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ABSTRACT — According to International Conference on Harmonization guidelines, each drug in development for administration to women of child-bearing potential must be tested for possible developmental toxicities using at least two species (a rodent and non-rodent). With the high cost and slow pace of
embryonic-fetal toxicity testing in mammals, both the zebrafish embryonic toxicity test (ZET) and mouse
embryonic stem cell test (mEST) have been shown to be useful to assess developmental toxicity of various chemical compounds, including human pharmaceutical drugs, in a high-throughput manner. However,
comparative study of the sensitivity and specificity of these methods using the same set of human pharmaceutical drugs is scarce. In this study, we assessed developmental toxicity tests of 39 chemical compounds, including human pharmaceutical drugs, in both the ZET and mEST. The accuracy, sensitivity, and
specificity of the ZET were 69%, 59%, and 82%, respectively. The accuracy, sensitivity, and specificity of
the mEST were 64%, 50%, and 82%, respectively. As a result, both the ZET and mEST showed acceptable accuracies compared with rat embryo-fetal toxicity study and Food and Drug Administration pregnancy categories. By comparing the results between the ZET and mEST, we identified different types of true
positives and true negatives. Thus, complementary tests using both the ZET and mEST may better predict
the developmental toxicity of human pharmaceuticals.
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INTRODUCTION
According to International Conference on Harmonization (ICH) guidelines (ICH, 2005, 2015), each pharmaceutical drug in development for administration to
women of child-bearing potential must be tested for possible developmental toxicities using at least two species

