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Developmental toxicity is deﬁned as the occurrence of adverse eﬀects on the developing organism as a result
from exposure to a toxic agent. These alterations can have long-term acute eﬀects. Current in vitro models
present important limitations and the evaluation of toxicity is not entirely objective. In silico methods have also
shown limited success, in part due to complex and varied mechanisms of action that mediate developmental
toxicity, which are sometimes poorly understood. In this article, we compiled a dataset of compounds with
developmental toxicity categories and annotated mechanisms of action for both toxic and non-toxic compounds
(DVTOX). With it, we selected a panel of protein targets that might be part of putative Molecular Initiating
Events (MIEs) of Adverse Outcome Pathways of developmental toxicity. The validity of this list of candidate
MIEs was studied through the evaluation of new drug-target relationships that include such proteins, but were
not part of the original database. Finally, an orthology analysis of this protein panel was conducted to select an
appropriate animal model to assess developmental toxicity. We tested our approach using the zebraﬁsh embryo
toxicity test, ﬁnding positive results.

1. Introduction
The Environmental Protection Agency (EPA) deﬁnes developmental
toxicity as the occurrence of adverse eﬀects on the developing organism
that may result from exposure prior to conception, during prenatal
development or postnatally to the time of sexual maturation [1]. These
eﬀects may be detected at any point in the lifespan of the organism and
major manifestations include death, structural abnormalities, altered
growth and functional deﬁciency. Approximately 3% of new-borns
present congenital anomalies and around 5–10 % of those are likely
induced by exposure to developmentally toxic agents [2]. For this
reason, regulatory organizations and the industry demand for eﬀective
methods to test the developmental toxicity of drugs, industry chemicals
and waste products [3].
Toxicity studies are primarily carried out in rats, though testing in
other species, such as rabbits, is recommended [4]. The European
Centre for the Evaluation of Alternative Methods has funded validation
studies for alternative models, such as the embryonic stem cell test, the
mammalian micromass test and the whole embryo culture [5]. However, these models have limitations. Firstly, they usually do not cover
the whole period of embryogenesis [5]. Moreover, while whole embryo
culture assays tend to have a good predictability, morphologic
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evaluation remains subjective and subtle eﬀects might go unnoticed
[6]. Besides, a clear limitation of these models is that extrapolation of
the results obtained from test animals does not always translate properly into other organisms [7,8]. Last but not least, there are ethical
concerns related to the amount of animal testing that is necessary under
the European REACH legislation [9] and a need has arisen to replace
animal testing with alternative methods [10]. In fact, regulatory
agencies like the EPA have recently called for a reduction of animal
testing, with measures such as eliminating all mammal test funding by
2035 [11].
A number of published works used computational models to gain
insights into developmental toxicity. Among them, we have strategies
that use read-across [12], in vitro chemical high-throughput screenings,
such as ToxCast experiment data-based models [13,14], and Quantitative Structure Activity Relationship [15–22]. However, despite these
eﬀorts, they have shown limited capacity to generalize their results
with external datasets [17]. These unsatisfactory results might possibly
be related with: i) limited sample size [23], ii) the use of unbalanced
datasets, typically containing more active compounds that cause developmental toxicity than compounds that do not cause developmental
toxicity, and iii) the underlying complexity of end-points in developmental toxicity and varied mechanisms of action [23].
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In order to address the underlying complexity of developmental
toxicity, Adverse Outcome Pathways (AOPs) [10,14,18] constitute a
promising concept. The model of the AOP, ﬁrst developed by Ankley
et al. [24], posits that toxicological eﬀects can be viewed as a Molecular
Initiating Event (MIE) that is related to an Adverse Outcome (AO)
through a number of Key Events (KE) [24–26]. The strength of this
model is related to its ability to make every step associated with an AO
easily explainable and measurable. This abstraction has been successfully applied in a number of works studying developmental toxicity AOs
[14,27,28]. However, we ﬁnd that there is a disconnect between the
mechanisms of action possibly linked to developmental toxicity by
studies and the well-characterized AOPs that can be found in public
knowledge bases. The AOPwiki [29], a database that contains the information about described and theoretical AOPs, only contains a
handful of AOPs associated to developmental toxicity endpoints and
several extensively studied MIEs, like folate antagonism [30], cannot be
found among them.
In this direction, little work has been carried out in order to systematically establish which MIEs are associated with developmental
toxicity. In Schachter and Kohane (2011) [18], the authors identiﬁed
140 protein targets that were annotated to Class X compounds (teratogenic eﬀect has been clearly established in humans) and not to Class
A compounds (non-teratogenic eﬀect has been clearly established in
animal models and humans). However, this study was based on 45
teratogenic compounds and relevant protein targets in teratogenesis
were neglected. In this article, our aim is to extend this previous work
to developmental toxicity using a more complete, updated and curated
database, named DVTOX. Our database includes 430 compounds of
diverse chemical categories with associated protein targets and a binary
label for their developmental toxicity potential in humans. Out of these
430 compounds in DVTOX, 257 are labelled as toxic to development
and 173 are labelled as not toxic to development, which allows for a
more robust identiﬁcation of protein targets associated with developmental toxicity.
With this dataset, we elucidated a list of human protein targets that
are signiﬁcantly associated to compounds that produce developmental
toxicity eﬀects and could be good candidates to act as MIEs in AOPs
related to developmental toxicity. To illustrate the relevance of our list
of proteins, we carried out a literature search to determine whether
such targets had associations with developmental processes. We also
searched other compounds that include these targets in their mechanisms of action, looking whether there was any evidence for their developmental toxicity. Importantly, we conducted an orthology analysis
in various common animal models in order to assess the predictive
power of our target-based approach to identify common paths of developmental toxicity across species when the target mechanism of action is conserved. Our approach was tested using the zebraﬁsh embryo
toxicity test with ketoprofen, a cyclooxygenase inhibitor, and captopril
and enalapril, two angiotensin-converting enzyme inhibitors.

