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Abstract

Traditional teratological protocols in mammals are mandatory for pharmaceutical and chemical
product registration, but require hundreds of animals and are complex and money/time-consuming.
Among alternative methods, low vertebrate (the teleost zebrafish and the amphibian Xenopus)
whole embryo developmental toxicological tests appear evolutionary closer to humans than
invertebrates and produce more useful data for human health extrapolation.

At least during early stages, in fact, all vertebrate embryos share, from both morphological and
molecular point of view, developmental pathways. By consequence similar toxicological responses
of embryos to toxicant are expected. Advantages and disadvantages of these two alternative whole
organism tests are briefly reviewed.
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Introduction

Embryo—fetal developmental toxicity tests (teratology studies) are mandatory for pharmaceutical
and chemical product registration, according to relevant guidelines [1]. Traditional approved
developmental toxicity tests have been developed using mammal models after the 1960s
Thalidomide tragedy and still remain largely unchanged. Protocols show some differences
depending on the specific guidelines having in common the use of two different mammalian
species, one rodent (rat being the elective model) and one a non-rodent (typically the rabbit).
Procedures include the maternal administration of test substance during the whole pregnancy
(chemicals, food additives and pesticides) or limited to the organogenetic period (for
pharmaceuticals). The sacrifice is programmed one day before the term of pregnancy with
necroscopy of the mother and litter evaluation. Viable fetuses are immediately examined for gross
morphology and then processed for soft-tissue (visceral) and/or skeletal evaluation. At least three
dose-levels (selected on the basis of range-finding tests) and a control group must be included in
each main experiment where each group must be composed by 20-25 maternal units. As a
consequence, traditional teratological protocols require hundreds of animals and are complex and
money/time-consuming.

In spite of minor changes in protocolled developmental toxicity tests, over the last 40 years
experimental paradigms have changed for scientists, more interested in elucidating mechanisms and
pathogenic pathways involved in developmental toxicity and, therefore, from 1980s a number of in
vitro alternative tests were protocolled. In the National Research Council 2007 report [2] the use of
in vitro systems and pathway analysis was suggested to allow the production of high-throughput
screening strategies for the detection of developmental toxicants. Finally, new or refined alternative
approaches are still on the top of scientific debates, also to fill procedures in compliance with the
3R-principles (reduction, refinement, and replacement of animal use for scientific reason), defined
by Russell and Burch in 1959 [3]. For all these reasons, in 1993 the European Union established the
European Center for the Validation of Alternative Methods (ECVAM); in 1997, the US government
established the Interagency Coordinating Center for the Validation of Alternative Methods
(ICCVAM) and, more recently, JaCVAM and KoCVAM were formed in Japan and Korea,
respectively. The primary focus of these groups is reduction of animal number and supporting
development and validation of alternative tests [Spielmann et al. 2008]. Among them, in regard to
developmental toxicity endpoints, the rodent post-implantation whole embryo culture (WEC) is
extremely interesting for different reasons, including reduction and refinement [4], while the use of
alternative models (fish and amphibian) fulfills also the third R principle (replacement).
Amphibians (as Xenopus) and teleosts (as zebrafish) belong both to vertebrate evolutionary tree
(Fig. 1), having the same ancestor as mammals. As defined by Haeckel’s biogenetic law (1866),
embryos appertaining to the same evolutionary group show stages that are a chronological replay of
their ancestor evolutionary forms (ontogeny recapitulates evolution). In theory, at least during the
early stages, any vertebrate embryo resembles to any other vertebrate both from the morphological
and from the molecular point of view. This was morphologically described by Heakel and later well
experimentally demonstrated evaluating also the gene expression patterns: based on gene
expression, there is a greater similarity among vertebrate embryos than even Haeckel might have
imagined, producing the so called “Molecular Haeckel” [5]. Embryonic gene expression
concordance evaluation is used to confirm and refine the evolutionary tree of jaw vertebrates:
reptiles, birds and mammals represent the monophyletic amniota; amniotes plus amphibians
represent the monophyletic tetrapoda, and tetrapods plus bony fishes (including teleosts) represent
the monophyletic osteichthyes (Fig. 1). This means a closer evolutionary relationship between
amphibians and mammals than between fishes and mammals. Scientists argue that when a gene is
expressed in the same organ both in zebrafish and mouse embryos, their last common ancestor had
the same organ gene expression, shared with same function in all osteichthyes (including humans).
In toxicological frame, therefore, if a toxicant is able to alter in one model developmental patterns
known to be common to the evolutionary group, we can assume that the same pattern will be



disrupted in any other embryo (including human) exposed to the same toxicant during the same
developmental stages. Molecular Haeckel was drawn till now mainly from embryos of four
vertebrate models: mouse, chick, Xenopus and zebrafish [5]. Alternative vertebrate for
developmental endpoints should, consequently, be selected among these four models.

