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Abstract

For regulatory information requirements, developmental toxicity testing is often conducted in
two mammalian species. In order to provide a set of reference compounds that could be
used to explore alternative approaches to supersede testing in a second species, a
retrospective data analysis was conducted. The aim was to identify compounds for which
species sensitivity differences between rats and rabbits are not caused by maternal toxicity
or toxicokinetic differences. A total of 330 compounds were analysed and classified
according to their species-specific differences. A lack of concordance between rat and rabbit
was observed in 24% of the compounds, of which 10% were found to be selective
developmental toxicants in one of the species. In contrast to previously published analyses
the presented comparison is based entirely on publically data allowing validating and
comparing alternative approaches for developmental toxicity testing. Furthermore, this list

could be useful to identify mechanisms leading to species differences.
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1. Introduction

The assessment of potential developmental toxicity is an integral part of international
regulations for the risk assessment of pharmaceuticals, industrial chemicals, food additives,
biocides and plant protection products [1-3]. At present, such an assessment is typically
conducted based on OECD or ICH (for pharmaceuticals) guidelines. These guidelines are
primarily using mammalian models, which are laborious, time-consuming and involve the
use of animal test. Since the thalidomide tragedy, developmental toxicity studies are often
required to be conducted in two mammalian species, in a rodent and a non-rodent species
[3]. Therefore, typically rats and rabbits are used as models for developmental toxicity
testing. There have been discussions on the principal requirement for mammalian test, for
ethical reasons and also with regards to the reliability of extrapolations to humans [4].
Furthermore, it was debated whether testing in rabbits may be waived in certain
circumstances [5-9]. Initial reviews on rabbit embryo-fetal development (EFD) toxicity
studies versus EFD studies in rat, however, suggested that the overall predictive capacity
increases if developmental toxicity is tested in two mammalian species, i.e. in rat and rabbits
[10-14]. Only recently the role of toxicokinetic for species-specific sensitivity differences in
developmental toxicity of rats and rabbits has been considered [8, 15, 16]. Comparison of rat
and rabbit embryo-fetal developmental toxicity data based on maternal systemic doses (AUC
or Cmax) suggested that overall both species are equally sensitive [15]. However, for
approximately 20 % of the compounds either the rat or the rabbit was found to be more than
10fold sensitive (the 10fold threshold was based on differences between studies that tested
the same compound). Hence, despite the overall concordance, testing in two species may
still be relevant to capture potential hazards for consumers and patients. Understanding the
reasons for species sensitivity may help to develop alternative testing strategies, based on in
vitro tests, testing of non-protected vertebrate embryonic stages and/or computational

predictions. For the development of chemicals such as pharmaceuticals, screening
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strategies to identify developmental toxicity are typically implemented in an early phase of
product development. The potential of in vitro, ex vivo and non-mammalian in vivo assays is
already considered in the new revision of the ICH S5 (R2) guideline for regulatory purposes
under limited circumstances although these circumstances are yet to be defined [17].

The retrospective analyses of Theunissen et al. [8, 15, 16] was based on a rather large set
of compounds (379) and clearly indicated that part of the species differences can be
attributed to toxicokinetics differences. While they provided a detailed dataset combining
external doses, systemic concentrations and details on the type of effect, it was based on a
coded dataset that did not reveal the identity of the compounds showing species differences.
However, understanding the mechanistic basis of species differences, development of
alternative testing approaches and independent validation of the findings by other groups
would benefit from a set of known reference compounds. Therefore, we set out to validate
the findings of Theunissen et al. [8, 15, 16] by repeating the analysis based on a larger set of

non-confidential compounds with available rat and rabbit developmental toxicity data.

1. Material and methods
1.1. Data Collection

Data were collected for compounds which have been tested in both rat and rabbit embryo-
fetal studies (EFD, segment Il teratology studies or OECD 414). Compounds showing no

developmental toxic effects in both species were not included in the database.

Potential data were identified from various sources. (1) Previous reviews on developmental
toxicity studies [5,6,11,18,19], comparing mainly pesticides, veterinary drugs and industrial
chemicals were analysed. The data were then retrieved from the original data sources, i.e.
peer-reviewed international documents (Table 1). When no or insufficient data for a specific
substance were found in those sources, we searched the open literature to retrieve
additional data (PubMed). (2) For pharmaceuticals, a list of all drugs in DrugBank [20] was

extracted (August, 2015) and developmental toxicity data were collected using original peer-



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

reviewed, publicly available reports and material safety data sheets (Table 1). (3) Studies
were also compiled from PharmaPendium® database (See supporting information, figure 1
for details on obtaining data from the PharmaPendium database ( trademark of Reed
Elsevier Properties SA, used under license)) [21]. Verification of the data was conducted for
48.8 % of the compounds for which the original study was available. Around 20% of the

populated data was based on limited information on Material Safety Data Sheets.

The following parameters were entered in the database: range of doses tested as mg/kg
b.w. per day, route of administration, developmental lowest effect level (dLOEL),
developmental non-observed effect level (ANOEL), maternal lowest effect level (mLOEL),
and developmental effects observed in the fetus at the dLOEL. These data were retrieved
from the original study if available and all manifestations of developmental toxicity were
taken into account (like embryofetal death, altered growth and structural changes or
abnormalities). The rationale given by Janer et al. [5] was followed: (i) A final reason for
considering both teratogenic and other developmentally toxic effects in combination is that
the differences in the type of effects observed might not lead to different regulatory decisions
in most regulatory frameworks (exceptions are e.g., pharmaceuticals). (ii) Developmental
toxicity responses observed in different studies for the same substance are not always of the
same type even when examined in the same species. In addition, toxicokinetic data
reflecting maternal plasma concentrations (Cmax and AUC) at the dLOEL were included if
available. In case that kinetic data were not available for the dLOEL, we attempted to identify
kinetic information from different doses of other studies (females only), and linearly
extrapolated the data to the dLOEL (toxicokinetic data was extrapolated from different
studies for 9 compounds). If more than one study was available for the same chemical,
species and route, the lowest dLOEL was taken. Also, the same route of exposure was
compared between rat and rabbits to avoid possible differences based on route-specific
pharmacokinetics. Data were considered only if the following quality criteria were fulfilled. (i)

Exposure of animals was conducted from implantation to the end of gestation as described
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for the OECD TG 414. In some cases of data obtained from Safety Data Sheets the
exposure period was not indicated. In this case we assumed that the appropriate exposure
period was used if data were labelled as embryo fetal developmental effects, (ii) for the
conclusion of a species sensitivity difference it was required that both LOEC and NOEC data

were available from the less sensitive species. No other quality criteria have been applied.

1.2. Data analysis

Comparison of rat versus rabbit developmental toxic exposures was, if available, based on
the maternal systemic doses at the dLOEL (AUC or Cmax) as differences between species
are largely related to compound kinetics [15]. For those compounds without toxicokinetic
data, the dLOEL was scaled by a correction for allometry on the basis of the body surface
area to obtain the human-equivalent dose (HED). The HED in mg/kg for the rat and rabbit
data was calculated by multiplying the effect concentrations by 0.16 and 0.32, respectively
[22]. In agreement with Theunissen et al. [8], a factor of 10 related to overall study variations
was selected as threshold to identify potential species-specific developmental toxicants. A
factor of 10 is somewhat arbitrary but useful to describe the degree of sensitivity differences
for the following reasons: (i) assuming that on average the species sensitivity difference is
weak, a descriptive analysis of data with LOEC indicates that 25 % of the data are
characterized by a higher difference between species (Fig. 2). This group of compounds
exhibits a difference of more than 10. (ii) The factor of 10 has been used in previous studies

and allows a better comparison to previous approaches.

