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Highlights:
o Reviewed silico tools and 17 in vitro DART NAMs to identify potential gaps
o NAMs represented specific receptors, enzymes and pathways

e Atleast one in vitro NAM available for key stages of DART

e This analysis will help with NAM development and their combined use in NGRAs
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Abstract

The development of in vitro developmental and reproductive toxicity (DART) models is challenging.
We made a brief review of in silico models and an in-depth review of 17 established in vitro New
Approach Methodologies (NAMs) used to assess the DART potential of cosmetic-related ingredients.
We investigated their coverage of the stages of male and female fertility and embryo-fetal
development and related biomarkers to identify potential gaps. There are multiple in silico tools for
early screening to flag DART potential, design subsequent testing, use in a weight of evidence
approach or to fill data gaps. All stages of male and female fertility and embryo-fetal development are
covered by at least one of the 17 NAMs evaluated, with most focusing on late organogenesis. Many
NAMs measure specific receptors, enzymes and pathways involved in teratogenicity, highlighting the
increased understanding of the pathways involved. Cellular endpoint assays are being refined by
incorporating biomarker measurements. These can be combined in integrated and WoE approaches
across different tiers in a testing strategy to cover different pathways to provide good confidence in the
outcome of the testing. The most cited NAM in the literature was the zebrafish embryotoxicity test.
This is not generally used for cosmetic-related ingredients, which are mainly evaluated using
molecular and cellular assays related to steroidogenesis. The predictivity of several NAMs is increased

when the measured or predicted plasma concentration is considered.

In conclusion, this analysis indicates that currently available NAMs enable an analysis of the different

stages of male and female fertility and embryo-fetal development.

Key words: New Approach Methodologies; teratogenicity; developmental and reproductive toxicity;

biomarkers; in vitro; in silico
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1. Introduction

All cosmetic-related ingredients must be evaluated for their safety and ensure that they are not harmful
to the consumer. These assessments must be conducted using so-called "New Approach
Methodologies” (NAMs), which have been developed as a result of regulatory demands, starting with
the cosmetic animal testing ban in Europe in 2013 (EC, 2013), and extending to more countries every
year. The last revisions of the Scientific Committee on Consumer Safety (SCCS) Notes of Guidance
(SCCS, 2023) details newly developed NAMs for various apical endpoints and outlines a framework by
which they can be used to evaluate the safety of cosmetic-related ingredients. Indeed, the use of
these NAMs to help predict apical endpoints for chemicals developed by the cosmetic and other

industries has gained increasing regulatory acceptance.

A particularly high priority in any safety assessment is to rule out developmental and reproductive
toxicity (DART); therefore, the identification and use of predictive NAMs is key in retaining a high level
of knowledge and safety, without the loss of promising new cosmetic ingredients. However, there are
several challenges when investigating a chemical’s potential to cause DART. The biggest challenge is
that there are different stages and levels of complexity in fertility, embryo and fetal development. Early
stages are dependent on male fertility, which can be affected by chemicals altering estrogen and
androgen production and signaling pathways (Gottlieb €t al., 2005, Sidorkiewicz et al., 2017).
Likewise, female fertility can be affected at different stages (sex determination, gametogenesis,
fertilization, zygote formation, implantation, blastulation and placenta formation) (Figure 1). There are
also distinct stages and morphogenetic events during embryo development, starting from gastrulation,
placenta formation, neurulation and then late organogenesis. Once formed, the organs and systems
continue to grow and develop within the uterus. For the purpose of this review, we have categorized
the stages into male fertility, maternal fertility/effects, gastrulation, neurulation and late organogenesis
(for the stages of embryo development) and fetal development.

There are currently at least 17 intercellular signal transduction pathways that are involved in the
transfer of chemical information between cells during development and with known ligands,
transduction intermediates, kinases, and targets related to developmental toxicity (NRC, 2000) (listed
in Figure 1). Six pathways occur mainly in early development, e.g., axis specification and germ layer
formation. Three pathways occur in later development, including organogenesis and tissue renewal
and six occur extensively in the physiological function of differentiated cells of the fetus, juvenile and
adult. Biomarkers present in these and other DART pathways are listed in Table 1 (information on
each biomarker is provided in Supplementary Table S1). Toxicity starts with a molecular initiating
event (MIE) that interferes with these pathways/processes and results in alterations in the generative
process. The timing of an MIE also means there are windows of vulnerability during embryo-fetal
development. There is also an added impact of maternal toxicity since it may indirectly induce
developmental effects (Marzo et al., 2016). These characteristics make our understanding of DART
incomplete and/or difficult to recapitulate when developing NAMs. The conceptual framework of
Adverse Outcome Pathways (AOPs) was initiated to sort parameters, connect cause and effects with

pathways and processes occurring in ontogenesis (i.e., the generation and development of an
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individual organism from fertilization to adulthood), and ultimately organize scientific knowledge
(Weyrich et al., 2022). AOPs link an MIE e.g. the activation of a receptor, via several key events (KEs)
e.g. altered metabolism, to an adverse outcome (AQO) e.g. embryotoxicity or reduced fertility. The AOP-
Wiki database (https://aopwiki.org/) lists AOPs which are under development or review (not endorsed
yet), as well as others which have been approved by the Advisory Group on Emerging Science in
Chemicals Assessment (ESCA) or endorsed by the Working Party of the National Coordinators of the
Test Guidelines Programme (WNT) and the Working Party on Hazard Assessment (WHPA). While
AOPs are valuable for understanding the mechanistic links between chemical exposure and adverse
outcomes, these are yet to be comprehensively developed for all potential endpoints. This is
particularly true within the complex field of DART, where the intricate biological processes involved in
development and reproduction can be challenging to fully elucidate and model within an AOP
framework. Table 1 lists some examples of DART AOPs covering different stages of reproduction and
embryo-fetal development, together with their associated MIEs, KEs, biomarkers and AOs. Most of the
AOPs describe events that result in a direct effect on the embryo e.g. embryotoxicity or embryo
malformation (developmental toxicity), while others impact fertility or alter effects on sexual function

(reproductive toxicity).

Considering the complexity of the DART endpoints and based on the limited information from the MIEs
and KEs involved in DART, we conducted a global review of existing NAMs that could fill the gaps in
the analysis and evaluation of DART for human health. We present an overview of different in silico
and in vitro NAMs covering the main stages of DART. The aim is to have a more robust toolbox of
NAMs addressing endpoints representing these key stages so that they can be used in a NAM-based

Next Generation Risk Assessment (NGRA) of cosmetics ingredients.

2. Types of NAMs: molecular, cellular and organism-based assays

The NAMs range from in silico models predicting the probability that a chemical, for example, binds to
a receptor, to in vitro assays employing 3D human organoid test systems to recapitulate specific
developmental pathways that occur in humans. Different in vitro NAM assays can be based on the
same in vitro test system/model e.g., human induced pluripotent stem cells (hiPSCs) but measure
different endpoints (Figure 2). For example, they may be designed to detect specific biomarkers
(genes, amino acids etc.) which have been linked to teratogenicity, or they may use technology that
allows the detection of a broader coverage of biomarkers representing different mechanisms e.g.,
using whole genome transcriptomics. Thus, the in vitro assays employing these biomarkers can be
categorized according to whether they capture events occurring at the molecular, cellular or organism
levels. Molecular biomarkers include receptor binding or activation and gene deregulation — the
molecules themselves are analyzed e.g., receptor inhibition, gene(s). Such molecular signaling events
trigger cellular events, leading to morphological events or physiological processes. Cellular assays are
those that measure the function of a cell, such as steroid metabolism, differentiation from a germ cell

to a cell with tissue-specific attributes (e.g., iPSCs to hepatocytes) or cell viability. Organism assays
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include endpoints capturing changes in the developmental morphology of whole organisms, such as
fish embryos or C. elegans.