(a rodent and non-rodent). Traditional toxicity testing
requires collecting data on one chemical at a time using
animal models such as the rat and rabbit. Achieving registration of a drug requires the use of a high number of animals for teratogenicity safety assessment, which is not in
line with the current trend of applying the replacement,
reduction, and refinement of animal studies (3R) principle
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(Nishimura et al., 2016).
For example, a whole embryonic culture system is
one of the candidates for the alternative methods, which
shows high predictivity (Genschow et al., 2002). However, it requires many animals and is thus not favored from
the 3R viewpoint. Additionally, numerous chemical compounds would be applied. Therefore, it is not recommended for many drug candidates in the early drug-screening stage. To date, the zebrafish embryonic toxicity test
(ZET) and mouse embryonic stem cell test (mEST) have
been shown to be useful to assess developmental toxicity of various chemicals including human pharmaceutical
drugs (Nishimura et al., 2016; Matsumoto, 2009). In general, smaller amounts of compounds (less than 100 mg for
each test) are used in both the ZET and mEST compared
with rat embryo-fetal toxicity studies. However, comparative study of the accuracy, sensitivity, and specificity of these methods using the same set of human pharmaceutical drugs is scarce. In the present study, we assessed
developmental toxicity tests of 39 chemicals in both the
ZET and mEST, and show that it is possible to detect the
developmental toxicities at the drug-screening stage using
both tests.
MATERIALS AND METHODS
Compounds and cells
We assessed the ZET and mEST using 22 teratogens
(atorvastatin, busulfan, clarithromycin, cytarabine, dasatinib, dexamethasone, diclofenac, diphenhydramine, fluticasone, hydroxyurea, imatinib, indomethacin, methotrexate, retinoic acid, ribavirin, thalidomide, theophylline,
thio-TEPA, topiramate, valproic acid and 2 in-house compounds; ONO-A and ONO-B) and 17 non-teratogens
(amlodipine, ascorbate, cetirizine, dipyridamole, famotidine, fexofenadine, lansoprazole, montelukast, omeprazole, penicillin G, saccharin, sodium cyclamate, ticlopidine, valpromide, zafirlukast and 2 in-house ONO
compounds; ONO-C and ONO-D).
ONO-A, ONO-B, ONO-C, and ONO-D were synthesized by ONO Pharmaceutical (Osaka, Japan). Ascorbate, busulfan, cetirizine, cytarabine, diphenhydramine,
famotidine, fexofenadine, fluticasone, hydroxyurea, lansoprazole, omeprazole, penicillin G, ribavirin, theophylline, thio-TEPA, ticlopidine, topiramate, and valproic acid were purchased from Sigma-Aldrich Japan
(Tokyo, Japan). Diclofenac, dipyridamole, indomethacin, and methotrexate were purchased from Microsource
(Gaylordsville, CT, USA). Dasatinib, imatinib, montelukast, and zafirlukast were purchased from Sequoia
Research Product (Pangbourne, UK). Amlodipine and
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dimethyl sulfoxide (DMSO) were purchased from
Kanto Chemicals (Tokyo, Japan). Atorvastatin was purchased from Chempacific (Baltimore, MD, USA). Clarithromycin and valpromide were purchased from Wako
Pure Chemicals (Osaka, Japan). Dexamethasone was
purchased from Enzo (New York, NY, USA). Retinoic
acid and saccharin were purchased from Tokyo Chemical Industry (Tokyo, Japan). Sodium cyclamate was purchased from Supelco (Bellefonte, PA, USA). Thalidomide
was purchased from Tocris (Minneapolis, MN, USA). D3
mouse embryonic stem cells (ES-D3, CRL-1934) and
3T3 mouse embryonic fibroblasts (3T3 fibroblasts, CL
A31) were purchased from the American Type Culture
Collection (Manassas, VA, USA) and DS Pharma
Biomedical (Osaka, Japan), respectively.
ZET
Zebrafish (AB-line, 4 months old) were mated, and the
fertilized eggs were used for the assay without dechorionation. Eggs were incubated with the compounds in fish
medium (2 mM CaCl2, 0.5 mM MgSO4, 0.7 mM NaHCO3, and 0.07 mM KCl, pH 7.4) for 80 hours post-fertilization (hpf). The fish medium was changed every day.
Chemical compounds were dissolved in 100% DMSO
and adjusted to 10 mM concentrations. The final concentration of DMSO of the highest drug concentration in the
ZET was 1%. Morphological evaluations of the embryos were performed at 80 hpf using a Nikon SMZ800 stereoscopic microscope. Teratogenic effects were recorded in terms of the following endpoints: malformation of
the head, malformation of sacculi/otoliths, malformation
of the tail, malformation of the heart, pericardial edema,
yolk deformation, and scoliosis. Chemicals that showed
an anomaly in at least one teratogenic endpoint at 80 hpf
were judged as teratogens in the ZET. Compounds that
showed anomalies without death were judged as ZET
positive. The compounds without anomalies at 100 μM
were judged as ZET negative.
mEST
The mEST was performed according to the European Centre for the Validation of Alternative Methods (ECVAM) international validation study (Genschow
et al., 2002; Matsumoto, 2009; Riebeling et al., 2015).
Briefly, ES-D3 cells and 3T3 fibroblasts were treated
with chemicals for 10 days. Subsequently, ES-D3 cells
that were differentiated toward heart development via
embryoid bodies were scored for beating embryoid body
outgrowths. Cytotoxic effects on ES-D3 cells and 3T3
fibroblasts were determined using an MTT (3-(4,5-di-methylthiazol-2-yl)- 2,5-diphenyl tetrazolium bromide) assay
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(Mosmann, 1983). Chemical compounds were dissolved
in 100% DMSO. The final concentration of DMSO in the
mEST was adjusted to 1%.
The experimental parameters, prediction models, and
classification criteria of the mEST are shown in Table 1.
Class 3 chemicals, and Class 2 chemicals with a score
calculated by subtracting linear discriminant functions I
from II is higher than 4 were judged as mEST positive
(Matsumoto, 2009). Class 2 chemicals with a score calculated by subtracting linear discriminant functions I from
II is equal to or lower than 4 and Class 1 chemicals were
judged as mEST negative (Matsumoto, 2009).
RESULTS
Typical images of zebrafish exposed to the vehicle,
retinoic acid, montelukast, zafirlukast, omeprazole, lansoprazole, theophylline, dipyridamole, thio-TEPA, busulfan,
dasatinib, or imatinib are shown in Fig. 1. The results of
the ZET are shown in Table 2. Among the 39 compounds
evaluated in this study, the accuracy, sensitivity, and specificity of the ZET were 69%, 59%, and 82%, respectively (Fig. 2). The accuracy, sensitivity, and specificity of the mEST were 64%, 50%, and 82%, respectively
(Fig. 3).
Positivity in the ZET
True positive compounds in the ZET were as follows: atorvastatin, dasatinib, dexamethasone, diclofenac,
indomethacin, methotrexate, ONO-A, ONO-B, theophylline, thio-TEPA, topiramate, retinoic acid, and valproic
acid.
False positive compounds in the ZET were amlodipine,
montelukast, and ticlopidine.