The comparison of rat versus rabbit developmental toxicity requires also consideration of
maternal toxicity. For some compounds the maternal and developmental effects occurred at
similar levels (dLOEL greater or equal to mLOEL). In these cases developmental effects
may be secondary to maternal toxicity, though not demonstrated, and represent a
confounding factor in the assessment of interspecies differences in developmental toxicity.

Hence, the mLOELs were taken into account for the comparison between rat and rabbit
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specific developmental toxicants. A compound was considered as a selective developmental
toxicant if it was observed at lower levels than the mLOEL or when no maternal toxicity was
observed. If no maternal toxicity was reported for a given EFD study it was assumed that no
maternal toxicity had occurred. Figure 1 shows how the comparison of the dLOELSs between
rat and rabbit was used to distribute the compounds in different classes with respect to their
species-specificity. The entire database is available from a supplementary file and contains

the collected compounds distributed in the different classes.

Species sensitivity was also analysed in relation to the chemical's mode of action (MoA).
Five groups that include a minimum of seven compounds were identified and analysed from
the entire database. The MoA was in relation to the main pharmacological mechanism (on-
target activity) or to its side-effects (e.g. antibiotics, off-target activity on microflora of
rabbits). In order to determine whether rat and rabbit exhibit different relative sensitivity
within a class of compounds, the cumulative distribution of the developmental LOELs (based
on conversion of the effect dose to HED) were plotted separately for each species and mode
of action. The median of the distributions were compared to determine if rat or rabbit display
developmental specific toxicity to a group of compounds. The distributions were fitted using
R software [23-25] with the “fitdistrplus” and “ggplot2” package. The curve fitting model was

selected based on the Akaike Information Criterion (AIC) indicating the best fit.

2. Results

From the three different data sources described in material and methods, 120 compounds
were identified from previous reviews on developmental toxicity studies [5, 6, 18, 19]. The
compounds comprised veterinary drugs [11], pesticides [6], industrial chemicals [5, 18] and
some pharmaceuticals [19]. Analysis of the list of compounds obtained through DrugBank
and other sources (table 1) resulted in the identification of 216 compounds, mainly
pharmaceuticals. Additional 30 pharmaceuticals were identified from the PharmaPendium

database. In total, 366 LOELs pairs for rat and rabbit were found representing 363
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compounds based on their CAS registry number. Most of the compounds entered were
drugs (75%), followed by pesticides (19.7%), veterinary drugs (4%) and industrial chemicals
(1.6%). The main route of exposure was oral (74%), followed by intravenous (7.6%),
subcutaneous (5%) and topical administration (1.3%). Thirty-six compounds for which the
route of exposure was not indicated were excluded from the analysis. The same route of
exposure was compared between studies to avoid differences in internal concentrations (that

may result in different dLOELS) due to different application routes.

Figure 2 shows the comparison of the dLOELs between rat and rabbit, based on AUC/Cmax
or HED in order to account for potential pharmacokinetic differences and species size-
dependent effects. For most of the compounds (n= 250, 76% of compounds with a dLOEL in
one or both species), rat and rabbit showed a similar sensitivity with respect to
developmental toxicity. For 37 compounds (11%) the rat study appeared more sensitive than
the rabbit and in 43 compounds (13%) the rabbit study was more sensitive. Similar results
were obtained if maternal toxic compounds were not considered (MLOEL<dLOEL, see
supplementary figure 2). In order to identify potential reasons for the difference between rat
and rabbit, the mLOELs were included in the analysis and compounds were distributed into

different classes according to the difference between dLOEL and maternal toxicity (Fig. 1).

Table 2 shows the distribution of compounds within these different classes and all the data
collected within the different classes is provided in a supplementary file. Class 1 represented
species-specific developmental toxic compounds, with no developmental effects in one
species or compounds for which HED or exposure-based dLOEL between rat and rabbits
differ 10x or higher. A lack of concordance between rat and rabbit was observed for a total of
33 compounds. The rabbit showed to be more sensitive than the rat for 11 compounds either
because the rat study did not show developmental toxicity (N=2) or because the dLOEL was
10x higher than the rabbit dLOEL (N=9). For 22 substances the rat was found to be more

sensitive than the rabbit. For 5 compounds out of these 22, the rabbit study did not show any
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developmental effect. Class 2 included compounds that are developmental toxic in one
species (at maternally non-toxic doses) but the other species showed maternal toxicity at
similar doses. There were 17 compounds for which the rat showed to be more sensitive (no
effects on rabbit or dLOEL fold change x10 or more) but maternal effects in the rabbit were
observed in the range of developmental effects of the rat. Vice versa there were 11
compounds for which the rat study did not establish a dLOEL or was 10fold higher but
maternal effects were demonstrated. In class 3, compounds that show developmental effects
in only one species with evidence to be caused by maternal toxicity were grouped (group of
compounds for which relationships/causalities have been previously established). There
were a total of 8 compounds for which the animal study reported that the effects observed
have probably resulted indirectly from maternal effects (Class 3 list, supplementary file). In
class 4, there were 78 compounds for which both species showed similar sensitivity for
developmental toxicity (fold change in dLOEL < 10 based on HED or measured exposure
data) with no maternal toxicity. There were 15 compounds for which data indicated that
species differences of effect concentrations were related to differences in exposure (AUC,
Cmax) probably due to differences in toxicokinetics between rat and rabbit (Table 3, 15
compounds). These compounds were included in class 4. Data on internal exposure
concentrations were, however, only available for 85 compounds out of the 366 entries (23
%). Therefore, toxicokinetic differences may also account for the differences of other

compounds distributed in class 1 given the lack of appropriate data.

The remaining compounds could not be classified into any of the classes due to the lack of
appropriate information. This inconclusive group was grouped as Class 5 comprising 183
compounds. For 28 compounds from this class there was not enough data to draw a
conclusion either because (1) the highest dose tested did not provoke developmental toxicity
and maternal toxicity in one species and this dose was equal or less than 10x the dose
inducing developmental toxicity in the other species or (2) no dNOEL was established in the

less sensitive species (n=7) (when dLOEL differs 10x or more). Hence, an extension of the
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dose range may have indicated a similar dLOEL of both species. Information for each case
is detailed in the supplementary file by appropriate comments for each compound. The
remaining 155 compounds were classified inconclusive because developmental toxicity
coincided with maternal toxicity and no causal evidence was found to conclude secondary
developmental toxicity due to maternal toxicity. Providing of further data for these
compounds may allow grouping them into one of the other five classes.

2.1. Species sensitivity to certain MoAs

Comparison of species sensitivity for certain MoAs (On-target or off-target) may indicate
mechanisms leading to species differences. However, only five groups that comprised a 48
compounds (i.e. 15% of the compounds) could be identified (glucocorticoid agonists, COX
inhibitors, tyrosin-kinase inhibitors, antibiotics and lanosterol 14 a-demethylase inhibitors). In
order to demonstrate potential species differences a plot of cumulative distribution of the
HED at LOELs for the different classes of compounds was used which indicates species-
differences more pronounced (Fig. 3, for corresponding scatter plots see supporting
information, figure 3). The MoA-specific analysis did not indicate species-specific differences
for tyrosine kinase inhibitors, COX inhibitors and glucocorticoid agonists but for lanosterol 14
a-demethylase (rat 2.7x more sensitive) and antibiotics (rabbit 3.6x more sensitive).
However, there was no statistical difference based on the comparison of median of the
distributions (data not shown). It should be noted that the analysis did not include
compounds for which no dLOEL was established (3 lanosterol 14 a-demethylase inhibitors in
rabbit, 1 antibiotic in the rabbit, 5 antibiotics in the rat and 1 COX-inhibitor and glucocorticoid

agonist each in the rat, supporting information figure 3).