3. Currently available in silico NAMs predicting DART potential

In silico prediction models offer a rapid, efficient and cost-effective option to screen large numbers of
chemicals and identify potential endocrine disrupting chemicals before further testing is needed
(Valerio, 2009). The types of in silico model vary from those based on structural alerts and rule-based
models, such as [quantitative] structure-activity relationships ([Q]JSARs) to complex systems biology
models (Table 2). QSARs range between those capable of predicting in vivo potency (Puzyn et al.,
2007) to models which predict a hazard (Kavlock & Dix, 2010, Matthews et al., 2007). QSARs which
predict KEs along the AOP pathway have been developed by incorporating structural alerts and
receptor docking methods, followed by read-across to quantify the alert (i.e., defining a No Observed
Adverse Effect Level (NOAEL) or Lowest Observed Adverse Effect Level (LOAEL) (Manganelli et al.,
2020)). Statistical approaches require the curation of high-quality training sets, whilst the creation of
knowledge bases containing structural alerts requires expert rules to be developed from suitable data.
Expert based structural alert models rely on knowledge about the AOPs to be able to correctly identify
the relevant structural features. This is also a limitation of this type of model which could lead to poor
predictions since there are still gaps in the understanding of this endpoint and only a few AOPs are
recognized by regulatory authorities. The use of alternative data could be considered if a broader
coverage of chemical space is needed; however, since the link of the alternative data to a KE
(including an MIE or AO) would be lacking in this case, this makes the interpretation of the outcome
difficult, as well as the understanding of where the measured event fits into the mechanism of toxicity.
Models that are based on MIEs enable a wider chemical space to be covered compared to those
trained solely on in vivo toxicity data.

The predictivity of different in silico models has been evaluated in several studies using a range of
chemicals used in different sectors e.g. drugs, pesticides, cosmetics. The study by Weyrich et al.
(2022) highlighted a limitation in the applicability domain of the four models they evaluated (VEGA,
OECD (Q)SAR Toolbox, Leadscope Model Applier, and CASE Ultra by MultiCASE), whereby the
majority of the pesticides they tested (77%) were outside the chemical space of the model. For the
chemicals within the applicability domain, the accuracy of the models (i.e. the ability to correctly predict
reproductive toxicity based on the ECHA classification according to CLP), ranged between 0.48 and
0.66. Najjar et al. (2023) evaluated only 10 test chemicals but compared the capacity of multiple in
silico models to predict estrogenic (18 models), androgenic (17 models) and aromatase inhibition (4
models) effects of the test chemicals. The outcome of the in silico predictions were compared with an
overall call from ToxCast in vitro assays. They reported that the in silico models predicted ER and AR
effects well, especially ER binding and agonism. The Danish (Q)SAR (binding and activation models),
OPERA (binding and agonist models), ADMET Lab LBD (Ligand Binding Domain) and ProToxIl (ER
and AR binding and LBD models) models demonstrated the best overall performance for ER and AR
effects. Inhibition of aromatase was best predicted by the Vega, ADMET Lab and ProToxIl models.
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They concluded that in silico prediction models can be used for initial screening and guidance for

further investigation in the early Tier of a NGRA.

The US Environmental Protection Agency (EPA) led two multi-stakeholder projects in which multiple in
silico QSAR and docking models were trained for ER and AR effects using training sets of ~1700
chemicals (Mansouri et al., 2016, Mansouri et al., 2020). The combined use of multiple models led to
an overall average predictive accuracy of ~90% for ER effects and ~80% for AR effects. The US EPA
has also been working in collaboration with the National Institutes of Health (NIH) to build an open-
source model which can simulate cell-cell interactions occurring during different embryo-fetal phases
(Kleinstreuer et al., 2013). The model requires in-depth information about cell behavior, matrix
components, growth factors and local mediators. For example, a multicellular agent-based model of
vasculogenesis was developed by mapping molecular targets against various signatures of vascular
disruption obtained from the EPA's ToxCast in vitro assay database.

A more recent in silico model, called the “virtual embryo”, for predicting the effect of chemicals on
human embryogenesis has been developed by the US EPA (US EPA). It is a complex agent-based
simulation model which can be placed in the category of digital twins. This model is knowledge based,
following molecular events in pathways representing embryonic development at the cell, tissue, and
organ level. The US EPA explained that the ToxCast high-throughput (HT) screening data are then
used to predict which chemicals may disrupt developmental processes leading to AOs such as birth
defects and behavioral disorders”. The latter may be difficult to predict since they are often
multifactorial, and the specific mechanism/effect is difficult to identify without specifically designed
studies.

4. Currently available in vitro NAMs relevant to human DART

There is a range of in vitro models available to evaluate different stages of DART, some of which are
validated and have OECD Test Guidelines (TGs) and some of which are novel and still require further
development or validation. The in vitro models described below and summarized in Table 3 are based
on effects of the test chemicals on specific endpoint measurements, mainly for teratogenicity but also
for endocrine disruption leading to impaired fertility and reproductive capacity. They include several
assays employing similar test systems/models e.g., hPSC-derived 3D tissues but differ with respect to
the design of the assay and the end point measurement (from 1-2 genes representing a specific MIE
to whole genome analysis potentially identifying changes to a broad range of pathways). Table 3 lists
which of the different stages of DART are covered by the assay, as well as the type of endpoint
evaluated (molecular, cellular or organism-based) and its applicability (e.g. chemicals interfering with
endocrine function or by direct embryotoxic/teratogenic effects). Table 4 summarizes the advantages,
disadvantages, the assay throughput (which may, in turn, affect which tier it is used in an NGRA) and
the predictivity of the in vitro NAMs.

41 In vitro assays with DART endpoint measurements at the molecular level
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These in vitro assays are used to identify DART potential of a test chemical by measuring direct
interactions with a receptor, or indirect interactions by measuring a target linked response e.g.

transactivation or biomarker production.

4.1.1  ER and AR binding tests

Estrogen receptor (ER) and androgen receptor (AR) radioligand binding assays belong to the OECD
Level 2 in vitro assays which provide information about mechanisms and pathways involved in
endocrine disruption (OECD, 2018). Both assays are validated, with associated TGs - the ER binding
assay run in accordance with the OECD TG 493 (OECD, 2015) and the AR binding assay in
accordance with the US EPA guideline (US EPA, 2009). In these assays, isolated receptors are
incubated with the test chemical and the binding affinity is measured according to its ability to replace
the radiolabeled ligand ([®H]estradiol for ER and [3H]methyltrienolone for AR) (Bowes et al., 2012,
Kuiper et al., 1998, Kurata et al., 2005, Zava et al., 1979).

4.1.2 ER and AR transactivation tests

The ER and AR transactivation assays are both validated and have OECD TGs (OECD, 2021c,
2023b). The assays are based on cell lines which have been stably transfected with an ER- or AR-
responsive luciferase reporter gene. Cell lines for the ER include the (h) ERa-HelLa-9903 (OECD,
2021c) and the BG1Luc-4E2 cell lines (OECD, 2012), and cell lines for the AR include the AR-
EcoScreen™, AR-CALUX®, and 22Rv1/MMTV_GR-KO cell lines. Chemicals which are ligands for the
ER or AR form a receptor-ligand complex which binds to specific DNA responsive elements and
transactivates the receptor gene, resulting in an increase in cellular expression of the luciferase
enzyme. The readout of the assay is luminescence from the enzymatic conversion of the substrate for

the enzyme.