are further subtleties to these categories, for classiﬁcation purposes we
divided the 290 compounds in three categories and changed the label to
-1 for categories A and B, 0 for category C and 1 for categories D and X.
Previous works had also carried out this binarization process, but including uncertain molecules of category C in the same group as molecules for which toxicity has been established [19,21,34].
Next, we searched the EPA’s Integrated Risk Information System
(IRIS) [35] database for compounds with a known annotation for developmental toxicity. The mission of IRIS is to identify health hazards
for compounds found in the environment. Excluding the compounds
currently undergoing testing or ﬂagged for testing in the future, we
retrieved 32 unique compounds that had been assessed by the program
and were registered as producing developmental eﬀects through oral
exposure and/or inhalation. All of the molecules that were included had
No-Observed-Adverse-Eﬀect-Levels (NOAEL) or Lowest-Observed-Adverse-Eﬀect-Levels (LOAEL) well under 1000 mg/kg/day, which is the
testing limit set by the OECD for developmental toxicity [36]. It was
thus considered reasonable that developmental defects might happen at
exposure levels that can be acquired by humans (a similar cut-oﬀ had
been used for reproductive toxicity in a previous work [37]). In this
database, no compounds were annotated which tested negative for
developmental eﬀects (Fig. 1).
We ﬁnally searched the TOXNET [38] Hazardous Substances Data
Bank (HSDB) database for compounds with peer-reviewed research
about developmental eﬀects, with two objectives: 1) to ﬁnd supporting
research for the compound categories that we had retrieved from the
other two sources, and 2) to add new agents into our database. This
database contains peer-reviewed excerpts of published research on
toxicity in animals and humans, summarizing the experimental
methods and results. The texts relating to developmental and reproductive toxicity were reviewed for each compound.
The evidence from all sources was pooled and evaluated on compound-by-compound basis. Several levels of evidence were considered,
ranked by their relevance to human developmental toxicity eﬀects:

2. Methods

The categorization was carried out according to the amount of
evidence and the agreement of that evidence. Unless there was disagreement in the data, FDA pregnancy risk categories and human epidemiological studies were considered the most relevant sources to categorizing the compounds. In cases in which only human case reports
were found, we complemented with animal studies, requiring complete
agreement between the sources and preferably a clear pattern of malformations. Moreover, in the case of animal studies, the reported exposure to the compound was taken into consideration to avoid ﬂagging
as toxic compounds that only produce developmental toxicity eﬀects at
doses way beyond normal human exposure levels. It is relevant to note
that, because terminology that makes a diﬀerence between malformations and variations is still subject to debate [40–42], whenever this
diﬀerentiation was relevant we considered reversible or harmless
anomalies as variations (such as growth retardation) and irreversible
and harmful anomalies as malformations. These evidences have been

1 FDA pregnancy risk category: when this categorization was available, it was included, as the categorization involves thorough review
of all the available literature for the developmental toxicity of a
given compound [39].
2 Human epidemiological studies: these were the most relevant
sources of information for categorization, as they establish whether
the developmental toxicity eﬀect is observed when the exposure
happens on a population level.
3 Human case reports: these reports included single or a series of
clinical observations of developmental toxicity that were not part of
a controlled study.
4 Animal studies: these were studies carried out in experimental
specimens of various species (most commonly rats, mice and rabbits) that reported developmental toxicity eﬀects.

2.1. DVTOX
Our initial source of information on the indication of developmental
toxicity was the database published as the supplementary data of Enoch
et al. [12], which was taken from [31]. This database contained 290
compounds with annotated FDA categories for pregnancy risk. Because
the publication is prior to the FDA’s update of developmental risk labels
[32], it still uses the old labelling categories: A, B, C, D and X. A and B
category compounds were those in which a toxicity eﬀect has not been
established for humans. Category C included compounds in which there
is a lack of studies to clearly determine whether the developmental
eﬀects that might have been observed in animals translate to eﬀects in
humans. Categories D and X were reserved for compounds in which a
toxic eﬀect in humans has been clearly established [33]. While there
56
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Fig. 1. Workﬂow followed for the generation of the DVTOX dataset (in red). The initial source of compounds was the dataset published by Enoch et al. [14]. To that,
we added compounds contained in the EPA IRIS database and the TOXNET HSDB database. We also obtained published experiment excerpts from HSDB. With these,
we obtained a curated list of compounds to which we added structural information from PubChem and ChEMBL and targets contained in both ChEMBL and
DrugBank.