3. Discussion

In this study the analysis of developmental toxicity data — if compared to previous reviews -

has resulted in a comparatively high number of non-confidential compounds (N= 363, mostly
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pharmaceuticals) for which rat and rabbit developmental toxicity data were available [5, 11,
18, 19]. The compound overlap with existing studies [15] is approximately 20 %
(Theunissen, personal communication; based on 177 out of 379 compounds for which the
identity was known to the main author). The interpretation of the established data set is
partially difficult due to variations in experimental designs, strain of animal used, methods in
analysis of foetuses and interpretation of the data. Hence, for some compounds conclusions
with respect to species sensitivity differences could be confounded. It should be mentioned
that the database included only a few number of industrial chemicals. Potentially the list
could be extended by reviewing individual publications or the IUCLID files provided by

ECHA.

Previous large-scale comparative study on rat and rabbit developmental toxicity [8, 15, 16]
revealed an overall similar sensitivity of the rat and rabbit (80% of all compounds). However,
the studies did not reveal the identity of the compounds and information on MoA was only
available for a limited number of compounds (135 out of 379). In contrast, our study was
based on non-confidential data and information on the MoA was available for all the
compounds allowing the comparison of rat and rabbit developmental toxicity on specific
mode of actions. Internal exposure data were only available for 85 out of the 366
compounds. Hence, it cannot be excluded that in some cases differences in the systemic
doses have caused the species differences. Therefore, for those compounds without internal
exposure data the comparison of rat and rabbit developmental exposures was based on the
human equivalent dose. In agreement with Theunissen et al. [15] we found that most of the
compounds showed similar sensitivity between rat and rabbit (76%) and around 24% of the
compounds revealed an increased sensitivity for rat (37 out of 330) or rabbit (43 out of 330).
3.2. Role of maternal toxicity in interspecies comparison

Interpretation of developmental toxicity can be difficult due to the indirect role of maternal

toxicity [26]. Disturbances of maternal homeostasis or physiology (due to chemical
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exposure) may affect normal development of the embryo. The effect would be secondary to
maternal toxicity and not a direct effect of the chemical over the embryo caused by direct
interference of the compound with important differentiation processes. A common example
found in the literature is indacrinone that produces maternal hypokalemia as the principal
cause of the fetal skeletal defects observed in rats [27]. In our study, we identified two
classes of substances for which maternal toxicity could have an impact on species
differences. First, we identified compounds that show developmental toxicity in one species
(at maternally non-toxic doses) but the other species shows maternal toxicity at similar
doses. In this case developmental toxicity could be masked by a differential sensitivity for
maternal toxicity (Class 2 list supplementary file). Second, we identified a set of compounds
in which developmental effects were only observed in one species and were secondary to
the maternal toxicity observed (Class 3 list supplementary file, it includes 8 compounds: 4
antibiotics, 2 renin-angiotensin inhibitors, 1 colony stimulating factor and 1 dopamine
agonist). These differences could also reflect a species-specific maternal sensitivity related
to a certain mode of action. For instance, many compounds in Class 3 are antibiotics (e.g.
norfloxacin). It is well known that rabbits are not a suitable species to test developmental
toxicity of antibiotics because of their gastrointestinal intolerance due to the dependency on
microbial activity for digestion [28]. Increased susceptibility of the rabbit was also reported
for the group of renin-angiotensin inhibitors [29] (e.g. telmisartan). The adult rabbit is
particularly sensitive to renin-angiotensin inhibitors, showing a greater antihypertensive
effect than does the rat. Placental blood flow and oxygen delivery decrease in relation to
blood pressure and fetal toxicity may result from this decrease in oxygen delivery [30].
Rabbit-specific developmental toxicity potentially caused indirectly by maternal toxicity was
also observed for granulocyte colony-stimulating factors (G-CSF), such as filgrastim. The
developmental toxicity of these compounds could be related to an exaggerated
pharmacodynamic effect specific for rabbits [31]. Neutrophils increase markedly due to G-

CSF administration in rabbit causing ischemia of the placenta vessels and consequently fetal
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mortality [32]. Class 3 compounds with only developmental toxicity in the rat include
dopamine agonists (pramipexole), of which the effects are thought to be secondary to
reduction of prolactin levels caused by the drug. Prolactin is required for implantation and
pregnancy maintenance in rats but not in rabbits or humans [33]. It can be concluded that
the compounds grouped in class 3 in this study (Supplementary file) are likely to be non-
developmental or non-teratogenic toxic compounds. Inclusion of compounds showing
developmental toxicity as a consequence of maternal influences into a list of model
compounds would be of particular concern for the establishment of alternative prediction
models. These models may not indicate developmental toxicity resulting from maternal

toxicity.

Compounds for which it could not be concluded whether the developmental toxicity was
secondary to maternal toxicity (inconclusive compounds, representing about 47% of rat-
rabbit comparisons) may principally represent a source of further species-specific
developmental toxic compounds provided that further data would confirm that species
differences is not based on internal exposure differences and/or maternal toxicity. Many
reviews/discussions have been published regarding the relationship between maternal
toxicity and embryo-fetal toxicity with differing conclusions [29, 34-38]. Therefore findings
should be handled on a case by case basis to establish a causal relationship. The
determination of whether or not the relationship is casual is difficult to make and needs a
comprehensive assessment of the data coupled with expert judgement.

3.2. Role of kinetics/metabolism in interspecies comparison

The key processes that control embryonic development are regulated by a limited number of
signalling pathways that are evolutionary conserved over a broad range of species [39]. This
suggests that discordance in developmental toxicity testing could often be due to factors not
related to the target availability or affinity. For instance, differential pharmacokinetics could
have a strong impact on internal bioavailable amount of a compound reaching the embryonic

target. In our analysis we found 6 compounds: fingolimod, voriconazole, cabozantinib,
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alitretinoin, mirabegron and entecavir (Table 3), in which differences of internal exposure
concentrations and toxicokinetics may have been involved in the observed species-specific
differences in developmental responses. Also, there were 9 compounds that showed a
similar sensitivity between rat and rabbit after to the HED conversion. An example is the
group of retinoid compounds, for which differences in kinetics among species might play a
major role in the different potency rankings in developmental toxic responses between
species [40]. This example shows that the knowledge of kinetic processes (absorption,
distribution, metabolism and excretion — ADME -) is critical when interpreting the lack of
concordance between species in developmental toxicity studies [15, 16, 41]. The HED
approach can at least cover systematic species differences provoked by size differences,
hence, reducing the number of false positives. However, some drugs are not amenable to
simple allometric scaling, i.e. drugs that are highly protein-bound, that undergo extensive
metabolism or active transport, significant biliary transport or drugs whose targets are
subject to interspecies differences in expression, affinity and distribution [42]. An example of
interspecies difference in target affinity is the pesticide flumioxazin (class 1 rat, table 5), a
protoporphyrinogen oxidase (PPO) inhibitor. Studies have been shown that protoporphyrin
IX accumulation corresponded to the developmental toxicity displayed by flumioxazin and
that the rabbit show no accumulation, suggesting a link between PPO inhibition and
developmental effects [43].