4.1.3 In vitro pharmacology profiling ligand binding panel

Various targets of pharmacological interest have been linked to human adverse drug reactions and
used in a screening panel by pharma in drug discovery to help identify off-target and potential adverse
effects of pharmaceuticals (Bendels et al., 2019, Bowes et al., 2012, letswaart et al., 2020, Lynch et
al., 2017, Whitebread et al., 2005). The data obtained are used to guide selection of chemicals that
have a reduced likelihood of causing human adverse drug reactions and to ensure appropriate
monitoring of these during clinical drug development. This screening panel has been adopted and
extended to 83 binding, enzymatic and coactivator recruitment assays for use in cosmetic-related
ingredient safety assessments (Burbank et al., 2024). The additional target assays relevant to
endocrine disruption include binding to the ER, AR, thyroid hormone receptor-beta, progesterone
receptor and mineralocorticoid receptor. An additional 16 targets implicated in developmental toxicity

were also included from the literature (Rajagopal et al., 2022, Wu et al., 2013). Of note, specific
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receptors/enzymes and pathways represent a rather narrow biological focus and that activity towards
upstream molecular targets does not necessarily translate to adversity. The updated panel of targets is
intended to complement other functional NAMs used in an NGRA, which can be used to follow up on a

“hit” in the panel screen.

4.1.4 Cell stress panel

The stress response pathways have been extensively investigated and are relatively well-defined at
the biochemical level. As a result, they can provide preliminary indications of the Mode of Action (MoA)
of chemicals based on the KEs that are known to activate these pathways. The cell stress panel
involves the measurement of biomarkers after treatment of HepG2 (or other) cells with a range of
concentrations of test chemical for up to 24 h. The biomarkers cover key stress pathways (oxidative
stress, inflammation, endoplasmic reticulum stress, metal stress, DNA damage, heat shock response,
hypoxia and translocation of Aryl Hydrocarbon Receptor), mitochondrial toxicity and general cell health
(Simmons et al., 2009). A key assay in this panel is the measurement of oxidative stress, which has
been suggested as a mechanism involved in the teratogenicity of pharmaceuticals e.g., phenytoin
(Kupsco & Schlenk, 2015), as well as ionizing irradiation, cocaine and alcohol abuse, hypoxia and

cigarette smoking (Kumar et al., 2012).

4.1.5 Transcriptomics

Rajagopal et al. (2022) conducted a literature search to identify biomarkers for cellular and molecular
mechanisms underlying the key stages occurring during human reproduction and embryo-fetal
development. They identified 3551 so-called Developmental and Reproductive Signaling (DARS)
marker genes linked to cellular and signaling processes occurring at different morphogenetic events
and during organ or organ systems development. These were pooled to result a final list of 474 DARS
processes e.g. signaling, cell cycle and cell death, DNA methylation, epithelial to mesenchymal
transition, phosphorylation, cell differentiation, cell development, and oocyte maturation. This
extensive list of marker genes will undoubtedly help to interpret transcriptomics analyses of in vitro test
systems treated with suspected of causing DART. There are also 19 signaling pathways of
reproduction and developmental toxicity with known ligands, transduction intermediates, kinases, and
targets (NRC, 2000) (summarized in Figure 1), and multiple biomarkers which have been identified
representing different MIEs, KEs and AOPs involved in DART (listed in Table 1 and their link to toxicity
summarized in Supplementary Table S1). These can be used to develop or adapt existing NAMs to
provide mechanistic information. Indeed, several of the NAMs described herein have been adapted to
incorporate the measurement of specific genes as biomarkers relevant for embryo development e.g.,
SOX2, SOX17 and BRA in the gastruloid assays and gene expression profiling in the Leydig cell

assay.

It should be kept in mind that the value of information gained from gene expression profiling is

dependent on the test system expressing the relevant genes. For example, while the readout of the
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devTOX quickPredict assay is the relative amount of two metabolites (see below), the test system is
based on hiPSCs that can, in principle, be analyzed for gene expression changes if shown to express
the relevant genes. This aspect was evaluated by Rajagopal et al. (2022), who compared overlapping
and unique genes expressed in MCF7, HepG2, HepaRG, iPSC cells. They showed that transcriptomic
analysis of the iPSC cells used in both the ReproTracker and devTOX quickPredict assays could
cover signaling networks involved in differentiation into hepatocytes, cardiomyocytes and neural
rosettes.

4.2 In vitro assays with DART endpoint measurements at the cellular and molecular
function level

These models evaluate the impact of a test chemical on a specific metabolic pathway or cellular
function e.g. steroid production, differentiation and cytotoxicity. Cellular assays provide a more
physiologically relevant environment, compared to molecular assays where they can better mimic the
complexity and interactions that occur within embryos, providing insights into cellular responses and
behaviors that may not be captured by molecular assays alone. The endpoint measurements of
differentiation assays are either morphological visualization and/or measurement of key genes or
biomarkers that denote that a cellular event has occurred (e.g., albumin gene expression for liver
differentiation); therefore, they can be classified as investigating cellular pathways only (e.g., the

H295R steroidogenesis assay) and others as both cellular and molecular pathways.

4.2.1 H295R steroidogenesis assay (cellular only)

The H295R steroidogenesis assay has been validated and a protocol developed according to OECD
456 TG (OECD, 2023a). The standard assay measures the effect of a test chemical on the synthesis
of steroid hormones, 17B-estradiol and testosterone, by the adrenocortical carcinoma cell line, H295R
cells. The assay hasbeen modified to a HT version as part of an EPA ToxCast initiative to increase
the number of chemicals which can be screened (Karmaus et al., 2016). In this HT assay, ten steroid
hormones and intermediates, including progestogens, glucocorticoids, androgens, and estrogens are
measured using high-performance liquid chromatography followed by tandem mass spectrometry
(Karmaus et al., 2016). This study revealed that chemicals could be grouped into five distinct profiles
generally representing putative MoA, e.g., CYP17A1 and HSD3B inhibition. In addition to hormone
synthesis, the assay has also been modified to evaluate effects of test chemicals on multiple genes of
key enzymes involved in steroidogenesis (Hilscherova et al., 2004, Maglich et al., 2014).

4.2.2 ReproTracker - differentiation of hiPSCs

ReproTracker uses a hiPSC test system to evaluate teratogenic effects of chemicals, with the endpoint
measurement of molecular biomarkers and cell morphology (Jamalpoor et al., 2022). Teratogenic

chemicals are identified according to changes in genes related to their impact on the differentiation of

10
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hiPSCs into functional cardiomyocytes, hepatocytes and neuronal cells. These include the expression
of the mesodermal biomarker, BMP4, and the cardiomyocyte-specific biomarker gene, MYHG6; the
endodermal biomarker, FOXA2, and the hepatocyte-specific biomarker, AFP; the neural ectoderm
biomarker gene, PAX6, and the neural rosette-specific biomarker, Nestin. Thus, the main endpoint is
the measurement of cell-specific early and late differentiation molecular biomarkers, and a secondary
endpoint is the visual assessment of morphology (i.e., a cellular endpoint), both of which are
decreased by teratogens. The assay is reported to have a high predictivity when compared to in vivo
classification based on 21 chemicals (Jamalpoor et al., 2022) (see Table 4). This assay was originally
designed to provide a binary result (teratogenic or non-teratogenic); however, recent work using PBPK
modeling has enabled the extrapolation of concentrations potentially associated with AOs in
ReproTracker to a relevant clinical concentration in mothers or fetuses (Moreau et al., 2023). The
extrapolated concentrations from the ReproTracker assay correlated well with teratogenic human
clinical doses and from the rat or rabbit developmental toxicity studies.

