11898.3a
https://doi.org/10.1097/01.fpc.0000170914.11898.3a
https://doi.org/10.1016/j.gene.2010.12.003
https://doi.org/10.1002/bdrb.20053
https://doi.org/10.1016/s0140-6736(04)17445-x
https://doi.org/10.1016/j.diff.2012.12.001
https://doi.org/10.1016/j.clinbiochem.2013.06.012
https://doi.org/10.1016/j.clinbiochem.2013.06.012
https://doi.org/10.1002/bdd.2510030405
https://doi.org/10.1002/bdd.2510030405
https://doi.org/10.1016/0272-0590(86)90180-6
https://doi.org/10.1016/0272-0590(86)90180-6
https://doi.org/10.1111/j.1600-0773.1991.tb01303.x
https://doi.org/10.1111/j.1600-0773.1991.tb01303.x
https://doi.org/10.1111/cga.12079
https://doi.org/10.1067/mpp.2000.112052
https://doi.org/10.1067/mpp.2000.112052
https://doi.org/10.1787/9789264221437-en
https://doi.org/10.1787/9789264221437-en
https://doi.org/10.1016/0890-6238(96)00081-0
https://doi.org/10.1001/archneur.1985.04060090062015
https://doi.org/10.1001/archneur.1985.04060090062015


657Archives of Toxicology (2021) 95:641–657	

1 3

Pillai R, Coverdale LE, Dubey G et al (2004) Histone deacetylase 1 
(HDAC-1) required for the normal formation of craniofacial carti-
lage and pectoral fins of the zebrafish. Dev Dynam 231:647–654. 
https​://doi.org/10.1002/dvdy.20168​

Rao A, LaBonne C (2018) Histone deacetylase activity has an essential 
role in establishing and maintaining the vertebrate neural crest. 
Development 145:163386. https​://doi.org/10.1242/dev.16338​6

Roy NM, Carneiro B, Ochs J (2016) Glyphosate induces neurotoxicity 
in zebrafish. Environ Toxicol Pharmacol 42:45–54. https​://doi.
org/10.1016/j.etap.2016.01.003

Russell WMS, Burch RL (1959) The principles of humane experimen-
tal technique. Methuen, London

Santos-Ledo A, Arenzana FJ, Porteros A et al (2011) Cytoarchitec-
tonic and neurochemical differentiation of the visual system in 
ethanol-induced cyclopic zebrafish larvae. Neurotoxicol Teratol 
33:686–697. https​://doi.org/10.1016/j.ntt.2011.06.001

Santos D, Figueiredo D, Kirsten T et al (2018) Behavior as an early 
sign of toxicity and respiratory system injury induced by cadmium 
in zebrafish. ASA 6:16–33

Scholz S (2013) Zebrafish embryos as an alternative model for screen-
ing of drug-induced organ toxicity. Arch Toxicol 87:767–769. 
https​://doi.org/10.1007/s0020​4-013-1044-2

Scholz S, Fischer S, Gündel U et al (2008) The zebrafish embryo model 
in environmental risk assessment—applications beyond acute 
toxicity testing. Environ Sci Pollut Res 15:394–404. https​://doi.
org/10.1007/s1135​6-008-0018-z

Scholz S, Sela E, Blaha L et al (2013) A European perspective on alter-
natives to animal testing for environmental hazard identification 
and risk assessment. Regul Toxicol Pharmacol 67:506–530. https​
://doi.org/10.1016/j.yrtph​.2013.10.003

Sipes NS, Padilla S, Knudsen TB (2011) Zebrafish—as an integrative 
model for twenty-first century toxicity testing. Birth Defects Res 
C 93:256–267. https​://doi.org/10.1002/bdrc.20214​

Sonoda T, Ohdo S, Ohba K et al (1990) Teratogenic effects of sodium 
valproate in the Jcl: ICR mouse fetus. Acta Paediatr Jpn 32:502–
507. https​://doi.org/10.1111/j.1442-200x.1990.tb008​70.x

Spiegelstein O, Chatterjie N, Alexander G et al (2003) Teratogenic-
ity of valproate conjugates with anticonvulsant activity in mice. 
Epilepsy Res 57:145–152. https​://doi.org/10.1016/j.eplep​syres​
.2003.10.015

Strähle U, Scholz S, Geisler R et al (2012) Zebrafish embryos as an 
alternative to animal experiments—a commentary on the defini-
tion of the onset of protected life stages in animal welfare regula-
tions. Reprod Toxicol 33:128–132. https​://doi.org/10.1016/j.repro​
tox.2011.06.121

Sukardi H, Chng HT, Chan EC et al (2011) Zebrafish for drug toxic-
ity screening: bridging the in vitro cell-based models and in vivo 
mammalian models. Expert Opin Drug Metab Toxicol 7:579–589. 
https​://doi.org/10.1517/17425​255.2011.56219​7

Tierney KB (2011) Behavioural assessments of neurotoxic effects and 
neurodegeneration in zebrafish. Biochim Biophys Acta 1812:381–
389. https​://doi.org/10.1016/j.bbadi​s.2010.10.011