The maternal metabolism can vary widely between species and could also represent a factor
for interspecies discordance. The most important drug-metabolising enzyme family is
cytochrome P450 (CYP) and differences in CYP isoforms between species are a major
cause for differences in species drug metabolism [44]. For instance, similarities can be found
for CYP2EL, which is conserved among species and shows no appreciable differences with
respect to expression and catalytic activity. CYP1A is also conserved among species, but
some catalytic differences have been observed. In contrast, CYP2C, -2D and -3A show

substantial species differences in terms of isoform, expression, organ-specificity and
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catalytic activity [44]. These differences are more important if the resulting metabolites have
pharmacological or toxicological impact. A clear example found in the literature is the
discordance response to ethylene glycol (EG) exposure between rat and rabbit. This is due
to differences in rates of hepatic metabolism of EG to the toxic metabolite glycolic acid and
limited transfer in the rabbit embryo relative to the rat [28]. In our study, additional details on
metabolism that could explain species differences to compounds showing increased
developmental toxicity are compiled in supplementary file. Much effort should be devoted to
profile metabolic pathways, especially in the rabbit, in order to understand differences
among species and improve predictivity for the human situation.

3.3. On-target/off-target effect based comparison

Only a subset of compounds (10 %) showed increased sensitivity of the developing fetus in
one species not related to maternal toxicity (Class 1, table 4 and table 5) being selective
developmental toxicants for the rat or rabbit. Given the higher number of available data a
comparison with regard to the relation of on-target or off-target effects, cumulative species
sensitivity was conducted for five groups of compounds (Figure 3). The results reflected the
known species-specific sensitivity of rabbit to antibiotics. The reason for the higher sensitivity
of rats to lanosterol 14 a-demethylase inhibitors is not known and due to the lack of data it is
difficult to conclude if there are e.g. potential target sensitivity differences. In contrast, rat
and rabbit did not show any differential sensitivity to COX-inhibitors, tyrosine kinase
inhibitors or glucocorticoid agonists, even though it is been previously reported that rabbits
are particularly sensitive to the teratogenic property of glucocorticoids leading to high
incidences of cleft palate [45]. This information on overall species differences for groups of
compounds could be useful to predict the relative responses of these species to previously

untested compounds in such groups.

4. Conclusions
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The study confirmed the overall similar sensitivity of developmental toxicity in rat and rabbits
based on a non-confidential dataset and that a limited number of compounds exhibit a
>10fold difference between rabbits and rats. A set of potential reference compounds that
could be used to study the mechanistic basis of species differences or to develop alternative
testing approaches that may capture differences between rat and rabbit was provided.

Some factors were identified that might be confounding in the assessment of interspecies
differences in developmental toxicity, such as the interference of maternal toxicity and
differences in pharmacokinetics. Understanding of these confounding factors would be
valuable to understand in more detail what drives interspecies differences.

The list of reference compounds could be used to evaluate the potential of in vitro
approaches, the culture of whole embryos of rodents and lower vertebrates (e.g. Xenopus
and zebrafish) [46—48] computational or read across approaches [7, 49-51], or a
combination of these to predict (human) developmental toxicity. Since human developmental
toxicity data are limited to anecdotal, accidental or unintended adverse effects, in vivo animal
results are at present considered as the reference for the screening and regulatory
development of chemicals for human use. This lack of comparative human data has also
driven the multiple test species approach, to capture the uncertainty and potential limited
concordance between one of the test species with humans — albeit this may increase the
number of false positives. Alternative testing approaches like in the lower vertebrate need to
be validated as predictive for the in vivo animal models used later in the regulatory part of
the development. Hence, the testing in a second species may not be waived until it is
demonstrated that other approaches would reveal the same level of information on potential
developmental toxicity. Albeit the number of reference compounds is at present limiting,
future revisions of the data analysis would increase the basis. Industry and regulators could
greatly support any effort to establish alternative testing strategies if confidential data would

at least be made available to the scientific community.



394 5. Acknowledgements

395  Funding: This work was supported by a grant of the German Ministry of Education and

396 Research to the project ZFminusl (grant number 031A582).

397  We thank Prof. Aldert Piersma, Dr. Peter Theunissen and Stéphane Barbellion for critical
398 comments on the manuscript. The authors also gratefully acknowledge the helpful

399 comments offered by the anonymous reviewers.

400 6. Conflict of interest

401 The authors declare that there are no conflicts of interest. The views expressed in this article
402  are those of the authors and do not necessarily reflect the views or policies of the company.

403

404 7. References

405 [1] Commission of the European Communities, Directive 98/8/EC of the European Parliament and
406 of the Council of 16 February 1998 concerning the placing of biocidal products on the market,
407 Off. J. Eur. Union. L123 (1998) 1-63.

408 [2] Commission of the European Communities, Commission Regulation (EC) No 429/2008 of 25

409 April 2008 on detailed rules for the implementation of Regulation (EC) No 1831/2003 of the
410 European Parliament and of the Council as regards the preparation and the presentation of
411 applications and the assessment and the authorisation of feed additives, Off. J. Eur. Union.
412 L133 (2008) 1-65. Available at: http://irmm.jrc.ec.europa.eu.

413 [3] ICH S5(R2), ICH harmonized tripartite guideline: detection of toxicity to reproduction for
414 medicinal products & toxicity to male fertility, (2005).

415 [4] J. Bailey, A. Knight, J. Balcombe, The future of teratology research is in vitro, Biog. Amin. 19
416 (2005) 97-145.

417  [5] G. Janer, W. Slob, B.C. Hakkert, T. Vermeire, A.H. Piersma, A retrospective analysis of
418 developmental toxicity studies in rat and rabbit: what is the added value of the rabbit as an
419 additional test species?, Regul. Toxicol. Pharmacol. 50 (2008) 206-17.

420  [6] T.B. Knudsen, M.T. Martin, R.J. Kavlock, R.S. Judson, D.J. Dix, A. V Singh, Profiling the
421 activity of environmental chemicals in prenatal developmental toxicity studies using the U.S.

422 EPA’s ToxRefDB., Reprod. Toxicol. 28 (2009) 209-19.



423
424
425

426
427
428

429
430
431

432
433

434
435
436

437

438
439

440
441
442

443
444
445

446
447
448
449

450
451

452
453
454

455
456

457

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

E.J. Matthews, N.L. Kruhlak, R. Daniel Benz, J.F. Contrera, A comprehensive model for
reproductive and developmental toxicity hazard identification: . Development of a weight of
evidence QSAR database, Regul. Toxicol. Pharmacol. 47 (2007) 115-135.

P.T. Theunissen, S. Beken, G.D. Cappon, C. Chen, A.M. Hoberman, J.W. van der Laan, et al.,
Toward a comparative retrospective analysis of rat and rabbit developmental toxicity studies

for pharmaceutical compounds, Reprod. Toxicol. 47 (2014) 27-32.

J.W. van der Laan, R.E. Chapin, B. Haenen, A.C. Jacobs, A. Piersma, Testing strategies for
embryo-fetal toxicity of human pharmaceuticals. Animal models vs. in vitro approaches: a
workshop report., Regul. Toxicol. Pharmacol. 63 (2012) 115-23.