4.2.3 devTOX quickPredict™

The devTOX quickPredict assay is an assay in which the developmental toxicity potential is based on
changes in the metabolome of hiPSC or hESCs after treatment with a chemical. The readout of the
assay is the ratio of two biomarkers linked to teratogenic chemicals, cystine and ornithine, which is
measured over a concentration range (Palmer et al., 2017, Palmer et al., 2013, Zurlinden et al., 2018).
Cell viability is provided as a secondary endpoint to help interpret the response in the context of
embryotoxicity but is not included in the prediction of developmental toxicity potential. The assay was
designed to provide a human system that addresses the premise that toxicity is dependent, to a large
degree, on exposure level. This human cell-based assay is reported to represent a more relevant test
system for human effects, which can be misrepresented in animal studies (Brown et al., 2012, West et
al., 2010). Burbank et al. (2023) evaluated the predictivity of the devTOX quickPredict assay based on
82 chemicals. The assay exhibited a good sensitivity of 86.1% but the specificity was relatively low
(35.6%), which was improved to 83% when the plasma concentration (Cmax) was incorporated into the
interpretation of the result (and based on risk assessment). This finding highlights the need to consider

in vivo exposure when interpreting in vitro data.

4.2.4 Embryonic stem cell test (EST) - cardiomyocyte differentiation

Embryonic stem (ES) cells are pluripotent and have a virtually unlimited capacity for self-renewal and
differentiation into all cell types. This means that pregnant female animals do not need to be
anaesthetized and the embryos removed each time an assay is performed, unlike the post-
implantation rat whole-embryo culture (WEC), which has been validated as a refinement to animal
testing (Genschow et al., 2002) but not endorsed as a replacement for human risk assessment
purposes (EC, 2010). When cultured under appropriate conditions ES cells spontaneously differentiate
in vitro into cardiomyocytes (Wei et al., 2005). These ES cell-derived cardiomyocytes are functionally

11
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viable and exhibit characteristics typical of heart cells in the early stages of cardiac development. This
property is leveraged in the embryonic stem cell test. This test compares the cytotoxicity of a test
chemical in (murine) ES cells and adult cells (murine 3T3 fibroblasts) as well as the inhibition of
differentiation into cardiomyocytes (Chen et al., 2010, Kuske et al., 2012, Schulpen & Piersma, 2013,
Walker et al., 2018). To predict embryotoxicity, the difference in sensitivity of the chemical cytotoxicity
between adult and embryonic cells is compared using the MTT assay. To predict the inhibition of
development, the differentiation of the ES cells into contracting cardiomyocytes is measured by
counting agglomerates of cardiomyocytes. Due to the issues with the choice of endpoints, costs, and
the predictivity of the assay, a new analysis method involving cardiomyocyte-specific mRNAs has
been introduced to increase its capacity to predict developmental toxicity (Kuske et al., 2012). The
EST has also been adapted for use with human embryonal carcinoma cells, cultured in 3D and using
gene expression to analyze the effect of the test chemical. Molecular markers include the pre-cardiac
mesoderm markers, GATA-4, HAND1, Myf5, Msx1, and BMP-IIR and functional heart-specific
markers, MLC-2A/2V, cTnT, ANP, Phospholamban, a-MHC and KV4.3 (Pal et al., 2013). Additional
differentiation models have been incorporated into the mEST to expand the assay’s applicability
domain or lineages other than the mesoderm (Adler et al., 2008) . For example, some research groups
have incorporated neuron differentiation protocols into the mEST (Baek et al., 2012, Stummann et al.,
2009, Theunissen et al., 2010).

4.2.5 The Micromass assay — chrondrocyte differentiation

As for the EST, the Micromass assay detects the direct effect of chemicals causing teratogenicity via
different mechanisms. This is a medium-throughput assay in which chondrocyte-specific cellular and
molecular responses are measured in human derived chondrocytic (C-28/12) cells cultured in high-
density micromasses (Greco et al., 2011). The endpoints measured are gene expression and
quantification of the extracellular matrix component, sulfated glycosaminoglycans. This assay
measures molecules with known effects on cartilage (e.g. IL-1B, TGF-B1, BMP-2), as well as genes
involved in matrix production (COL2A1 and ACAN), and in chondrocyte differentiation (SOX9). The
test has been used to help identify new therapies for osteoarthritis (Greco et al., 2011) and as a
validated NAM for detecting early teratogenic effects of chemicals, including potential cosmetic-related
ingredients, on cartilage and extracellular matrix homeostasis (Spézia & Barrow, 2013, Uphill et al.,
1990). In an ECVAM validation study, this test was shown to correctly classify 70% of the 25 test
chemicals, with excellent predictivity (see Table 4). These test chemicals were selected from a
database containing high-quality data from in vivo animal and human studies and in vitro studies
(Genschow et al., 2002). This assay and the EST were considered scientifically valid by the ECVAM
Scientific Advisory Committee (ESAC) for placing a substance into one of the three following
categories: nonembryotoxic, weak/moderate-embryotoxic or strong-embryotoxic (SCCS, 2023).

4.2.6 3D embryo-like gastruloid system — differentiation assay
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A more recent very promising medium throughout in vitro model developed for teratogenicity testing is
gastruloids (El Azhar & Sonnen, 2021, Gupta et al., 2021, Mantziou et al., 2021, Sullivan & Santos,
2023). These are generated in a self-organizing pluripotent stem cell (PSC)-based system to form 3D
structures that mimic parts of the early embryo (Baillie-Benson et al., 2020, Beccari et al., 2018, Moris
et al., 2020). In addition to being able to reflect cellular differentiation into all three germ layers,
gastruloids reflect spatiotemporal organization and morphological rearrangement (Jaklin et al., 2020).
The effects of test chemicals are measured at the cellular and molecular levels according to
morphological shape descriptors (circularity, size and extent of elongation), marker gene expression
(SOX2 for neuroectoderm, SOX17 for endoderm and BRA for mesoderm within human gastruloids,
and T/Bra in mouse gastruloids) and cytotoxicity (Mantziou et al., 2021). In proof-of concept studies,
this model was able to correctly discriminate known teratogens (such as valproic acid and retinoic
acid) from those that are less teratogenic (ibuprofen) or non-teratogenic (penicillin G), as well as
species-specific effects (Mantziou et al., 2021).

4.2.7 TeraTox assay (3D hiPSCs) - differentiation assay

The TeraTox test is a relatively new (albeit non-commercially available) assay based on the 3D culture
of hiPSCs and their differentiation into the three germ layers (mesoderm, endoderm and ectoderm)
(Jaklin et al., 2022). The primary cellular and molecular endpoint measurements are cell viability and
differential gene expression analysis. The gene expression data are analyzed using machine-learning
model to derive a so-called Teratogenicity Score (0 for non-teratogens and positive values for
teratogens). An advantage of this assay is that it can provide insights into the MoA of a test chemical,
whereby alterations in the pathways involved in the differentiation into germ layers can be translated to
events occurring in vivo. Since this assay measures the whole genome, it has the potential to detect
different KEs and MIEs, whereas other assays, e.g., the ReproTracker assay, specifically measure
single genes as markers for early and late differentiated states (which affords them a higher
throughput).