In order to avoid annotation inconsistencies that have been noted in
large compound databases like PubChem [46,47], we also obtained
ChEMBL and DrugBank [48] identiﬁers for all molecules. Using these,
we checked for consistency of the molecule identiﬁers (name, CAS
Number, ChEMBL ID and DrugBank ID) to the reported structure. Inconsistencies were cleaned manually, either correcting the annotation
that was wrong, or removing the compound from the database.
We also used the ChEMBL and DrugBank identiﬁers to retrieve the
records of the compounds that were available in each of the databases.
We extracted the targets annotated for each of the records that we
obtained and created a table detailing drug-target relationships. We
also created a target table summarizing the unique targets found between two databases. We used Uniprot [49] identiﬁers for the protein
targets.
DVTOX, including drugs, targets and drug-target relationships, can
be found in Supplementary Data 1. Note here that 147 out of the 577
compounds had no annotated drug-target interactions. For this reason,
for the analysis of mechanisms of action presented below, we focused
on the 430 compounds with target annotations.

detailed in Supplementary Data 1.
Upon review, we included compounds that showed evidence of
developmental toxicity with a 1 and those that did not show developmental toxicity with a -1. Compounds with conﬂicting evidence for
toxicity were excluded from the database. In all cases, developmental
toxicity eﬀects were considered, while reproductive toxicity eﬀects
were not (see Supplementary Data 2). While the two are commonly
presented together, the mechanisms by which the toxicity works are
diﬀerent and we were interested in capturing developmental toxicity
eﬀects in particular.
Depending on the availability of data that we had obtained from
these sources, we used the name or CAS Number to search the PubChem
[43] Compound database for structural information on each of the
agents that had been selected in the previous step and saved the Canonical SMILES. Using the PubChem Compound database ensured that
the obtained chemical structures were standardized [43,44]. In the case
of agents that referred to mixtures, we searched for the most representative compound of the mixture. The remaining compounds were
looked up in ChEMBL [45]. Compounds that could not be found in either database were deleted from this study.
57
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(Catvis) twice a day each. Healthy mature zebraﬁsh pairs were used for
egg production. Embryos were collected in E3 embryo media containing 0.0001 % methylene blue (Acros Organics, 96+% purity) and
100 μg/mL ampicillin (Sigma-Aldrich) and kept in the incubator at
28.5 °C until they reached the stage speciﬁed below for each assay.
Zebraﬁsh were maintained in accordance with the European
Directive 2010/63 for the protection of animals used for scientiﬁc
purposes and all experiments were approved by the ethical committee
for animal experimentation of IIS Biodonostia (San Sebastián,
Gipuzkoa, Spain).

2.2. Bioinformatics analysis
In order to identify the list of protein targets potentially involved in
MIEs, we carried out a one-sided hypergeometric test for each of the
proteins targets included in the database. In particular, we deﬁned two
event classes for each protein target: participation in the mechanism of
action of molecules that have been associated to developmental toxicity
endpoints (n) and participation in the mechanism of action of molecules
that have not (m). In our database, the population size for each type of
event is the number of compounds that have been categorized in each
side, namely N = 257 and M=173. We evaluated the statistical signiﬁcance of n for each of the protein targets when the participation of
mechanisms of action associated to developmental toxicity was
random. For the calculation of the p-value, we used the Lancaster’s mid
p-value correction, which has better performance than standard procedure for small sample sizes [50]. The proteins with a p-value≤0.05
were considered to be participating signiﬁcantly more in mechanisms of
action of toxic compounds than those of non-toxic compounds. The
interactions with these proteins were selected as candidate MIEs of
developmental toxicity and were taken into further validation.
In order to evaluate whether the obtained MIE candidates were
signiﬁcantly associated with developmental processes, we carried out a
Gene Ontology category enrichment analysis. We introduced the
Uniprot identiﬁers of the MIE candidates on the PANTHER overrepresentation test [51], choosing the Biological Processes subsystem in
the Homo sapiens species. We carried out Fisher’s exact test and corrected the p-values using the False Discovery Rate approach.
In addition to that, orthologues were obtained for the MIE candidates. We obtained Ensembl identiﬁers for the genes associated to the
selected proteins and with those queried the Ensembl REST API [52],
obtaining a list of orthologues based on sequence alignments. Ensembl
contains calculated scores for homologues of several species, with
percent identity and a conﬁdence annotation. We selected the homologues of human genes found in several common experimental species
in developmental toxicity: mouse (Mus musculus), rat (Rattus norvegicus), hen (Gallus gallus), rabbit (Oryctolagus cunniculus) and zebraﬁsh
(Danio rerio).
Furthermore, we carried out a SeqAPASS [53] level 1 and level 2
analysis for each of the proteins in the MIE candidate list. SeqAPASS is a
tool developed by the EPA to predict the risk susceptibility of compounds with a certain mechanism of action across species. It contains
three diﬀerent levels of analysis: 1) full protein sequence alignment, 2)
functional domain alignment and 3) key amino-acid alignment. We
obtained full protein sequence alignments for each of the proteins
contained in the MIE candidate list. Afterwards, we selected a number
of relevant functional domains for each of the MIE candidates and
carried out level 2 analyses. Level 3 analysis was not conducted due to
lack of evidence of key amino acids in protein domains.