V.H. Frankos, FDA Perspectives on the Use of Teratology Data for Human Risk Assessment,
Fundam. APPUED Toxicol. 5 (1985) 615—625.

M.E. Hurtt, G.D. Cappon, a. Browning, Proposal for a tiered approach to developmental
toxicity testing for veterinary pharmaceutical products for food-producing animals, Food Chem.
Toxicol. 41 (2003) 611-619. doi:10.1016/S0278-6915(02)00326-5.

J.L. Schardein, Chemically induced birth defects, Marcel Dekker, 2000.

J.L. Schardein, K.A. Keller, Potential human developmental toxicants and the role of animal

testing in their identification and characterization., Crit. Rev. Toxicol. 19 (1989) 251-339.

A. Amberg, H.-P. Spirkl, M. Solte, F. Schmidt, D. Mulliner, E. Krupp, et al., Prediction of
Developmental Toxicity - Validation Results of an Integrated In Silico / In Vitro Testing

Strategy., in: Toxicol. Suppl. to Toxicol. Sci., 2014: p. 138.

P.T. Theunissen, S. Beken, B. Beyer, W.J. Breslin, G.D. Cappon, C.L. Chen, et al., Comparing
rat and rabbit embryo-fetal developmental toxicity data for 379 pharmaceuticals: on systemic

dose and developmental effects, Crit. Rev. Toxicol. (2016) 1-13.

P.T. Theunissen, S. Beken, B.K. Beyer, W.J. Breslin, G.D. Cappon, C.L. Chen, et al.,
Comparison of rat and rabbit embryo—fetal developmental toxicity data for 379
pharmaceuticals: on the nature and severity of developmental effects, Crit. Rev. Toxicol. 46
(2016) 900-910.

ICH, Final Concept Paper S5(R3): Detection of Toxicity to Reproduction for Medicinal Products
& Toxicity to Male Fertility, (2015).

N.A. Brown, Selection of test chemicals for the ECVAM international validation study on in vitro
embryotoxicity tests. European Centre for the Validation of Alternative Methods., Altern. Lab.

Anim. 30 (2002) 177-98.

K. Ishihara-Hattori, P. Barrow, Review of embryo-fetal developmental toxicity studies

performed for recent FDA-approved pharmaceuticals, Reprod. Toxicol. 64 (2016) 98—104.

D.S. Wishart, C. Knox, A.C. Guo, S. Shrivastava, M. Hassanali, P. Stothard, et al., DrugBank:



458
459

460

461
462
463
464

465

466
467

468
469
470
471

472
473
474

475
476
ar7

478
479

480
481

482
483
484
485

486
487
488

489
490
491

492

[21]

[22]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

a comprehensive resource for in silico drug discovery and exploration., Nucleic Acids Res. 34
(2006) D668-72.

PharmaPendium, Reed Elsevier Prop. SA. (2013).

FDA, Guidance for Industry Starting Dose in Initial Clinical Trials Guidance for Industry
Estimating the Maximum Safe, Fed Regist. 70 (2005) 42346. [23]M.L. Delignette-Muller, C.
Dutang, fitdistrplus: An R Package for Fitting Distributions., J. Stat. Softw. 64 (2015). Available
at: http://www.jstatsoft.org/v64/i04/.

H. Wickham, ggplot2: Elegant Graphics for Data Analysis., Springer-Verlag New York. (2009).

R Core Team, R: A language and environment for statistical computing. R Foundation for

Statistical Computing., (2014). http://www.r-project.org/.

B.K. Beyer, N. Chernoff, B.R. Danielsson, K. Davis-Bruno, W. Harrouk, R.D. Hood, et al.,
ILSI/HESI maternal toxicity workshop summary: maternal toxicity and its impact on study
design and data interpretation, Birth Defects Res. Part B Dev. Reprod. Toxicol. 92 (2011) 36—
51.

J.M. Rogers, N. Chernoff, C.L. Keen, G.P. Daston, Evaluation and interpretation of maternal
toxicity in Segment Il studies: Issues, some answers, and data needs, Toxicol. Appl.
Pharmacol. 207 (2005) 367-374.

E.W. Carney, A.L. Ellis, RW. Tyl, P.M.D. Foster, A.R. Scialli, K. Thompson, et al., Critical
evaluation of current developmental toxicity testing strategies: a case of babies and their
bathwater, Birth Defects Res. Part B Dev. Reprod. Toxicol. 92 (2011) 395—-403.

M. Barr, Teratogen update: angiotensin-converting enzyme inhibitors. Teratology. 50 (1994)
399-409.

N.D. Binder, J.J. Faber, Effects of captopril on blood pressure, placental blood flow and uterine

oxygen consumption in pregnant rabbits. J. Pharmacol. Exp. Ther. 260 (1992) 294-9.

EMA, European Public Assessment Report. EPAR Lonquex® summary of product
characteristics. EMEA/H/C/002556 -1AIN/0028/G, (2013). Available at:
http://ec.europa.eu/health/documents/community-

register/2013/20130725126232/anx_126232_en.pdf (Accessed August 24, 2016).

Y. Kato, T. Kuwabara, T. Itoh, M. Hiura, A. Hatori, A. Shigematsu, et al., A possible
relationship between abortions and placental embolism in pregnant rabbits given human

granulocyte colony-stimulating factor, J. Toxicol. Sci. 2626 (2001).

A.M. Cummings, S.D. Perreault, S.T. Harris, Use of bromoergocryptine in the validation of
protocols for the assessment of mechanisms of early pregnancy loss in the rat., Fundam. Appl.

Toxicol. 17 (1991) 563-74.

K.S. Khera, Maternal toxicity: A possible etiological factor in embryo-fetal deaths and fetal



493

494
495

496
497

498
499
500

501
502

503
504

505
506

507
508
509

510
511

512
513
514

515
516
517

518
519

520
521

522
523
524

525
526

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

malformations of rodent-rabbit species, Teratology. 31 (1985) 129-153.

R.D. Hood, A perspective on the significance of maternally mediated developmental toxicity,
Regul. Toxicol. Pharmacol. 10 (1989) 144-148.

I. Chahoud, A. Ligensa, L. Dietzel, A.S. Faqi, Correlation between maternal toxicity and
embryo/fetal effects., Reprod. Toxicol. 13 (1999) 375-81.

N. Chernoff, E.H. Rogers, M.I. Gage, B.M. Francis, The relationship of maternal and fetal
toxicity in developmental toxicology bioassays with notes on the biological significance of the
“no observed adverse effect level”, Reprod. Toxicol. 25 (2008) 192—-202.

F.J.R. Paumgartten, Influence of Maternal Toxicity on the Outcome of Developmental Toxicity
Studies, J. Toxicol. Environ. Heal. Part A. 73 (2010) 944-951.

NRC, Scientific Frontiers in Developmental Toxicology and Risk Assessment: Board on

Environmental Studies and Toxicology, Washington, DC Natl. Acad. Press. (2000) 1-327.

H. Nau, Teratogenicity of isotretinoin revisited: species variation and the role of all-trans-
retinoic acid., J. Am. Acad. Dermatol. 45 (2001) S183-7.

E.W. Carney, A.R. Scialli, R.E. Watson, J.M. DeSesso, Mechanisms regulating toxicant
disposition to the embryo during early pregnancy: An interspecies comparison, Birth Defects
Res. Part C Embryo Today Rev. 72 (2004) 345-360.