4.2.8 Leydig cell assays for testicular toxicity - differentiation assay

There are several cell-based assays which can be used to measure the effect of chemicals on the
function and development of testicular Leydig cells. These assays represent male puberty, a critical
life period regarding endocrine disruptors (Pisani et al., 2016), whereby cytotoxic effects in these cells
are thought to be a mechanism contributing to male reproductive toxicity (Sychrova et al., 2022). Cell
line-based models are an alternative to the ex vivo rat Leydig cells used by some (Pisani et al., 2016).
For example, the rat Leydig cell line, R2C, was used to measure testosterone synthesis inhibition and
differentiate between endocrine active and inactive phthalates (Balbuena et al., 2013). Prepubertal
Leydig TM3 cells cultured in 3D were used to evaluate the toxicity of environmentally relevant
endocrine-disrupting chemicals on the expression of steroidogenesis markers using image-based

screening (Sychrova et al., 2022). The cellular modifications can also be assessed at the molecular
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level using transcriptomic and proteomic profiling analyses (Pisani et al., 2016). An in vitro testicular
coculture model composed of spermatogonial, Sertoli cell, and Leydig cell lines has also been
developed (Yin et al., 2017). This model was able to identify the most toxic reproductive chemicals
(based on 29 chemicals), with very good predictivity (see Table 4). Unfortunately, this assay is no

longer commercially available.

While we have focused on Leydig cells and their role in hormonal balance for the purpose of
evaluating chemicals for affecting this stage of reproduction, other testicular organoids have been
designed to be more complex, simulating the entire testicular environment (Wang et al., 2022). These
aim to simulate the testicular microenvironment for spermatogenic cells, bridging in vivo and in vitro
research. While their generation is still in early stages with ongoing challenges, they represent a
crucial research tool in regenerative medicine, drug discovery, and gene therapy. They show
significant promise for studying human spermatogenesis, toxicity screening and as part of multi-organ-
on-a-chip platforms. For example, the study from Cham et al. (2024) introduced a robust in vitro
porcine testicular organoid model to investigate male reproductive toxicology. The organoids
successfully mimic testis morphogenesis, exhibit Sertoli cell maturation and demonstrate functional
endocrine activity by producing sex hormones. Following the proof-of-concept using a steroidogenic
inhibitor, this system provides a promising future platform for assessing the impact of environmental

toxicants on testicular development and endocrine function.

4.3 In vitro assays with DART endpoint measurements at the organism level

These assays include in vitro test system/models with varying levels of endpoint measurements, from
the analysis of 1-2 genes or amino acids to those covering the entire genome of the test system (thus
representing different pathways that can be modified by teratogens). As a result, different assays can
identify chemicals which affect several stages of development and/or reproduction. It should be kept in
mind that no single assay can replicate the complexity of DART. The challenge is to identify
andintegrate different assays covering the stage(s) of interest. This section provides an overview of
assays which can be considered as part of a defined approach in an NGRA, covering multiple MoAs.

4.3.1 Zebrafish Embryotoxicity Test (ZET)

Developmental toxicity assays based on the zebrafish are one of, if not the most, studied alternative
methods for this endpoint (Becker et al., 2022). Zebrafish embryos are ethically acceptable models
(Belanger et al., 2010, Halder et al., 2010, Strahle et al., 2012). They share more than 70% homology
with the human genome (MacRae & Peterson, 2015). These similarities with humans, along with the
large range of organ systems that can be evaluated, are likely to be the reason for the extensive use
of zebrafish-based assays. The standard zebrafish embryo acute toxicity test (ZET — OECD TG 236)
has been designed as an alternative to fish acute toxicity testing such as the OECD TG 203. The ZET
four apical endpoints (i) coagulation of fertilized eggs, (ii) lack of somite formation, (iii) lack of

detachment of the tail-bud from the yolk sac, and (iv) lack of heartbeat are recorded as indicators of
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lethality (OECD TG 236). Over the years, numerous protocols with additional morphological endpoints
have been reported to assess the developmental toxicity of chemical compounds to fish and its
potential extrapolation to humans. A harmonization of the terminology used for the description of
morphological effects was proposed by von Hellfeld et al. (2020). Likewise, to facilitate cross-study
comparison, an Integrated Effect Database for Toxicological Observations (INTOB), has recently been
developed by Michaelis et al. (2025), which standardizes the collection of phenotypic observations
using a controlled vocabulary.

The Zebrafish embryotoxicity test is based on a “Teratogenic Index” (T) calculation (= the ratio
between lethal and sublethal embryotoxic concentrations). Many authors use the ratio between the
concentration that is lethal to 50% of zebrafish embryos (LC50 value) and the median effective
teratogenic concentration (EC50) (Burbank et al., 2023, Cassar et al., 2019, Nishimura et al., 2016,
Panzica-Kelly et al., 2015, Selderslaghs et al., 2012, Sipes et al., 2011, Weiner et al., 2024). As an
example, Burbank et al. (2023) reported a good predictivity based on 57 chemicals (see Table 4). But
other methods have also been reported, such as using dechorionation, LOEC or LC25, NOAEL or
different Tl threshold values (for reviews see Di Paolo et al. (2021), Hamm et al. (2024), Miao et al.
(2025), Song et al. (2021)). Software programs have been developed to partially automate the assay
(No6th et al., 2024, Puybareau et al., 2015, Rasmussen et al., 2022). The model is further strengthened
using behavioral, toxicokinetic and transcriptomic responses (Morash et al., 2023). The assay was
also adapted to monitor later stages of embryonic development (24 h post-fertilization) to increase the
specificity for angiogenesis. The assay readout was according to the location and number of functional
intersegmental vessels, visualized according to the detection of moving blood cells.

4.3.2 Endocrine Active chemicals, acting through estrogen receptors, using transgenic
tg(cyp19a1b:GFP) Zebrafish embryos assay (EASZY)

The EASZY assay is a mechanism-based screening assay based on the interaction of chemicals with
the ERs in transgenic tg(cyp19a1b:GFP) Zebrafish embryos. Thus, this assay specifically evaluates
estrogenic effects on embryos, thus representing later stages of embryo-fetal development. While this
assay does not mimic the stage of fertilization, due to the MoA, it is helpful in indicating potential
estrogenic effects occurring during fertilization. The standard protocol for this validated test is OECD
TG 250 (OECD, 2021b). The expression of a green fluorescent protein (GFP), driven by the cyp19aib
promoter, is increased in the presence of an ER agonist when the Zebrafish embryos are exposed for
96 hours during the embryonic stages of development. In the two-phase validation report, the OECD
concluded that the EASZY is robust, specific, and sensitive enough to reliably discriminate between
estrogenic and non-estrogenic chemicals (OECD, 2021a). The intensity of the fluorescence of each
newly hatched eleutheroembryo is measured using a fluorescence microscope. Both assays can be
used in combination with in silico and human cell-based in vitro assays (Morash et al., 2023, von
Hellfeld et al., 2022). When used to monitor estrogenic activities of 33 waste and surface waters, the
EASZY exhibited a good predictivity (Brion et al., 2019) (see Table 4).
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4.3.3 Modified Nematode C. Elegans assay