Ton C, Lin Y, Willett C (2006) Zebrafish as a model for developmen-
tal neurotoxicity testing. Birth Defects Res A Clin Mol Teratol 
76:553–567. https​://doi.org/10.1002/bdra.20281​

Turgut U, Kazan S, Cakin H et al (2019) Valproic acid effect on neural 
tube defects is not prevented by concomitant folic acid supplemen-
tation: early chick embryo model pilot study. Int J Dev Neurosci 
78:45–48. https​://doi.org/10.1016/j.ijdev​neu.2019.05.008

Uechi T, Kenmochi N (2019) Zebrafish models of diamond-blackfan 
anemia: a tool for understanding the disease pathologenesis 
and drug discovery. Pharmaceuticals 12:151–161. https​://doi.
org/10.3390/ph120​40151​

Vaz RL, Outeiro TF, Ferreira JJ (2018) Zebrafish as an animal model 
for drug discovery in Parkinson’s disease and other movement 
disorders: a systematic review. Front Neurol 9:347–347. https​://
doi.org/10.3389/fneur​.2018.00347​

Weigt S, Huebler N, Strecker R et al (2011) Zebrafish (Danio rerio) 
embryos as a model for testing proteratogens. Toxicology 281:25–
36. https​://doi.org/10.1016/j.tox.2011.01.004

Xin Q, Rotchell JM, Cheng J et al (2015) Silver nanoparticles affect 
the neural development of zebrafish embryos. J Appl Toxicol 
35:1481–1492. https​://doi.org/10.1002/jat.3164

Yamashita A, Inada H, Chihara K et al (2014) Improvement of the 
evaluation method for teratogenicity using zebrafish embryos. J 
Toxicol Sci 39:453–464. https​://doi.org/10.2131/jts.39.453

Yang L, Ho NY, Alshut R et al (2009) Zebrafish embryos as models for 
embryotoxic and teratological effects of chemicals. Reprod Toxi-
col 28:245–253. https​://doi.org/10.1016/j.repro​tox.2009.04.013

Yuskaitis CJ, Pomeroy SL (2017) Development of the nervous system. 
In: Abman SH, Rowitch DH, Benitz WE, Fox WW (eds) Fetal and 
neonatal physiology, 5th edn. Elsevier, Amsterdam, pp 1294–1313

Zindler F, Beedgen F, Brandt D et al (2019a) Analysis of tail coiling 
activity of zebrafish (Danio rerio) embryos allows for the differen-
tiation of neurotoxicants with different modes of action. Ecotoxi-
col Environ Saf 186:109754–109763. https​://doi.org/10.1016/j.
ecoen​v.2019.10975​4

Zindler F, Beedgen F, Braunbeck T (2019b) Time-course of coiling 
activity in zebrafish (Danio rerio) embryos exposed to ethanol 
as an endpoint for developmental neurotoxicity (DNT)—hidden 
potential and underestimated challenges. Chemosphere 235:12–
20. https​://doi.org/10.1016/j.chemo​spher​e.2019.06.154

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/dvdy.20168
https://doi.org/10.1242/dev.163386
https://doi.org/10.1016/j.etap.2016.01.003
https://doi.org/10.1016/j.etap.2016.01.003
https://doi.org/10.1016/j.ntt.2011.06.001
https://doi.org/10.1007/s00204-013-1044-2
https://doi.org/10.1007/s11356-008-0018-z
https://doi.org/10.1007/s11356-008-0018-z
https://doi.org/10.1016/j.yrtph.2013.10.003
https://doi.org/10.1016/j.yrtph.2013.10.003
https://doi.org/10.1002/bdrc.20214
https://doi.org/10.1111/j.1442-200x.1990.tb00870.x
https://doi.org/10.1016/j.eplepsyres.2003.10.015
https://doi.org/10.1016/j.eplepsyres.2003.10.015
https://doi.org/10.1016/j.reprotox.2011.06.121
https://doi.org/10.1016/j.reprotox.2011.06.121
https://doi.org/10.1517/17425255.2011.562197
https://doi.org/10.1016/j.bbadis.2010.10.011
https://doi.org/10.1002/bdra.20281
https://doi.org/10.1016/j.ijdevneu.2019.05.008
https://doi.org/10.3390/ph12040151
https://doi.org/10.3390/ph12040151
https://doi.org/10.3389/fneur.2018.00347
https://doi.org/10.3389/fneur.2018.00347
https://doi.org/10.1016/j.tox.2011.01.004
https://doi.org/10.1002/jat.3164
https://doi.org/10.2131/jts.39.453
https://doi.org/10.1016/j.reprotox.2009.04.013
https://doi.org/10.1016/j.ecoenv.2019.109754
https://doi.org/10.1016/j.ecoenv.2019.109754
https://doi.org/10.1016/j.chemosphere.2019.06.154

	Neurotoxic effects in zebrafish embryos by valproic acid and nine of its analogues: the fish-mouse connection?
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Fish maintenance
	Exposure of zebrafish embryos
	Data analysis and scoring of morphological effects

	Results
	General toxicity in the standard fish embryo test
	Toxicity scoring for specific (sublethal) endpoints in the FET

	Comparison of fish embryo test (FET) data with in vivo mouse data
	Discussion
	Conclusions
	Acknowledgements 
	References