Negativity in the ZET
True negative compounds in the ZET were as follows:
ascorbate, cetirizine, dipyridamole, famotidine, fexofenadine, lansoprazole, ONO-C, ONO-D, omeprazole, penicillin G, saccharin, sodium cyclamate, valpromide, and
zafirlukast.
False negative compounds in the ZET were as follows:
busulfan, clarithromycin, cytarabine, diphenhydramine,
fluticasone, hydroxyurea, imatinib, ribavirin, and thalidomide.
Positivity in the mEST
True positive compounds in the mEST were as follows: atorvastatin, busulfan, cytarabine, dexamethasone,
diclofenac, diphenhydramine, hydroxyurea, imatinib,
methotrexate, retinoic acid, and thio-TEPA.
False positive compounds in mEST were dipyridamole
and ticlopidine.
Negativity in the mEST
True negative compounds in the mEST were as follows: amlodipine, ascorbate, cetirizine, famotidine, fexofenadine, lansoprazole, montelukast, omeprazole,
ONO-C, ONO-D, penicillin G, saccharin, valpromide,
and zafirlukast.
False negative compounds in the mEST were as follows: clarithromycin, dasatinib, fluticasone, indomethacin, ONO-A, ONO-B, ribavirin, theophylline, topiramate, and valproic acid.
Not judged in the mEST
In the mEST, we could not judge the teratogenicity of
sodium cyclamate or thalidomide. The parameters of the
mEST (Different_ES, Tox_ES, and Tox_3T3) for these

Table 1. Experimental parameters, prediction models, and classification criteria of the mEST (Genschow et al., 2002).
Experimental parameters of mEST assays:
1) 50% inhibition concentration of the differentiation of ES-D3 cell (Different_ES)
2) 50% inhibition concentration of the proliferation of ES-D3 cell (Tox_ES)
3) 50% inhibition concentration of the proliferation of 3T3 fibroblast (Tox_3T3)
The prediction models of mEST:
I : 5.916*Log (Tox_3T3) + 3.500*Log (Tox_ES) - 5.307*[(Tox_3T3 - Different_ES) / Tox_3T3] - 15.27
II : 3.651*Log (Tox_3T3) + 2.394*Log (Tox_ES) - 2.033*[(Tox_3T3 - Different_ES) / Tox_3T3] - 6.85
III : -0.125*Log (Tox_3T3) - 1.917*Log (Tox_ES) + 1.500*[(Tox_3T3 - Different_ES) / Tox_3T3] - 2.67
Classification criteria:
Class 1 Non-embryotoxic, If I>II and I>III
Class 2 Weak embryotoxic, If II>I and II>III
Class 3 Strongly embryotoxic, If III>I and III>II
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Fig. 1.