This type of assay using small organisms are upcoming NAMs for hazard assessment in humans (van
der Voet et al., 2021). For complex physiological systems like vertebrate endocrine regulation and
specific aspects of reproductive biology (e.g., estrogenic effects on human-like female fertility), C.
elegans is not a direct translational mode since it lacks the necessary biological machinery. However,
for fundamental cellular and molecular processes and conserved signaling pathways, C. elegans
exhibits significant genetic homology with humans and serves as a highly valuable test system. It can
provide insights into general mechanisms of toxicity, identify conserved targets, and contribute to the
understanding of basic biological functions (60-80% of human genes have orthologs in the C. elegans
genome, with 40% of genes known to be associated with human diseases having clear orthologs in C.
elegans (O'Reilly et al., 2014, Shaye & Greenwald, 2011)). As these assays are fostered into testing
approaches, the need for reporting guidelines is essential to be able to properly interpret the data (van
der Voet et al., 2021). A modified version of the Caenorhabditis elegans (C. elegans) assay using
mutant worms has been developed to assess DART (Xiong et al., 2017). The mutant worms have a
more permeable cuticle to increase chemical uptake, which makes them more sensitive to the effects
of test chemicals. Another modification of this assay involved the application of microfluidic chip
technology to enable the monitoring of a single worm over its entire life cycle (as opposed to
assessing effects of a population of worms (Letizia et al., 2018)). This is reported to reduce variability
in the readout and provide insight into effects in sub-populations of worms which may not have been
observed in heterogeneous incubations.

4.3.4 Frog embryo teratogenesis assay on Xenopus (FETAX)

Amphibians are the aquatic vertebrates phylogenetically closest to mammals. They are recognized
models in biomedical research for human diseases (Fisher et al., 2023, Nenni et al., 2019). The
FETAX is a standardized assay [ASTM E1439-12(2019) (ASTM, 2019)] that uses embryos of the
African clawed frog, Xenopus laevis, or sometimes other frog species. Fertilized eggs are exposed to
various concentrations of the test chemical from early developmental stages (e.g., blastula or gastrula)
through to the free-swimming tadpole stage (typically 96 h post-fertilization). The embryos develop in
the presence of the chemical, and various endpoints (mortality, malformations, growth Inhibition and
the Teratogenic Index) are captured at the end of the exposure period. While not as sophisticated as
some advanced in vitro models, it can be used to study the general mechanisms of developmental
disruption. Over the years the FETAX protocol has been regularly refined with phenotyping scoring
(Hu et al., 2015) and behavior analysis (the R-FETAX (Battistoni et al., 2025)). Visual deficits
assessments have also been proposed (Hiramoto & Cline, 2021, Viczian & Zuber, 2014).

The FETAX is often compared to the ZET because both are non-mammalian aquatic vertebrate
models. While both tests often show similar predictive accuracy for correct chemicals human
teratogenicity predictions of human teratogens (above 80%) (for reviews see Fort & Paul (2002), Miao
et al. (2025)), the ZET seems to provide some practical and operational advantages such as lower
husbandry costs of maintaining a zebrafish colony, and better clarity and ease of observation of

16



Journal Pre-proof

zebrafish embryos. The FETAX, while standardized, might be less amenable to miniaturization and

automation for high throughput evaluations as already effective in zebrafish platforms.

5. Analysis of in vitro NAMs used for assessing human DART

5.1 Types of NAMs covering different stages of DART and their use in tiered testing
strategies

Using the information in Table 3, an analysis was made of the number of NAMs linked to the different
stages in reproduction, as well as the type of endpoints evaluated (at the molecular, cellular or
organ/tissue level, Figure 3). This shows that all stages of male and female fertility and embryo-fetal
development are covered by at least one of the 17 NAMs evaluated. The highest number of assays
were those related to late organogenesis (15 out of 17 NAMs), highlighting the increased
understanding of the molecular mechanisms involved in this stage of embryo development. The
elucidation of specific receptors, enzymes and biomarkers involved organogenesis (see
Supplementary Table 1 for a list of biomarkers) has enabled the development of molecular, cellular
and several organism-based assays. Organism-based assay types do not specifically measure known
biomarkers linked to endocrine disruption but inherently cover them since they must be involved during
the development of the zebrafish or worms. The EASZY assay is a notable example of an organism-
based assay which also specifically evaluates a biomarker mediated effect, namely estrogenic effects

on embryo-fetal development.

Molecular-based HT NAMs can be used in early in the development of cosmetic-related ingredients to
prioritize chemicals for targeted testing in higher tiers using more comprehensive cell and/or tissue-
based lower throughput assays. In the first tier of safety testing, cell stress assays could be used to
assess general toxicity, pharmacology profiling binding assays could indicate potential target organs
and HT transcriptomics in 2D cell cultures could point towards potential MoAs based on a validated
DART transcriptomic signature.

The use of HT transcriptomics and different cell types (HepG2, MCF-7, HepaRG cells etc.) as part of
NGRAs of cosmetic-related ingredients can help to identify suitable analogues in a read-across
assessment by showing the similarity in chemicals according to their biological similarity (De Abrew et
al., 2019), support of MoA in an AOP (Serra et al., 2020), or provide a Point of Departure (PoD) in an
ab initio assessment (Farmahin et al., 2017). In follow up higher (targeted testing) tiers, chemicals can

be evaluated for specific MoAs.

Specific biomarkers for endocrine disruption can be evaluated as part of targeted testing using ER/AR
binding and transactivation screening assays, followed by 3D assays such as the TeraTox and Leydig
cell assays. Estrogenic activities are important to investigate when evaluating ingredients — some of
which are phytoestrogens (e.g. genistein and daidzein). Chemicals exhibiting estrogenic activities can
produce many adverse health effects in mammals, such as early puberty in females, reduced sperm
counts, altered functions of reproductive organs, obesity, altered sex-specific behaviors, and increased

rates of some breast, ovarian, testicular, and prostate cancers (Bittner et al., 2014). Therefore,
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evaluating this AOP is highly relevant in their safety assessments (albeit not linked to structural
malformations). Estrogenic and androgenic assays have been used in several NAM-enhanced read-
across case studies related to cosmetics ingredients e.g., daidzein and parabens (Dent et al., 2019,
Najjar et al., 2024, Ouedraogo et al., 2022). These were used to generate initial MoA hypotheses, as
well as in higher tiers of the NGRAs for targeted testing and the derivation of a PoD, from which the
Margin of Safety indicated the assessments were protective of human health.

The cells stress assays enable an evaluation of one of the main category of processes linked to DART
(Rajagopal et al., 2022). Of these processes, oxidative stress is not specific to teratogenicity, although
this mechanism has been linked to the teratogenic effects of pharmaceuticals, herbicides, ionizing
irradiation, cocaine and alcohol abuse, hypoxia and cigarette smoking (Hansen & Harris, 2004, 2013,
Hansen et al., 1998, Kupsco & Schlenk, 2015, Ornoy, 2007, Vieira et al., 2024). Oxidative stress is
one of the main mechanisms detected by the devTOX quickPredict assay due to the importance of
cystine in regulating the oxidative state of the cell, which accounts for its ability to identify thalidomide
as teratogenic (Palmer et al., 2013). Further analysis of oxidative stress mechanisms with more in

vivo-like NAMs can be conducted using the 3D embryo-like gastruloids ‘and TeraTox assays.