2.3.2. Chemicals
Dimethyl sulfoxide (DMSO) (CAS 67-68-5, purity 99.9 %) (vehicle
control) was obtained from Scharlau, Captopril (CAS 62571-86-2,
purity ≥98 %) from Calbiochem and Ketoprofen (CAS 22071-15-4,
purity ≥98 %), Enalapril maleate salt (CAS 76095-16-4, purity > 98
%) and 13-CIS-Retinoic acid (CAS 4759-48-2, purity > 98 %) (positive
control of the assay) were obtained from Sigma-Aldrich. Tricaine (CAS
886-86-2) was obtained from Acros Organics. Stock solutions of each
tested chemical were prepared in DMSO (for the 3 chemicals in the ﬁrst
dose-range ﬁnding study or only for Ketoprofen in the main study) or
directly in E3 media containing 10 mM HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid) (Sigma-Aldrich) (in the case of
Enalapril maleate salt and Captopril in the main study).

2.3.3. Assessment of developmental toxicity
To determine the relevant concentrations, a dose-range ﬁnding
(DRF) study was ﬁrst conducted at concentrations ranging from
0.1–1000 μM. Fertilized embryos (from transgenic line expressing
CopGFP under the myocardium speciﬁc promoter cmlc2 [55]) were
placed in 24 well plates (5 embryos per well, 10 embryos per condition)
and treated at 4−5 h post fertilization (hpf) with the corresponding
chemical concentration. A group of embryos treated with 0.5 % DMSO
was used as a vehicle control. Plates were incubated at 28.5 °C for 4
days and embryo media was replaced and test items added at 2 days
post fertilization (dpf). Embryos were analyzed at 2 and 4 dpf (at this
last stage embryos were anesthetized with 0.04 mg/mL Tricaine) and
the incidence of lethality and the presence of gross developmental defects were recorded. After this, the main experiment was carried out
and embryos were treated with the following concentrations of interest:
20, 50, 100, 300, 1000, 2000, 5000 and 10,000 μM for Ketoprofen;
1000, 1500, 2000, 3000, 5000, 7500, 10,000 and 20,000 for Enalapril
maleate salt and Captopril. Embryos were treated in a similar manner as
described for the DRF above with the exception that a total of 15 embryos (instead of 10) were tested per experimental condition. In addition to vehicle control (0.5 % DMSO for Ketoprofen treated embryos or
just E3 media +10 mM HEPES for embryos exposed to the other two
compounds), a group of embryos were treated with 100 nM Retinoic
acid (positive control). Detailed analysis of embryo morphology was
performed at 2 and 4 dpf based on the teratogenic end points described
by Beekhuijzen et al. (2015) [56]. Brieﬂy, these included malformation
the craniofacial structures, otic vesicle and tail, deformed body shape
and edemas (recorded as presence or absence). The percentage of dead
embryos was also calculated at both stages. The percentage of altered
and dead embryos was used for Eﬀective Concentration 50 % (EC50)
and Lethal Concentration 50 % (LC50) calculations, respectively, applying a nonlinear regression test (sigmoidal dose-response curve) using
the GraphPad Prism (GraphPad Software). A teratogenic Index (TI) was
estimated as the ratio between LC50 and EC50. Two TIs were calculated, one per stage analyzed. Compounds with a TI higher than 2, at
least in one of the stages analyzed, have been considered teratogenic
[5] (Biobide’s internal validation).

2.3. Zebraﬁsh embryo toxicity test
The zebraﬁsh (Danio rerio) has emerged as a promising alternative
animal model for toxicity evaluation after chemical exposure. Assays
performed with zebraﬁsh embryos are cheaper and faster when compared with mammalian tests while compounds are evaluated in the
context of an intact organism rather than under artiﬁcial in vitro conditions [54]. We carried out the zebraﬁsh embryo toxicity test for three
diﬀerent compounds: ketoprofen, captopril and enalapril, as detailed in
the Results section. The steps went as follows:
2.3.1. Fish husbandry and egg production
Adult zebraﬁsh were housed and maintained in accordance with
standard procedures. Brieﬂy, ﬁsh were maintained under a photoperiod
of 14:10 h light:dark at 28.5 °C in water continuously ﬁltered at pH
7–7.8, conductivity 500–800 μS and O2 saturation at 60–90 %. Adults
were fed with ground dry pellets (Gemma 300, Skretting) and artemia
58
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Table 1
List of proteins proposed as MIE candidates of developmental toxicity.
Uniprot ID