Typical images of zebrafish exposed to various compounds. A) B) vehicle. C) D) retinoic acid. E) F) montelukast. G) H)
zafirlukast. I) J) omeprazole. K) L) lansoprazole. M) N) theophylline. O) P) dipyridamole. Q) R) thio-TEPA. S) T) busulfan.
U) V) dasatinib. W) X) imatinib.

compounds could not be calculated because the effects of
these compounds on mES cells and 3T3 fibroblasts were
too weak.
DISCUSSION
In this study, the accuracy, sensitivity, and specificity
of the ZET were 69%, 59%, and 82% (Fig. 2), and those
of the mEST were 64%, 50%, and 82% (Fig. 3), respectively. These results suggest that the ability to detect
the developmental toxicities of chemical compounds is
almost the same between the ZET and mEST under our
assay conditions.
In other reports, the accuracies of the ZET (87% and
90%) (Brannen et al., 2010; Yamashita et al., 2014)
and mEST (78% and 100%) (Genschow et al., 2002;
Riebeling et al., 2015) were higher than those in our
study. The reason for the lower accuracy in our assay system is unclear. One of the possible reasons for the low
sensitivity in the ZET (59%) is the hydrophobicity of the
chemical compounds tested in the present study. The teratogenicity of hydrophilic drugs, including hydroxyurea
(logP:-1.8), busulfan (logP:-0.9), and cytarabine (logP:
-2.8), could not be detected in the ZET. These compounds
Vol. 3 No. 2

are cytotoxic anti-cancer drugs that have been judged
as positive in the mEST and showed anomalies in rat
embryonic-fetal toxicity studies, suggesting the limitation of the ZET. It would be better to predict the developmental toxicities more precisely using both the ZET and
mEST, especially for hydrophilic compounds. Additionally, montelukast showed remarkable changes and was
judged as positive in the ZET. The logP value of montelukast is higher (logP:7.3) than that of other compounds.
We hypothesize that a higher exposure concentration of
montelukast to zebrafish might affect the morphology of
zebrafish. Further studies are needed to elucidate the relationship between logP and ZET positive/negative judgements.
In the ZET, one reason for the low sensitivity (59%)
and high specificity (82%) is likely the penetration of
chorions. Nishimura et al. (2016) indicated that the penetration of chemicals through the chorion can vary depending on the physicochemical properties, cationic charge
concentration in the medium, and electrostatic attraction between chemicals and the chorion. For example, we
could not detect the embryonic toxicity of thalidomide in
the ZET or mEST. Another study could detect the embryonic toxicity of 400 μM thalidomide in the ZET with
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Table 2. Comparison between the results from the rat developmental toxicity test, ZET, and mEST of 39 chemical compounds including human
pharmaceutical drugs.
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Fig. 2. Accuracy, sensitivity and specificity of the ZET.

Fig. 3. Accuracy, sensitivity, and specificity of the mEST.
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dechorionation (Ito et al., 2010). One of the reasons why
we could not detect the toxicity of thalidomide in the ZET
might be dechorionation. Further studies would be needed to explain these discrepancies.
Another possible reason for the low sensitivity in the
ZET (59%) is the highest concentration in our assay system. Organisation for Economic Co-operation and Development (OECD) TG236 recommends the highest concentration that causes 100% lethality and the lowest
concentration that causes no observable effect (OECD,
2013). For drug screening at the early exploratory stages, we could not prepare large amounts of chemical compounds. Thus, we evaluated the compounds at 100 μM
in the ZET as the highest concentration. The highest
concentration in a ZET by Yamashita et al. (2014) was
1,000 μM. Although the set of chemical compounds is
not same in our assay system, they showed higher sensitivity (88%). Furthermore, both we and Yamashita et
al. (2014) used the same seven compounds (dexamethasone, diclofenac, indomethacin, methotrexate, penicillin G, retinoic acid, and ribavirin), and the results were
the same without indomethacin. Additionally, we evaluated hydroxyurea at 10 mM and thalidomide at 1 mM,
but they did not cause any morphological changes in the
ZET (data not shown). At present, it is unclear whether
the highest concentration affected the low sensitivity of
ZET results.
In the mEST, one of the reasons for the low sensitivity (50%) and high specificity (82%) is likely the limitation of the method itself. The differentiation value is only
obtained from cardiomyocyte differentiation, thereby
lacking detection of the effects of compounds on organs
other than the heart (De Jong et al., 2014). This single
differentiation endpoint might limit the predictive value of our assay. Another possible reason is using mousederived cells. For example, we could not detect the teratogenicity of thalidomide in the mEST. Recently, Aikawa
et al. (2014) demonstrated the embryonic toxicity of thalidomide (weak teratogenicity) using human induced
pluripotent stem cells. Further modification of the protocol might be needed to achieve better predictions in the
mEST.
We also tested in-house compounds ONO-A, B, C, and
D (Table 2) to evaluate the generality and capability of
the ZET and mEST as teratogenicity assessment systems.
ONO-A and ONO-B were precisely determined as teratogenic substances in the ZET (Fig. 2) in accordance with
the results of a rat embryonic-fetal toxicity study (data
not shown). In contrast, prediction of the teratogenicity of
ONO-A and ONO-B failed in the mEST (Fig. 3). These
results indicate that the ZET is more suitable for assess-