While the organism-based assays do not specifically measure biocmarkers, they can be used to test
chemicals for DART potential. Likewise, cellular-based assays not specifically designed to measure a
specific biomarker may still correctly identify chemicals that act via that pathway if the in vitro test
model contains the relevant pathway. For example, the cells used in the devTOX quickPredict assay
express dihydrofolate reductase, which is inhibited by folic acid antagonists e.g., methotrexate and
aminopterin, resulting in the inhibition of thymidine synthesis and thus DNA synthesis (Hyoun et al.,
2012). Both chemicals are positive in this assay, indicating that it may be suitable to follow up to initial
screening assays indicating this as a potential MoA. By contrast, ER and AR do not appear to be
expressed by the cells, thus chemicals which cause endocrine activity via these receptors are not
detected by the devTOX quickPredict assay (Zurlinden et al., 2020).

5.2 In vitro NAMs in human DART testing: most representative NAMs in literature

Becker et al. (2022) conducted a systematic literature review to help identify DART NAMSs for toxicity
screening. The information collected was then incorporated into a database with a user-friendly
dashboard so that trends in NAMs and gaps in research can be visualized. This dashboard highlighted
the changes in the types of NAMs used over a 12-year period from 2010 to 2021. By far the largest
number of research publications over this period relating to developmental toxicity were on zebrafish
models (85 out of 114 studies on developmental toxicity research i.e. 75%). The next highest number
of publications relating to the same topic were based on human, mouse and Drosophila assays (each
with 8 studies over the same period — 7%). Interestingly, the relative number of studies on zebrafish
decreased over the 6-year period from 2015-2021 compared to the 6-year period from 2010-2015,
which was attributed to an increase in the number of human organotypic models representing
cardiovascular, reproductive, dermal, hepatic, musculoskeletal, and neurological tissue systems.
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We conducted a similar, albeit less comprehensive, type of search to compare the number of
publications relating to the in vitro NAMs described in this review and the number relating to their use
for cosmetics (Table 5). This includes references using the NAMSs for all endpoints i.e. DART and non-
DART effects. In accordance with the findings of Becker et al. (2022), the highest number of citations
relating to teratogenicity and/or DART was for the ZET (432 citations). The EASZY and FETAX assays
also had a significant number of citations, although fewer than for ZET, most likely due to the longer
availability of the latter.

The highest number of publications were linked to HT transcriptomics; however, only 60 of the 492
NAM citations were related to teratogenicity and/or DART and only one of these to teratogenicity and
cosmetic ingredients. There were 129 citations referring to in vitro pharmacology profiling; however, as
with HT transcriptomics only two of these were linked to DART and none to DART and cosmetic
ingredients. Therefore, although these two NAMs could be used in safety assessments for most of the
stages of DART, there are few reports on their specific use in evaluating DART potential of any
chemical and fewer, if any, applying them to cosmetic ingredients. A similar observation is evident for
most of the in vitro DART-specific NAMs, whereby almost all citations were not related to cosmetics
related ingredients. The exceptions to this were ER and AR transactivation, ER and AR binding and
H295R steroidogenesis assays, which were mainly related to cosmetics ingredients (79%, 59% and
42% of the NAM-specific citations, respectively). Interestingly, there were ~3-fold more citations
relating to the use of the ER and AR transactivation tests than there were for ER and AR binding
assays. The potency of the interaction of a ligand with the ER or AR receptors does not always
translate into a similar steroidogenesis potency (Kuiper et al., 1998); therefore, while the binding
assays indicate a hazard, the cellular based transactivation and steroidogenesis assays are more

suitable, and thus used more often, for deriving a PoD.

The percentage of total NAM citations was dependent on whether the search was filtered for
cosmetics. For example, fish embryo (ZET and EASZY) tests represented 24% and 8% of the 2085
total NAM citations, respectively, but only 1% and 0.3% (of 304 citations) when using this filter. By
contrast, ER and AR transactivation, ER and AR binding and H295R steroidogenesis assays
represented the most cited of the in vitro NAMs used for cosmetics ingredients, with 66%, 17% and
11% of the total cosmetics-related NAM citations, respectively. These same NAMs represented 13%,
5% and 4% of the total NAM citations (all chemicals), respectively. It is also interesting to note that

tests based on mammalian cells are mainly used.

5.3 In vitro NAMs in human DART testing: throughput, validation status and
applicability domain

Assay throughput may affect which Tier it is used in an NGRA. Of the 17 human relevant DART NAMs
considered here, only four are high throughput assays, all of which measure molecular effects (Table
4). This is mostly likely due to the lower complexity of either the test system (receptors, enzymes),

analysis methods (fluorescence, luminescence, radiolabeled markers) or assay duration, making them
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ideal for HT screening. The remaining NAMs were medium throughput assays, including two

molecular endpoint assays, ER and AR transactivation tests and ReproTracker.

The main principles of an NGRA are that the tiered assessment is human-relevant, hypothesis-driven
and exposure-led, and, importantly, using robust and relevant methods and approaches (Dent et al.,
2018). The latter can be assessed according to whether the assay is conducted to good practice
methods e.g. GLP, and/or adheres to OECD TGs or guidance documents. The most advanced DART
NAMs could be expected to be assays with the highest use and/or validated OECD TG compliant
assays. Indeed, about half of the 17 in vitro NAMs presented have been either internally developed
and validated or formally assessed (i.e., evaluation and expert-panel review by the Interagency
Coordinating Committee on the Validation of Alternative Methods (ICCVAM), supported operationally
by NICEATM (the National Toxicology Program's Interagency Center for the Evaluation of Alternative
Toxicological Methods ), reflecting their compliance with ICH guidelines and/or OECD Test Guidelines.
. Three of the 4 HT NAMs measuring molecular endpoints have been formally validated (ER and AR
binding tests, ER and AR transactivation tests and the ER binding assay in the in vitro Adapted
Pharmacology Profiling panel), whereas only 4 of the 8 medium throughout NAMs measuring cellular
only and cellular plus molecular endpoints have been either internally (ReproTracker, devTOX
quickPredict) or formally (H295R steroidogenesis and Micromass assays) validated. Both fish embryo
(organism based) assays have been validated with OECD TGs. By contrast, and despite its
widespread use and adaptation for screening purposes, C. elegans assay and FETAX assay are not
yet validated.

No validated alternative method is yet available for reproductive toxicity that covers all different phases
of the reproductive cycle (JRC 2019-JRC 2022). Since the field of reproductive toxicity is very
complex, it was expected that the various phases could not be mimicked using one alternative method
and that a battery of tests would be needed. Three alternative methods, restricted to the
embryotoxicity area, have been developed: The WEC, the Micromass test and the EST. Whereas the
first assay is generally not considered as a NAM due to animal use, the two others are often
considered as a NAM for developmental toxicity. Although NAMs should ideally be performed to GLP
and validated with OECD TGs in place, these are not strict criteria for them to be useful in an NGRA,
especially if they provide important information on the MoA (Dent et al., 2018). Alternatively, NAMs
can be qualified as useful models and the assays conducted under traceable practices (albeit not to
GLP), with a clear understanding of the applicability domain and limitations, so that they can be
applied appropriately.