CHEMBL ID

Description

Toxic compounds

Non-toxic compounds

Described in Van Gelder et al, 2010

P10275
P12821
P35354
P11511
P00374
P11388
P25101
P03372
Q92731
P14867
P47869
P34903
P48169
P31644
Q16445
P28472
O14764
P24046
P28476
P18505
P47870
P18507
O00591
P78334
Q9UN88
Q8N1C3
Q99928
A8MPY1
P04150
Q13002
P42262
P30968
Q92769
P04035
P20839
P43681
P36544
P09619
O75469
P06401
P10276
P10826
P13631
P19793
P28702
P48443
P23921
P31350
Q7LG56
P10721
P18405
P04818
P30536
P68366
Q71U36
Q9H4B7
P07437
P30556
P17948
P35968
P35916
Q9BQB6
O43497
O95180
Q9P0 × 4

CHEMBL1871
CHEMBL1808
CHEMBL2094253
CHEMBL1978
CHEMBL202
CHEMBL1806
CHEMBL252
CHEMBL206
CHEMBL242
CHEMBL1962
CHEMBL4956
CHEMBL3026
CHEMBL2472
CHEMBL5112
CHEMBL2579
CHEMBL1847
CHEMBL3591
CHEMBL3561
CHEMBL2375
CHEMBL2109244
CHEMBL2109244
CHEMBL2095190
CHEMBL2093872
CHEMBL2093872
CHEMBL2093872
CHEMBL2109243
CHEMBL2109243
CHEMBL2109242
CHEMBL2034
CHEMBL3683
CHEMBL4016
CHEMBL1855
CHEMBL2093865
CHEMBL402
CHEMBL1822
CHEMBL1882
CHEMBL2492
CHEMBL1913
CHEMBL3401
CHEMBL208
CHEMBL2055
CHEMBL2008
CHEMBL2003
CHEMBL2061
CHEMBL1870
CHEMBL2004
CHEMBL1830
CHEMBL1954
CHEMBL2095215
CHEMBL1936
CHEMBL1787
CHEMBL1952
CHEMBL5742
CHEMBL2095182
CHEMBL3661
CHEMBL1915
CHEMBL5444
CHEMBL227
CHEMBL1868
CHEMBL279
CHEMBL1955
CHEMBL1930
CHEMBL4641
CHEMBL1859
CHEMBL5558

Androgen Receptor
Angiotensin-converting enzyme
Cyclooxygenase
Cytochrome P450 19A1
Dihydrofolate reductase
DNA topoisomerase II alpha
Endothelin receptor ET-A
Estrogen receptor alpha
Estrogen receptor beta
GABA receptor alpha-1 subunit
GABA receptor alpha-2 subunit
GABA receptor alpha-3 subunit
GABA receptor alpha-4 subunit
GABA receptor alpha-5 subunit
GABA receptor alpha-6 subunit
GABA receptor beta-3 subunit
GABA receptor delta subunit
GABA receptor rho-1 subunit
GABA receptor rho-2 subunit
GABA-A receptor; agonist GABA site
GABA-A receptor; agonist GABA site
GABA-A receptor; alpha-6/beta-3/gamma-2
GABA-A receptor; anion channel
GABA-A receptor; anion channel
GABA-A receptor; anion channel
GABA-A receptor; benzodiazepine site
GABA-A receptor; benzodiazepine site
GABA-C receptor
Glucocorticoid receptor
Glutamate receptor ionotropic kainate 2
Glutamate receptor ionotropic, AMPA 2
Gonadotropin-releasing hormone receptor
Histone deacetylase
HMG-CoA reductase
Inosine-5′-monophosphate dehydrogenase 1
Neuronal acetylcholine receptor protein alpha-4 subunit
Neuronal acetylcholine receptor protein alpha-7 subunit
Platelet-derived growth factor receptor beta
Pregnane X receptor
Progesterone receptor
Retinoic acid receptor alpha
Retinoic acid receptor beta
Retinoic acid receptor gamma
Retinoid X receptor alpha
Retinoid X receptor beta
Retinoid X receptor gamma
Ribonucleoside-diphosphate reductase M1 chain
Ribonucleoside-diphosphate reductase M2 chain
Ribonucleoside-diphosphate reductase RR1
Stem cell growth factor receptor
Steroid 5-alpha-reductase 1
Thymidylate synthase
Translocator protein
Tubulin
Tubulin alpha-3 chain
Tubulin beta-1 chain
Tubulin beta-5 chain
Type-1 angiotensin II receptor
Vascular endothelial growth factor receptor 1
Vascular endothelial growth factor receptor 2
Vascular endothelial growth factor receptor 3
Vitamin k epoxide reductase complex subunit 1 isoform 1
Voltage-gated T-type calcium channel alpha-1 G subunit
Voltage-gated T-type calcium channel alpha-1H subunit
Voltage-gated T-type calcium channel alpha-1I subunit