Advantages to use low vertebrate embryos (Xenopus and zebrafish) in compliance to the 3R-
principles

Embryologists define the phylotypic period as the embryonic stage window with conserved
ontogeny, corresponding in vertebrates to the time of appearance of the pharyngeal arches and
somites. During the phylotypic period any vertebrate embryo prominently expresses common
developmental genes, essential for embryogenesis [6]. The phylotypic period culminates for mouse
with E9.5, for chicken with Hamburger and Hamilton (HH) stage 16, for Xenopus with Nieuwkoop
and Faber (NF) stages 28-32, for zebrafish at 24 hours post fertilization (hpf) [7]. In principle,
exposing the four model embryos to toxicants during the phylotypic period will produce quite
similar effects in spite of the chosen model.

In developmental toxicology, in alternative to mammals, low vertebrate models (zebrafish and
Xenopus) offer different advantages versus the other Molecular Haekel alternative model (chick):
1. Due to the fact that both zebrafish and Xenopus develop from eggs naturally fecundated in water,
their embryos can be exposed from fecundation time on, while the chick egg is fecundated in the
oviduct and lay at blastodisc stage (cleavage already started and not available for xenobiotic
exposure). 2. Additionally, in compliance to the actual EU-directive on the protection of animals
used for scientific purposes (Directive 2010/63/EU), not-autonomous feeding larval stages
(zebrafish 120 hpf, Xenopus stage NF 47) are not included in that directive, allowing the use of
zebrafish and Xenopus in protocolled developmental toxicity tests outside the rules of this directive.
This brings low vertebrate use, at least in Europe, easier at the bureaucratic point of view.

Finally, zebrafish and Xenopus adults are able to be fertile and reused for long and each mating
provides hundreds of fecundated eggs. Consequently, a single couple mating allows different
experimental groups formed by a number statistically relevant of embryo (test units). This is an
extremely reduction in terms of breed/used animals in comparison to mammalian models. For this
point of view chick is a viable alternative as well, even allowing to obtain fertile chicken eggs from
widely available reliable sources and on a controlled genetic background.

Zebrafish developmental toxicity tests

Zebrafish (Danio rerio) is a teleost fish first used, as a research model, in genetics research in the
early 1980s [8]. In the current century, a number of experimental researches on embryo
development were produced using the so-called Danio rerio embryo test (DarT), a rapid, low-cost
and easy method to predict human developmental toxicity [9]. In 2013, OECD validated the
zebraFish Embryo Acute Toxicity (zFET) test against a gold standard of adult fish toxicity in view
of environmental risk assessment [10,11]. Actually, zFET was not validated for predicting
mammalian developmental toxicity; notwithstanding this, with the introduction of some deviations
in the zFET protocol, a recent study strongly supports the use of zebrafish developmental toxicity
assay as valid alternative method also for screening and assessing the teratogenicity of candidate
drugs for regulatory acceptance [12]. A refinement of zZFET protocols described as Zebrafish
Embryo Developmental Toxicity Assay (ZEDTA) allows test sensitivity increasing by the extension
of the protocol with a metabolic activation system (human liver microsomes) and/or skeletal
staining of larvae [13].

The most important details of the refined protocol ZEDTA described by Hoyberghs and colleagues
in 2020 [13] and some personal notes are briefly described.

- Adult zebrafish (Danio rerio) maintained in water recirculating aquaria and kept in adequate
breeding conditions are allowed to spawn eggs and fertilize them for about 45 min. Each female
normally releases about 100 eggs.