V. Sharma, J.H. McNeill, To scale or not to scale: The principles of dose extrapolation, Br. J.
Pharmacol. 157 (2009) 907-921.

S. Kawamura, T. Kato, A.G. Fantel, Close Link between Protoporphyrin IX Accumulation and
Developmental Toxicity Induced by N-Phenylimide Herbicides in Rats, Birth Defects Res. Part
B Dev. Reprod. Toxicol. 101 (2014) 429-437.

M. Martignoni, Species differences between mouse, rat, dog, monkey and human CYP -
mediated drug metabolism, inhibition and induction, Expert Opin . Drug Metab . Toxicol. 2
(2006) 875—894.

S.E. Libretto, Review of the toxicology of beclomethasone dipropionate., Arch. Toxicol. 69

(1995) 509-25.

O.P. Flint, T.C. Orton, An in vitro assay for teratogens with cultures of rat embryo midbrain and

limb bud cells, Toxicol. Appl. Pharmacol. 76 (1984) 383-395.

J.S. Ball, D.B. Stedman, J.M. Hillegass, C.X. Zhang, J. Panzica-Kelly, A. Coburn, et al.,
Fishing for teratogens: a consortium effort for a harmonized zebrafish developmental
toxicology assay., Toxicol. Sci. 139 (2014) 210-9.

C.E. Steele, Whole embryo culture and teratogenesis., Hum. Reprod. 6 (1991) 144-147.

A. Cassano, A. Manganaro, T. Martin, D. Young, N. Piclin, M. Pintore, et al., CAESAR models



527

528
529
530

531
532
533

534
535
536

537
538
539
540

541
542
543

544
545
546

547
548
549
550

551
552
553
554

555
556

557
558
559

560
561

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

for developmental toxicity., Chem. Cent. J. 4 Suppl 1 (2010) S4.

V.K. Gombar, K. Enslein, B.W. Blake, Assessment of developmental toxicity potential of
chemicals by quantitative structure-toxicity relationship models. Chemosphere. 31 (1995)
2499-510.

M. Hewitt, C.M. Ellison, S.J. Enoch, J.C. Madden, M.T.D. Cronin, Integrating (Q)SAR models,
expert systems and read-across approaches for the prediction of developmental toxicity,
Reprod. Toxicol. 30 (2010) 147-160.

FDA, FDA approval package document: Pharmacology Review, (2009) 9. Available at:
https://lwww.pharmapendium.com/#/browse/fda/Fingolimod
Hydrochloride/d9de1be3d0e4alf28879ac70b76a8d13?reference=9 (Accessed July, 2016).

FDA, Vfend® FDA approval package document: Chemistry Review 021266/S-000; 021267/S-
000 Part 02, (2002) 18. Available at:
http://lwww.accessdata.fda.gov/drugsatfda_docs/nda/2002/21-266_VFEND_chemr_P2.pdf
(Accessed June, 2016).

FDA, Cometriq® approval package document: Pharmacology review, (2012) 79. Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2012/2037560rig1s000PharmR.pdf
(Accessed July, 2016).

FDA, Alitetrinoin approval package document: Pharmacology review, (1998). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/99/20886_phrmr_P1.pdf (Accessed May,
2016).

FDA, Myrbetrig® FDA approval package document: Pharmacology review, (2012) 163.
Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2012/2026110rig1sO000PharmR.pdf
(Accessed June, 2016).

EMA, EMA approval document: Assessment Report EMA/563133/2014,
EMEA/H/C/000623/11/0041. (2014). Available at:
https://lwww.pharmapendium.com/#/browse/ema/Entecavir/eba89c30474a5cae061bb6aal319

3chd?reference=9 (Accessed June, 2016).

JECFA, WHO Food Additive Series 31. Triclabendazole. (2015). Available at:

http://www.inchem.org/documents/jecfa/jecmono/v31je05.htm (accessed July, 2015).

FDA, Cardene® i.v. prescribing information. (2014). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/019734s023Ibl.pdf (Accessed July,
2015).

GlaxoSmithKline, Epivir® safety data sheet, (2015). Available at: http://www.msds-
gsk.com/Product.aspx?id=581 (Accessed July, 2015).



562
563

564
565

566
567
568

569
570
571
572

573
574
575
576

577
578
579

580
581
582
583

584
585
586
587

588
589
590

591
592

593
594
595

596

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

EPA, U.S. Enviromental Protection Agency. ToxRefDB Home, (2008).
http://www.epa.gov/ncct/toxrefdb/.

R.A. Byrd, P.C. Francis. The Selective Estrogen Receptor Modulator, Raloxifene: Segment |l
Studies in Rats and Rabbits, Reprod. Toxicol. 12 (1998) 261-270.

FDA, Amerge® FDA approval package document: pharmacology review. (1998). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/98/20763_Amerge_Pharmr.pdf.
(Accessed June, 2016).

FDA. Relpax® Approval package document: Pharmacology review, Part |, page: 18. (2002).
Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2002/21016_Relpax_Pharmr_P1.pdf.
Accessed April 2016.

FDA, Xtoro® FDA approval package document: Pharmacology Review 206307/S-000 Part 04,
(2014) 129. Available at:
https://www.pharmapendium.com/#/browse/fda/Finafloxacin/1b14fe898e460c13f80ch35a87hb2
5la6?reference=129 (Accessed June, 2016).

FDA, Gralise® labeling information. (2013). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/label/2013/022544s0121bl.pdf (Accessed July,
2015).

FDA, Latanoprost FDA approval package document: Pharmacology Review 020597 Part 06,
(1996) 17. Available at:
https://www.pharmapendium.com/#/browse/fda/Latanoprost/8bd7e23dcc021430c8c1f4bff09ca
9477?reference=17. (Accessed July, 2015).

FDA, Tradjenta® FDA approval package document: Pharmacology Review 201280/S-000 Part
02, (2010) 80. Available at:
https://www.pharmapendium.com/#/browse/fda/Linagliptin/263b32f319898c72d0e54678421a9

leb?reference=80 (Accessed June, 2016).

FDA, Daypro® labeling information, (1992). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/label/2016/018841s028Ibl.pdf (Accessed
September, 2016).

GlaxoSmithKline, Rythmol SR extended release capsules safety data sheet. (2013). Available

at: http://www.msds-gsk.com/Product.aspx?id=374 (Accessed July, 2016).

FDA, Tafluprost FDA approval package document: pharmacology review. (2011). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2012/2025140rig1s000PharmR.pdf
(Accessed February, 2016).

JECFA, WHO Food Additive Series 29. Fenbendazole. (2015). Available at:



597

598
599
600

601
602
603

604
605

606
607
608

609
610
611

612
613

614
615
616

617
618
619

620
621
622

623
624
625
626

627
628
629

630
631

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[784]

http://www.inchem.org/documents/jecfa/jecmono/v29je04.htm (Accessed July, 2015).

EMA, Firocoxib summary report. EMEA/CVMP/383063/2006-Final. (2006). Available at:
http://www.ema.europa.eu/docs/en_GB/document_library/Maximum_Residue_Limits_-
_Report/2009/11/WC500014271.pdf (Accessed July, 2015).

FDA, Coartem® FDA approval package document: pharmacology review. (2009). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2009/022268s000_PharmR.pdf
(Accessed April, 2016).

AstraZeneca, Casodex ® prescribing information, (2015). Available at:

http://www.azpicentral.com/casodex/casodex.pdf (Accessed April, 2015).