15
9
14
4
5
5
4
15
7
24
22
22
22
22
22
19
19
6
6
19
19
18
19
19
19
19
19
6
9
10
11
10
4
8
4
11
11
4
6
10
5
5
5
4
4
4
4
4
4
5
4
5
5
4
4
4
6
7
6
6
6
4
4
5
4

0
1
3
0
0
0
0
2
0
1
1
1
1
1
1
3
1
0
0
2
2
1
1
1
1
1
1
0
1
0
0
0
0
0
0
1
1
0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes

3. Results

Yes

No
No
No
Yes
Yes
No
No
No
Yes
Yes
Yes

Yes

No

No
Yes
No
Yes
No

Yes
Yes

No
No

annotated number of toxic and non-toxic compounds, respectively.
Upon examination, it is clear that these proteins interact recurrently
with molecules that are associated to developmental toxicity, rather
than those that are not (one-sided Hypergeometric test: mid pvalue≤0.05, see Methods section). Out of the 181 compounds with
which these 65 proteins interact, 168 (92 %) are with compounds that

3.1. Descriptive analysis of human developmental toxicity based on DVTOX
In Table 1, we present our list of proteins developmental toxicity
MIE candidates, including their UniProt and ChEMBL IDs, name and
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type calcium channels in mice [66].
We also found a number of these targets involved in previously
described AOPs. AOPwiki, for instance, described vascular endothelial
growth factor receptor disruption and estrogen receptor agonism as
MIEs of AOPs describing developmental outcomes [29]. A review from
2016 introduced an AOP that started with tubulin binding as its MIE,
with aneuploidy as its AO [67]. Retinoid imbalance has been associated
to AOs for neural tube and axial defects [27]. The androgen receptor
and cyclooxygenase had both been related to AOPs. However, the androgen receptor had been described in AOPs related to reproductive
toxicity. Cyclooxygenase, on the other hand, had not been described as
a MIE, but a KE in other AOPs. Based on this existing literature, we kept
the list of proteins in Table 1 for further analysis.
3.2. Predictive analysis of developmental toxicity
Our central hypothesis here is that compounds that interact with
proteins in Table 1 (set of MIE candidates) will have a developmental
toxicity eﬀect in humans. From ChEMBL, we extracted a list of compounds not included in DVTOX that had proteins in Table 1 as part of
their mechanism of action (Supplementary Data 2). We obtained 440
compounds, out of which 241 were drugs related to 25 of the MIE
candidates. In many cases, we found that the drugs in question had
already been described to produce developmental toxicity eﬀects in
humans. Some of these drugs were antineoplastic agents, which are
clearly toxic for embryo development. Others, however, were less clear,
for example, diﬀerent statins, whose target is HMG-CoA reductase, but
their developmental toxicity has not been clearly delineated.
Considering that cross-species extrapolation has been one of the
focuses of AOP research [10], we analysed whether the proteins of the
candidate MIE list in Table 1 were conserved across ﬁve common experimental species. To that end, we extracted the orthologues of these
proteins predicted by Ensembl. The rationale behind this was that orthologues tend to conserve high sequence similarities and that this
translates into similar functions across organisms [7], which can be
extended to mechanisms of toxicity. All ﬁve of the experimental animal
models showed a high number of orthologues for the proteins selected
in our panel (Fig. 2). In fact, the percentage of proteins that had
identiﬁed orthologs in other species was higher for our selection than
would be reasonably expected from the whole genome. This suggests
that our target selection contains highly conserved mechanisms of action that are relevant to developmental processes across species.
In addition to that, we carried out SeqAPASS analyses for each
protein. We studied the conservation of the proteins in our MIE candidate list in two diﬀerent levels: full sequence alignment and functional group alignment. There were high similarity hits for all of the
proteins in the MIE candidate list. The analysed functional domains
showed even higher similarity in all cases (see Supplementary Data 2).
These results strongly suggest that these MIE candidates are conserved across several organisms. It also means that these experimental
animals are most likely appropriate to study several common forms of
developmental toxicity in humans. Thus, compounds that can participate in said MIEs should yield true positive results when tested for
developmental toxicity. However, there will be a number of false negative results arising from the proteins that do not possess orthologues
in the experimental species. This can be relevant for organisms like the
hen or the zebraﬁsh, which contain the lowest amount of orthologues.
We evaluated the available literature for experiments on the zebraﬁsh embryo toxicity test that could serve as validation for our hypothesis. We found 22 molecules from DVTOX that had proteins in our
MIE candidate list which had been tested on the zebraﬁsh embryo
[68–70]. We also found 8 of the 241 newly-found compounds that had
been tested for the zebraﬁsh embryo toxicity assay. We found positive
toxicity eﬀects for all of them. The reason for having so few hits in these
large libraries of hundreds of compounds was the restrictiveness of our
approach: we only picked compounds with known mechanisms of