- Embryos checked for normal cell division within 2 hours post fertilization (hpf) are randomly
transferred in groups and maintained at 28.5°C. Classically 3-5 concentrations of the test compound
are used and one/two control groups (medium and/or solvent) included.

- Samples are evaluated during the whole test period for the morphological parameters.

The last evaluation (at 120 hpf) considers different endpoints and a scoring system is suggested.

- Data are statistically analyzed considering the embryo as the experimental unit.

Special procedures are also described by Hoyberghs and colleagues: metabolic (m)ZEDTA, allows
metabolic activation of the test substances by 1 h preincubation of test substances with human liver
microsomes; skeletal (S)ZEDTA allows the bone examination incubating 120 hpf larvae for 1 h in
Alizarin Red solution.

Behavioral tests are also reported in literature [14].

Xenopus developmental toxicity tests

Xenopus laevis is a south african anuran amphibian used, in embryological researches, from 1930s
[15].

The Frog Embryo Teratogenesis Assay-Xenopus (FETAX), in particular, is a 96-hour whole
embryo test developed by Dumont and colleagues [16] and later validated by the American Society
of Testing and Materials [17] as an alternative screening test for hazard characterization of
chemicals and mixtures. Classical FETAX is conducted using embryos obtained from hormonally-
stimulated adults, with the exposure of samples to toxicants covering the whole test period (from
mid-blastula to NF stage 46). The teratogenic potential of the tested compounds is determined after
analysis of the day-by-day mortality and the morphological examination of live larvae at the end of
the test.

Recently, in compliance to animal welfare 3Rs principle and in order to limit the exposures to
selected sensitive windows, a refined method (R-FETAX) has been proposed [18*].

The most important details of the R-FETAX and some additional notes are here briefly listed.

- Adults are maintained in automated aquaria under controlled water and room conditions. In
compliance with the refinement of the 3R principle and in contrast to the classic FETAX
methodology, embryos are obtained without hormonal injection of adults: overnight natural mating
in a mating system with controlled humidity and air/water temperature. Each female normally
releases up to1000 eggs.

- Normally cleaved embryos at the mid-blastula stage are randomly distributed in groups for testing
and maintained at 23°C. Classically 3-5 concentrations of the test compound are used and one/two
control groups (medium and/or solvent) included. Exposures can cover the whole length of the
procedure (from NF8-mid-blastula to NF 46, test timing 96-120 h depending on protocols) or can
be limited to windows covering some developmental phases considered of interest (limiting
exposure, for example, to the phylotypic period).

- Samples are evaluated once a day for mortality. At the end of the test, morphological and
functional endpoints are recorded.

- Data are statistically analyzed considering the embryos as the experimental unit.

Special procedures have also been described by Battistoni and colleagues [18*]: skeletal
evaluation allows the cartilage examination processing fixed samples with Alcyan Blue;
swimming test allows neuro-behavioural evaluation. An extra functional test (deglutition test) has
been described and allows the indirect evaluation of craniofacial defects [19].

Final remarks

The reason and main advantages for using zebrafish and Xenopus developmental alternative tests
are described in the paragraphs above. The enormous increase of literature using these
developmental toxicity models to test different toxicant agents from different silos (pesticides,
pharmaceuticals, air pollutants, food-contact materials, nano-materials, etc.) (as example of recent
publications: Dickinson et al., 2022 [20]; Babalola et al., 2021 [21]; Flach et al., 2022 [22]; Islas-