FDA, Vraylar® approval package document: Pharmacology review, (2015) 204. Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/2043700rig1Orig2s000PharmR.pdf
(Accessed July, 2016).

FDA, Cancidas® FDA approval package document: Pharmacology review. (2001). Available
at: http://www.accessdata.fda.gov/drugsatfda_docs/nda/2001/21227_Cancidas_pharmr.pdf.
(Accessed June, 2016).

Sanofi, Clomid® preinscribing information. (2013). Available at:

http://products.sanofi.us/clomid/clomid.pdf (Accessed March, 2016).

FDA, Camptosar® labeling information. (2014). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/020571s048Ibl.pdf. (Accessed
June, 2016).

Pfizer, Irinotecan Hydrochloride Injection material safety sheet. (2015). Available at:
http://www.pfizer.com/system/files/products/material_safety data/lrinotecan_HCI_injection_7-
Mar-2015.pdf (Accessed June, 2016).

FDA, Adasuve® labeling information. (2012). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/label/2012/022549s000Ibl.pdf (accessed
April, 2016).

FDA, Impavido® FDA approval package document: Pharmacology review. (2014) 73.
Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2014/2046840rig1sO00PharmR.pdf.
(Accessed September, 2016).

FDA, Tasigna® labeling information, (2015). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/022068s020Ibl.pdf (Accessed
April, 2016).

FDA, Pazeo® FDA approval package document: Pharmacology review. (2005). Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/2062760rig1s000PharmR.pdf.



632

633
634
635

636
637
638

639
640

641

[85]

[86]

(Accessed April, 2016)

FDA, Osphena® approval package document: Pharmacology review. (2013) 112. Available at:
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2013/2035050rig1s000PharmR.pdf
(Accessed July, 2016).

FDA, Spiriva® FDA approval package document: Pharmacology review. (2004) 43. Available
at: http: //www.accessdata.fda.gov/drugsatfda_docs/nda/2004/21-
395.pdf_Spiriva_Pharmr_P2.pdf. (Accessed July, 2016).



642

643 Figures and tables

644

Pesticides and veterinary drugs
Summary Reports of Joint Meeting on Pesticides Residues (JMPR).
Concise International Chemical Assessment Documents (CICADS).
Joint Expert Committee on Food Additives (JECFA) - Monographs and Evaluations.
Screening Information Data Set (SIDS) for High Production Volume Chemicals.
European Medicines Agency (EMA) - Maximum residue limit assessment reports for active substances
contained in veterinary medicines.
Pharmaceuticals
European Public Assessment Reports (EPAR) from the European Medicine Agency (EMA).
FDA drug approval package documents (Drugs@FDA).
Safety data sheets on pharmaceutical products available at the respective pharmaceutical company webpage.

Summaries of Product Characteristics at the electronic Medicines Compendium (eMC, Datapharm, UK)

645
646 Table 1. Peer-reviewed data sources used
647
648



( Classification approach )

Developmental effects Maternal effects Classification groups

Identification of rat and rabbit

developmental toxicity data

Class 1
One species is more
sensitive that the

Was the mLOEL of the
species not showing

Was the species showing

1
1
1
'
1
1
1
1
i
l :
1 -
T Ao developmental effects 10x H H other
. H devetbpmletnta.l tgxmltyft or higher than the dLOEL NO : :
f E 1 maternal toxic doses’ observed in the othe) H H
A : H species? H H
If no maternal systemic ! :
concentrations available, conversion : ! H
of the dLOELs to HED : ! YES -
P E
E i Did the most sensitive species NO : H Class 2
H : .. show developmental effects at P I Developmental toxic
. ' H the same level as maternal compounds for one
H H E effects of the other species? | mmneas species but maternal
: 1 : 1 toxic for the other
H : H : species showing no
H : H : developmental effects
Developmental No &l : E
toxicity observed R ' : '
for both rat and ! : !
rabbit? ! : Are developmental YES H Class 3
- ! e o o effects secondary to ! o S
! maternal toxic effects? ' Lo
! H ! more sensitive, but
' H H > observed
YES ! : ! - developmental
| : H ' effects are
H H H H secondary to
! H H ! maternal toxicit
: iNO i : Y
' H '
' H
' : COULD NOT BE i
- 1
' - - - : CONCLUDED ' Class 5
! Did the most sensitive species ......................................:.........> Inconclusive
! > show maternal toxicity YES I ! group
A >10 ! (mLOEL < dLOEL) ? T (maternal toxicity
. 2 ! > involved, not
Fold change between rat/rabbit T ! enough data to draw
developmental LOEL is... H ! conclusions)
| YES H
1 1
1 1
1 1
1 1
1 1
H ! Class 4
1 Did any species show NO ! Compounds with
: maternal toxicity -----u-----.-----..----...-.....-......r.....-..) similar sensitivity
i (MLOEL < dLOEL)? i between rat and
H ! rabbit
1 1
1 1
1 1
' I

649
650 Fig. 1. Flow chart of the classification approach followed to compare the dLOELSs between rat and rabbit. See supporting file, table 1
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Fig. 2. Range of sensitivity for developmental LOEL in rats and rabbits (n=330). Compounds, for
which no dLOEL was reached in the rat or rabbit (n=51 for the rabbit and n=52 for the rat), the
maximum concentration was used for rat and rabbit sensitivity comparison. The values were
sorted with values>0 indicating a stronger susceptibility of rabbits compared to rat. Differences
of the dLOEL (based on the AUC/Cmax or HED conversion) within 10fold between rat and

rabbit were considered as similar sensitive.

Number of
substances
Species Rat Rabbit Total

Class 1. One species is more sensitive than the other
Fold change in developmental effect level = 10 17 9 26
Failure to detect developmental toxicity in the other species 5 2 7

Class 2. Developmental toxicity in one species but maternal effects observed for the

. 17 11 28
other species

Class 3. One species is more sensitive, but developmental effects are secondary to

. 1 7
maternal toxic effects 8
Class 4. Compounds with similar sensitivity between rat and rabbit 63
Similar sensitivity due to maternal plasma concentrations 6 78
Similar sensitivity due to HED conversion 9
Class 5. Inconclusive compounds
Maternal toxicity involved 155 183
Not enough data to draw conclusions* 28

Table 2. Distribution of the compounds analyzed among the different classes (N=330). * Studies

where the higher dose tested without developmental and maternal effects in one species was
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663
664

665
666

667
668
669
670
671
672
673

674

675

676

10x lower than the dose inducing developmental effects in the other species or studies where

dLOEL differs 10x or more but no NOAEL was reached for the less sensitive species.

Comparisons were based on HED or maternal plasma concentrations if available.