Fig. 2. Conservation of proteins associated with developmental toxicity across
several model species. Most of the proteins in our selection have known orthologs in experimental species (in gray). This is especially true when compared
with the expected amount of proteins that should have orthologs in each of the
species (in black).

have been associated with developmental toxicity outcomes. The space
of protein targets to be considered for MIEs is greatly reduced, as 65
candidates aggregate the toxicity of 65 % of the compounds. Given that,
on average, the mechanism of action of any given compound contained
in DVTOX has ﬁve annotated proteins, this is a considerable decrease.
In addition, we carried out an enrichment analysis based on Gene
Ontology and found that the MIE candidates that had been selected are
signiﬁcantly enriched in pathways associated with growth and developmental processes (Fisher’s exact test: p-value≤0.05, see Methods
section and Supplementary Data 2). We also compared our results with
a highly cited review of mechanisms of action associated with teratogenesis [30,57]. For this analysis, we grouped proteins in Table 1
into 32 families. One of these families, for example, is that of the GABA
receptors, which includes 19 proteins in Table 1. Out of 25 pathways/
proteins mentioned in these reviews, we were able to recover 16, as
noted in Table 1. This is more accurate than the previous work presented in Schachter and Kohane (2011), which only recovered 6 of
these 25 mechanisms.
It is important to note that in Table 1 we also hypothesized mechanisms of action that were not mentioned in van Gelder et al. (2014).
Ribonucleotide-diphosphate reductases and thymidylate synthase are
typical targets for cellular proliferation in cancer and clear evidences
exist for their importance for embryo development [58]. An analogue of
thalidomide has been shown to interact with tubulins and, therefore,
our prediction seems consistent. Inosine monophosphate dehydrogenase inhibitors were discovered to be teratogenic early on [59].
Similarly, the teratogenic eﬀect of glucocorticoids has long been linked
to their interaction with cytoplasmatic receptors [60], as is posed here.
Our approach neglected NMDA receptors; however, we captured the
other two ionotropic glutamate receptors: kainite and AMPA, whose
role for organ formation and morphogenesis has been recently elucidated [61]. We also predicted the relevance of the neuronal acetylcholine receptor and DNA topoisomerase for embryo development,
which is again supported by the literature [62,63]. Diﬀerent tyrosine
kinase receptors were identiﬁed in Table 1, particularly the plateletderived growth factor and stem cell growth factor, which are associated
with gonadal development [64]. This is also the case for the gonadotropin-releasing hormone receptor. Inhibitors of the vitamin k epoxide
reductase complex subunit 1 isoform 1 have shown a clear developmental toxicity eﬀects in diﬀerent animal models such as the zebraﬁsh
[65]. The same conclusion was drawn for inhibitors of voltage-gated T-
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mechanisms of action that initiate cascades associated to developmental toxicity AOs.
We have also studied the generalizability of the proposed MIEs to
animal models. With that, we predicted that the zebraﬁsh embryo
toxicity test would yield a true positive for ketoprofen, and false negatives for enalapril and captopril if ACE did not have any homologues.
While ketoprofen behaved as expected, enalapril and captopril did not.
We had predicted that, because of the lack of a zebraﬁsh orthologue of
ACE, there would be no developmental toxicity eﬀects in the zebraﬁsh
embryo when exposed to ACE inhibitors. However, both enalapril and
captopril showed a pattern of embryonic toxicity similar to that which
has been described in humans: low (if any) at early development, and
higher toxicity towards the end of the developmental process [74,75].
The conclusion seems obvious: ACE is probably conserved in the zebraﬁsh, acting in a similar way to the human one. Thus, the MIE that we
had predicted in humans would also apply to the zebraﬁsh.
Evaluating the available literature, although enalapril seemed to
cause eye development defects in the zebraﬁsh embryo [76], the
knockdown of the zebraﬁsh ACE gene did not result in developmental
abnormalities in the ﬁsh. The authors proposed two options: that the
knockdown was not complete or that enalapril mediated its toxicity
through a diﬀerent mechanism of action. When it came to captopril,
while there seemed to be some teratogenic eﬀects associated to the
exposure of the compound in zebraﬁsh embryos, these happened at
high concentrations [77]. This might be related to problems of delivery
of the compounds to the zebraﬁsh embryos: compounds with high hydrophilicity tend to have worse uptake than those with high lipophilicity [78]. Both compounds have low LogP values, which means that
higher concentrations in the medium will be necessary for the zebraﬁsh
embryos to start absorbing it.
We failed to predict that this experiment would actually yield a true
positive result because of our starting data: the orthologues obtained
from Ensembl, which contains curated relationships that have strong
evidence for orthology and neglects putative orthologues for which
there could be some lower level of evidence. While this is an evidence
of the blindness that the algorithm can have, we believe that this in
itself is not a major ﬂaw of the methodology that we present here: all
data analytics algorithms are dependent on the data they are fed. In this
regard, the presented methodology can easily be applied to larger databases that are richer in annotations, or even other types of toxicity,
which would overcome the limitations of the current study.
In summary, we propose that the 65 protein targets reported above
are involved in Molecular Initiating Events (MIEs) for developmental
toxicity. Note here that AOPs are a promising approach to identify
critical biological events impacting human and ecological health. In
fact, relevant regulatory programs have incorporated AOPs for chemical screening (Perkin et al., 2015) [79]. Although extensive work is
required to complete AOPs in developmental toxicity, the systematic
identiﬁcation of MIE candidates constitutes a step forward. We expect
this methodology to be a relevant part of MIE discovery, and to be
integrated with other pathway-identiﬁcation tools to make reliable
predictions of AOPs, which will allow for better toxicity testing of
compounds.