Flores et al., 2018 [23]; Bonfanti et al, 2020;2021 [24,25]; Xu et al., 2022 [26]; Battistoni et al.
2022a [18*]; Battistoni et al. 2022 [19]; Costabile et al 2022 [27]; Gao e Shen, 2022 [28*]; Ismalil et
al. 2022 [29]; Ge et al, 2021 [30]; Fogliano et al., 2022 [31]; Carotenuto et al., 2022 [32*]; Ames et
al., 2022 [33]; Ochenkowska et al 2022 [34*]; Chabchoubi et al 2022 [35*]; Lin et al 2022 [36*];
Coppola et al, 2021 [37]) supports their scientific versatility. Classical teratological endpoints,
mechanisms and molecular pathways, functional impairments can all be easily tested in the same
experimental sample. Note that functional evaluation and all molecular endpoints (easy to be
included in zebrafish and Xenopus developmental tests) are not considered in traditional
teratological studies in mammals. Finally, in low vertebrate tests it is possible to evaluate different
developmental stages in the same sample, with also the possibility to apply vital stainings without
stopping development (i.e. vital dye to detect apoptosis). This is of particular interest in comparison
to mammal classical teratological studies, where only fetal morphology is routinely screened. The
scientific robustness of vertebrate non-mammal models is demonstrated by the “Molecular
Heackel” theory (Fig. 1) [5]. The unique possibility of exposure methods typical of in vitro
approaches (i.e. pulse-exposure, exposure to mixtures of chemicals simultaneously or in sequence)
is another advantageous point for low vertebrate developmental toxicity tests. The possibility of
using mutants mimicking human diseases (nowadays largely possible in zebrafish developmental
model) is an extra tool. Finally, an enormous advantage is the low cost to maintain adults and
embryos, the rapidity of the tests, the need of a limited number of adults not involved in treatments
and the reduced bureaucracy, are all points in favor of the choice of these alternative models.

Some criticisms, however, need to be listed: 1. Low vertebrate developmental tests imply the direct
embryo exposure, excluding any maternal and placental pharmacokinetic and pharmacodynamic
involvement. This criticism can be at least in part managed by the use of innovative approaches (i.e.
applying physiologically based pharmacokinetic (PBPK) models for a reliable extrapolations of
pregnancy pharmacokinetic profiles [37] before the selection of test molecules and concentrations
2. The phylogenetic conservation of developmentally relevant genes in vertebrate embryogenesis is
almost limited to genes in signaling pathways but does not necessarily extend to the gene products
upstream of these conserved pathways (receptors, enzymes and ion channels, that are the initial
targets of the small molecules being evaluated for potential human toxicity). A modern strategy to
include detailed information also on molecular targets (i.e. data obtained by in silico evaluation) in
a unique framework could solve this gap [38,39]; 3. Metabolic activation systems using human
microsomes are proposed but the performance of these has not been optimized; 4. The exposure of
not-phylotypic stages (more relevant in zebrafish, due to the closer evolutionary distance between
mammals and Xenopus, Fig. 1) can produce species-specific effects; 5. Some mammalian fetal
effects are not reproducible in these alternative developmental models; 6. The presence of large
quantity of yolk (mainly in zebrafish, when is accumulated at the yolk sac level) can interfere to the
adsorption/distribution of the test molecules to the embryonic districts. This is minimized in
Xenopus, due to the compartmentalization of yolk in each embryonic cell.

In conclusion, due to the described numerous advantages, low vertebrate developmental test usage
can be complementary with mammal models to contribute both the basic science research and
human safety and health evaluation at least for a general screening of developmental toxicants.



Figure legends

Fig. 1. Phylogenetic tree showing the evolutionary relationships among vertebrate models used in
developmental toxicology. Numbers indicate the divergence times in millions of years ago as
described by Molecular Heackel studies (from Wheeler and Brandli, 2009, modified). Branch
lengths are not proportional to time.

Among low vertebrates, Xenopus is evolutionarily closer to humans than zebrafish, having a
common evolutionary history with mammals that is an estimated 90 —100 million years longer than
between zebrafish and mammals. By consequence, Xenopus and mammals have many similarities
in genomes and organ development, anatomy, and physiology. This is particularly true for the brain,
heart, immune system, and the kidney that, in Xenopus tadpoles, develop in a more similar way to
their human counterpart than in zebrafish.

In principle, the closer a model organism is to humans in evolutionary terms, the more reliably
results can be translated. Consequently, among low vertebrates, Xenopus should represent the
elective model.

By contrast, zebrafish offers some unique advantages: several zebrafish mutants mimicking human
diseases have been produced; screens using transgenic mutants expressing fluorescent reporter
genes allow the in vivo monitoring of organ development.

For review on advantages/ disadvantages of zebrafish/ Xenopus models see Wheeler and Brandli,
2009 [40].
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Highlights

e Developmental toxicology needs refined tools to replace mammals and evaluate
pathogenic pathways
e Among alternative models, vertebrate whole embryos are to prefer for human health

extrapolations
e Zebrafish/Xenopus share different advantages but some differences have to be considered
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