Fold change Fold change dLOEL
dLOEL external maternal systemic

Compound Cas NR dose dose or *HED Reference

Rabbit/Rat Rabbit/Rat
Fingolimod hydrochloride 162359-56-0 15.0 0.5 [52]
Voriconazole 137234-62-9 10.0 4.9 [53]
Cabozantinib (S)-maleate 1140909-48-3 10.0 0.6 [54]

Rat/Rabbit Rat/Rabbit
Alitretinoin (9Cis-retinoic acid) 5300-03-8 10.0 15 [55]
Mirabegron 223673-61-8 10.0 15 [56]
Entecavir? 142217-69-4 20.0 2.3 [57]
Triclabendazole 68786-66-3 10 5* [58]
Nicardipine Hydrochloride 199119-58-9 10 5* [59]
Lamivudine 54527-84-3 10 5.0* [60]
Trifloxysulfuron-Sodium 134678-17-4 15 7.5* [61]
Beclometasone Dipropionate 5534-09-8 10 5* [45]
Fluazinam 79622-59-6 125 6.25* [61]
Raloxifene Hydrochloride 82640-04-8 10 5.00* [62]
Butralin 33629-47-9 11.1 5.6* [61]
Naratriptan Hydrochloride 121679-13-8 10 5* [63]

Table 3. List of compounds for which rat or rabbit showed differences related to absorption

and/or kinetics. Apparent specific developmental toxicity (fold change dLOEL external dose

between species > 10) but maternal systemic data or HED conversion indicated that species

differences are likely related to differences in absorption and/or dose kinetics between rat and

rabbit. 2maternal systemic dose in the rabbit extrapolated.
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Rabbit (mg/kg/day) Rat (mg/kg/day) Route of

Compounds CasNR Pharmacological MoA dLOEL mLOEL dNOAEL dLOEL mLOEL dNOAEL exposure hRererence
Pharmaceuticals
Eletriptan 143322-58-1 ii'g;:g’fasg':%goxy"yptami“e 18/1D 5 >50 <5 100 100 30 po [64]
Finafloxacin 209342-40-5 Fluoroquinolone antibiotic* 1 >9 <1 100 500 30 po [65]
Gabapentin 60142-96-3 Gabamimetic agent 60 1500 <60 1500 >1500 300 po [66]
Latanoprost 130209-82-4 Selective FP receptor PGF2a agonist 0.005 >0.3 0.001 >0.25 >0.25 20.25 iv [67]
Linagliptin 668270-12-0 ﬁﬂmgfﬁ"e and reversible DPP-4 enzyme 4 150 <4 240 240 30 po [68]
Oxaprozin 21256-18-8 Selective cyclo-oxygenase inhibitor 7.5 N/A <75 500 N/A 200 po [69]
Propafenone 34183-22-7 Sodium channel blocker 15 150 <15 600 600 270 po [70]
Tafluprost 209860-87-7 Selective FP receptor PGF2a agonist 0.00003 >0.0003 <0.00003 0.01 >0.030 0.003 iv [71]
Pesticides
Isoxaflutole 141112-29-0 HPPD inhibitors? 5 100 <5 100 500 10 po [61]
Veterinary drugs
Fenbendazole 43210-67-9 Tubulin binding 63 >63 25 >2500 >2500 >2500 po [72]
Firocoxib* 189954-96-9 Selective cyclo-oxygenase inhibitor 3 10 1 300 >1000 3 po [73]

678

679  Table 4. List of compounds for which the rabbit study showed to be more sensitive than the rat study (no effects in rat study were observed or
680 fold change dLOEL was = 10, based on maternal plasma concentrations (for linagliptin and finafloxacin) or HED (rest of compounds). The route
681  of exposure is the same for rat and rabbit: po= oral, sc=subcutaneous, iv= intravenous.

682  No target in mammals, Target for plants. Abbreviations: FP, fluoroprostaglandin; DPP, dipeptidyl peptidase; HPPD, 4-Hydroxyphenylpyruvate
683 dioxygenase. *Rat and rabbit showed no difference for the NOEL (fold change <10) for this compound, differences for the LOEL may have just

684  been produced by selection of different concentrations for testing.

685

686



Rabbit (mg/kg/day) Rat (mg/kg/day)

Compounds CasNR Pharmacological MoA dLOEL mLOEL dNOAEL dLOEL mLOEL dNOAEL ;%lgseu?fe Reference
Drugs
Artemether 71963-77-4 Complexation with heme 175 >175 105 10 >10 3 po [74]
Bicalutamide 90357-06-5 Androgen receptor antagonist >200 200 2200 10 >10 1 po [75]
Cariprazine 1083076-69-0 D2 and D3 partial agonist >5 5 =5 0.5 25 <0.5 po [76]
Caspofungin Acetate 179463-17-3 1,3-beta-glucan synthase inhibitor* 8 6 1 0.5 >5 >0.5 iv [77]
Clomifene Citrate 7619-53-6 (Ssel'zeg%e estrogen receptor modulator 20 N/A 8 1 40 <1 Po (78]
Irinotecan 100286-90-6 DNA topoisomerase | inhibitor 6 N/A 0.24 1.2 N/A 0.06 v [79,80]
Loxapine 1977-10-2 k'?lggﬁemr'“e antagonist and serotonin 5-HT, >10 N/A N/A 1 N/A N/A po [81]
Miltefosine 58066-85-6 I'(r.‘h'b'ts cytochrome-c oxidase and protein 6 >2.4 2.4 1.2 >2.4 0.6 po [82]
inase B
Nilotinib 641571-10-0 Tyrosine kinase inhibitor 300 300 100 30 100 10 po [83]
Olopatadine 140462-76-6 Histamine H1 antagonist 400 >400 100 60 600 >60 po [84]
Ospemifene 128607-22-7 (Sseée;%e estrogen receptor modulator >30 10 >30 0.1 1 <0.1 po [85]
Tiotropium bromide 186691-13-4 Muscarinic receptor antagonist 0.05 >0.05 0.011 0.007 >0.139 7.50E-04 inh [86]
Pesticides
Atrazine 1912-24-9 Photosynthesis Il inhibitor? 75 75 5 5) 25 <5 po [61]
Diniconazole 83657-24-3 ﬁ?g:fg;?' 14 alpha-demethylase (Cyp51) >30 >30 >30 1 20 <1 po [61]
Fluazifop-P-Butyl 79241-46-6 ACCase Inhibitor? 50 50 10 5 300 1 po [61]
Flumioxazin 103361-09-7  Hrotoporphyrinogen Oxidase (PPG oxidase — _3509 3009 3000 10 30 3 po 61]
or Protox) Inhibitor
Flusilazole 85509-19-9 h}iﬂ‘gﬁfggﬁ" 14 alpha-demethylase (Cyp51) 35 35 12 0.4 50 0.2 po 61]
Hexaconazole 79983-71-4 hi’.’é’.‘ffciﬁ?' 14 alpha-demethylase (Cyp51) 50 100 25 25 250 <25 po 61]
Molinate 2212-67-1 Inhibition of lipid synthesis? 200 200 20 35 140 2.2 po [61]
Sulfentrazone 122836.35.5 rotoporphyrinogen Oxidase (PPG oxidase o5 250 100 25 50 10 po [61]
or Protox) Inhibitor
Tralkoxydim 87820-88-0 ACCase Inhibitor? 100 100 20 3 200 1 po [61]
Triadimenol 55219-65-3 Lanosterol 14 alpha-demethylase (Cyp51) >125 125 2125 5 15 <5 Do 61]

inhibition®
687  Table 5. List of compounds classified in class 1 for which the rat study showed to be more sensitive than the rabbit study (no effects in rabbit

688  study were observed or fold change dLOEL = 10, based on maternal plasma concentrations (for cariprazine, nintedanib and ospemifene) or HED
689  (rest of compounds). Route of exposure is the same for rat and rabbit as indicated: po= oral, top= topical. Target for fungi, *Target for plants.
690  Abbreviations: ACCase, Acetyl CoA Carboxylase.
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Fig. 3. Relative species sensitivity to specific chemical classes with the same mode of action (on-target activity) or off-target effects (antibiotics
706
707

and lanosterol 14-alpha demethylase inhibitors). Cumulative distribution for compounds grouped into five different classes. (Data points are

percentiles for the rat ® and rabbit o