ment of these compounds. We do not understand why
these two tests provided different results at this time. Further studies are needed to clarify the limitation of these
assessments.
A Venn diagram of the results from the ZET, mEST, and
rat embryonic-fetal toxicity study using 31 compounds
including human pharmaceutical drugs is shown in Fig. 4.
Among the Food and Drug Administration (FDA) pregnancy category B compounds (Fig. 4, upper box), seven
of nine were judged as non-teratogens in the rat embryonic-fetal toxicity study (two of nine are unknown), and
seven of nine in the ZET and six of nine in the mEST
were judged as non-teratogens. Among FDA pregnancy
category C compounds (Fig. 4, middle box), four of 10
in the rat embryonic-fetal toxicity study, five of 10 in the
ZET, and nine of 10 in the mEST were judged as non-teratogens. Among FDA pregnancy category D and X compounds (Fig. 4, lower box), 10 of 13 in the rat embryonic-fetal toxicity study, seven of 13 in the ZET, and nine of
13 in the mEST were judged as teratogens. In the present
study, both the ZET and mEST showed acceptable accuracies and correlations with the rat embryonic-fetal toxicity study and FDA pregnancy categories.
Among FDA pregnancy category B compounds, two
in the ZET, and three in the mEST were judged as positive. In particular, ticlopidine was positive in both the
ZET and mEST, but negative in the rat embryonic-fetal toxicity study. It is known that ticlopidine is metabolized into an active form in vivo (Hagihara et al., 2008).
Therefore, the differences in metabolism between the rat
(in vivo), zebrafish (in vivo), and mouse (in vitro) might
affect the results. Among FDA pregnancy category D
and X compounds, diclofenac and atorvastatin were negative in the rat embryonic-fetal toxicity study, but positive in the ZET and mEST. FDA pregnancy category D
and X compounds, except thalidomide and ribavirin, were
judged as positive in the ZET or mEST. These results
suggest that the combination of the ZET and mEST is a
good prediction model for developmental toxicity. Conversely, ribavirin was judged as negative in both the ZET
and mEST, but positive in the rat embryonic-fetal toxicity study. It is unclear why the ZET and mEST could not
detect the toxicity of ribavirin at present. Comparing the
results between the ZET and mEST, they identified different types of true positives and true negatives (Figs. 2 and
3). We believe better prediction results would be achieved
using both the ZET and mEST.
In summary, we found that the ZET and mEST are
adequate assessment models for developmental toxicity screening in a high-throughput manner. Complementary use of the two models should improve the prediction
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Fig. 4.

Venn diagrams of the results from the ZET, mEST, and rat embryonic-fetal toxicity study using 31 compounds including
human pharmaceutical drugs.

accuracy of the teratogenicity of drug substances. These
two models would contribute not only to the evaluation
of potential developmental toxicity at the early stage in
drug development but also to decreasing the use of experimental animals compared with rat embryonic-fetal toxicity studies. Additionally, the two models would lead
to the elucidation of structure and activity relationships
that are important for pharmaceutical companies. Thus,
these models would greatly improve identification of low
developmentally toxic compounds in future drug discovery programs.
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