action, and of those, only the ones that were known to include the
protein targets in our list of MIE candidates. It is, thus, not surprising
that we did not ﬁnd many compounds, one of the reasons being that
these libraries were quite enriched in pesticides (two of the studies were
exclusively based on them [69,70]), whose modes of action are often
poorly understood and still a relevant topic of research [71].
For further validation, we carried out additional experiments with
the zebraﬁsh embryotoxicity test in two diﬀerent situations: compounds
targeting cyclooxygenase (COX) and angiotensin-converting enzyme
(ACE). In the ﬁrst case, because Ensembl predicted that COX has an
orthologue in the zebraﬁsh, and the SeqAPASS analysis provided us
with high similarity alignments in both the whole sequence and functional domain levels, the developmental toxicity MIE sould be conserved in the zebraﬁsh embryo. In the second case, we found that angiotensin-converting enzyme (ACE) showed contradictory results: while
SeqAPASS returned 66 % similarity for the whole sequence and 76 %
similarity for the functional domains, the Ensembl database did not
contain any orthologue of the human ACE in the zebraﬁsh. With this
information, we decided to evaluate whether the toxicity MIE of ACE
was present in the zebraﬁsh. Thus, we selected ketoprofen
(CHEMBL571), a cyclooxygenase (COX1, COX2) inhibitor, and captopril (CHEMBL1560) and enalapril (CHEMBL578), two angiotensinconverting enzyme (ACE) inhibitors in the zebraﬁsh. The zebraﬁsh
embryo should present developmental toxicity eﬀects when exposed to
ketoprofen, but when exposed to the ACE inhibitors there should only
be developmental eﬀects if the MIE (and, as an extension, the protein) is
conserved.
Zebraﬁsh embryos were exposed to the three studied compounds
and morphological variations were registered (see Method section).
Ketoprofen showed the expected results: teratogenic eﬀects were established at 2 dpf (TI = 2.24) and 4 dpf (TI = 3.11). Enalapril and
captopril, on the other hand, did not show teratogenic eﬀects at 2 dpf
(TIEnalapril = 1.04, TICaptopril = 1.10), but they both could have teratogenic eﬀects at 4 dpf (TI higher than 2 for Enalapril and very close to 2
for Captopril) (Fig. 3).
Considering these results, we concluded that the mechanism of action by which ACE inhibitors act has to be conserved. Ensembl only had
a zebraﬁsh homologue of the human ACE2. While this is related to ACE,
it is not relevant to the direct mechanism of action of the tested compounds. On the other hand, the Uniprot and NCBI Gene [72] databases
both contained zebraﬁsh orthologues for the human ACE, but with low
experimental evidence for the former and provisional status for the
latter. We also reviewed the compounds in question looking for possible
oﬀ-target eﬀects that might have triggered the toxicity. The annotated
mechanisms of action of both captopril and enalapril only contained
ACE, which would point towards a high selectivity. This was further
conﬁrmed when only one oﬀ target eﬀect was found for captopril in
bioactivity assays [73].
4. Discussion
In this paper, we have introduced DVTOX, a hand-curated drugtarget relationship database containing developmental toxicity category
information for approximately 600 compounds, and a methodology to
identify compound mechanisms of action that could act as MIEs of
developmental toxicity AOs. Through the usage of the hypergeometric
test against the drug-target relationships contained in DVTOX, we have
identiﬁed 65 proteins that are signiﬁcantly associated to compounds
that produce developmental toxicity eﬀects in human embryos. A Gene
Ontology analysis and the available literature have both supported our
hypothesis that the selected targets were associated with development
in humans, and that some of them are known to act as MIEs. Taking the
analysis further, we have extracted new compounds from ChEMBL that
contained such targets as part of their mechanisms of action, ﬁnding
that many had already been annotated as developmental toxicants. This
is indicative of the robustness of this methodology to identify
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Fig. 3. Developmental toxicity assay of Ketoprofen, Enalapril maleate salt and Captopril. A) Schematic depicting a summary of the experimental design. B, C, D)
Results obtained for Ketoprofen (B) and for the ACE inhibitors Enalapril maleate salt (C) and Captopril (D). Sigmoidal dose-response curves were calculated at 2 and 4
dpf for the percentage of aﬀected and dead embryos. TI values (LC50/EC50) are shown. Representative bright ﬁeld pictures of 4 dpf embryos at the concentrations
indicated are also shown. Scale bar, 200 μM in all pictures.
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