The relevance of the method for the specific purpose needs to be considered and justified (i.e., the
applicability domain should be defined as well as biological relevance). 3D tissues such as gastruloids
reflect in vivo processes and uptake in the cell to reach the relevant target, whereas receptor binding
assays focus only on the receptor-ligand interaction. As with many in vitro bioassays, most of those
described here do not contain a metabolizing component; therefore, if a chemical is known to be
metabolized the assay could be adapted to include human liver S9 fraction or hepatic cells (van Vugt-
Lussenburg et al., 2018), or the major metabolites can be tested alongside the parent chemical. An
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example of such an assay modification is the inclusion of liver S9 in the reporter gene assays for
detection of (anti-) estrogens and (anti-) androgens (van Vugt-Lussenburg et al., 2018). Likewise,
higher throughput assays can also be adapted to include liver S9 by encapsulating the S9 in alginate
beads to avoid interactions between the metabolic supplement and the test system (Jurgelewicz et al.,
2025). Another example is the zebrafish embryo toxicity test, which was improved to overcome their
low metabolic capacity by pre-incubating the test chemicals with rat liver microsomes. This
comprehensive workflow, involving quantification of parent and metabolites and subsequent exposure
the of zebrafish with the incubates, improved the predictivity of toxic potential of chemicals, e.g.,
parathion (Giusti et al., 2019).

The applicability of an assay also relates to several aspects of the NAMs, including the mechanisms
involved in the specific toxicological endpoint, the class of chemicals for which the method is
considered applicable and the type of regulatory question being addressed (Bal-Price et al., 2018,
Luijten et al., 2007). It is possible to validate an assay for a defined chemical class; however, one
challenge is to extrapolate the findings from a small sub-set of chemicals o a much wider domain of
thousands of chemicals, which may have very different levels of predictivity for the same assay
(Luijten et al., 2007, Piersma, 2011). Therefore, the applicability domain for each in vitro assay should
be determined in terms of the mechanisms of development covered so that an appropriate
combination of assays can be selected to provide sufficient biological coverage for a much wider
chemical space. This means that the derivation of the applicability domain for simple assays, such as
the ligand binding assays are more straightforward than assays involving embryonic cell differentiation
(Piersma, 2011). Another example is the Adapted in vitro Pharmacology Panel (Burbank et al., 2024)
which comprises eighty non-cellular and 52 radioligand binding assays, 5 functional protein-protein
interaction assays and 23 enzyme assays. Results could be expected to overestimate the potency of
effects mediated via intracellular targets for test chemicals that exhibit poor cell penetration whereas
non-cellular assays could not be human relevant. The relevance of the assay is also important,
whereby rodent-based assays such as the mEST are not necessarily directly applicable to human
developmental effects (whereby safety factors are used to account for inter-species differences are
incorporated in the assessment (Luijten et al., 2007)). With respect to risk assessments and decision-
making, if a chemical has no effect in a NAM, there is much higher confidence in the outcome of the

test if the chemicals is within its applicability domain (Bal-Price et al., 2018).

6. Integrated approaches using in silico and in vitro NAMs
6.1 Combining in silico and in vitro NAMs for bioactivity assessments

Clearly, in silico DART prediction tools offer an opportunity in early screening to flag DART potential of
test chemicals (Najjar et al., 2023). Due to the complexity of the endpoint, the development and
application of in silico models for developmental and reproductive toxicology remains challenging and
they often only give qualitative information regarding a DART alert (a yes/no result). However, despite
this, the available models can provide an initial qualitative indication of the potential of a chemical to

cause reproductive toxicity, which is especially helpful for screening chemicals with minimal
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toxicological information (Manganelli et al., 2020, Pradeep et al., 2016). Several computational models
were evaluated by Hewitt et al. (2010) for their potential to help the assessment of a chemical’'s
potential to cause developmental toxicity. QSAR models included the CAESAR developmental toxicity
and Derek models. They demonstrated that while individual model performance was relatively poor in
some cases, when used in combination in a WoE approach, the predictivity was improved. An in-depth
evaluation of computational tools that can be combined with in vitro assays in Integrated Approaches
to Testing and Assessments (IATAs) for teratogenicity or for other DART segments are not discussed
(please refer to Hewitt et al. (2010) for more information on this topic).

In addition to aiding in hazard characterization (i.e., qualitative information), QSAR models can be
used to guide experimental designs or testing strategies and provide mechanistic information
(Wedebye et al., 2015). They have also been used to help calculate a margin of exposure (MoE) i.e.
the ratio between a threshold toxic level (e.g. a NOAEL) and the exposure to the chemical (Manganelli
et al., 2020) since they can be used to estimate plasma concentrations (internal exposure). Indeed,
the use and acceptance of QSAR models for regulatory use is increasing (Pradeep et al., 2016) and
may even be considered as alternatives to experimental testing to fill data gaps to evaluate REACH
chemicals when their scientific validity has been established (Wedebye et al., 2015).

It is recognized that a single NAM cannot replace an in vivo animal developmental toxicity study due to
the complex biology; therefore, integrated approaches using appropriate NAMs covering different
pathways in a tiered approach are now being fostered to evaluate the DART potential of chemicals
(Burbank et al., 2023, Rajagopal et al., 2022). Burbank et al. (2023) evaluated the predictivity of three
NAMs individually and in combination, namely the OECD in silico DART, devTOX quickPredict assay
and ZET. While the individual assay predictivities were good, the specificity varied from as low as
35.6% for the devTOX assay to 84.1% for the in silico DART model. When results were combined and
based on a "2 out of 3 rule" the sensitivity was >96% and the mean specificity was above 72%. The
slightly lower specificity compared to the in silico DART model is protective of human health, whereby
a “false positive” can be followed up in targeting testing. It is preferable to have a good sensitivity to
avoid missing bioactivity than trying to achieve good specificity. The use of combinations of NAMs in
an integrated testing strategy was mentioned by Brannen et al. (2017) but they suggested combining
data from these with in vivo data to be able to increase the confidence in the outcome (Sogorb et al.,
2014). Based on these few articles, there seems to be only a limited number of examples of defined
approaches or integrated strategies that would be time- and cost-saving, predictive, and 100% non-
animal.

6.2 Combining bioactivity with exposure estimates in DART safety assessments for
teratogenicity

Since it is not possible to define or develop strict testing strategies for every AOP using NAMs for
safety assessments, the assessment should be flexible and based on available NAM data relevant to
DART to add to a WoE in an exposure-led safety assessment which is sufficiently protective of human
safety (Rajagopal et al., 2022). It has been suggested that instead of trying to predict an apical
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(teratogenic or otherwise) effect, safety assessments could be designed to evaluate whether a MIE or
KE is likely to occur under certain exposure conditions (Rajagopal et al., 2022). Therefore, the in vitro
and in silico methods above can be used to evaluate the hazard of a chemical and, to make a safety
assessment, the risk of the hazard occurring in humans can be evaluated by comparing a PoD with an
exposure level. The PoD is derived from the lowest concentration causing a biological effect (e.g.,
from teratogenicity assays) and the exposure is the concentration of the chemical in the plasma
(expressed as the Cmax or area under the curve (AUC)). The use of AOPs to assist regulatory
assessment of chemical risks with regards to the potential of PBPK models in exposure estimation has
been reviewed (Bajard et al., 2023) and the paradigm shift from “prediction” to “protection”
demonstrated in several case studies using cosmetic-related ingredients (Baltazar et al., 2020, Bury et
al., 2021, Najjar et al., 2024, Ouedraogo et al., 2022). A safety assessment framework using an
exposure-led case study was proposed by Rajagopal et al. (2022). This was based on the derivation of
a so-called “Bioactivity Exposure Ratio” (BER), which was estimated based on the output of the
pregnant PBPK model (Rajagopal et al., 2022). The use of the BER is mentioned in the SCCS Notes
of Guidance (SCCS, 2023) and is useful to derive protective thresholds exposure with levels of
protection similar to those used in traditional risk assessments (Paul Friedman et al., 2020). It
compares the biological activity of a chemical with its internal exposure (e.g. plasma Cmax), whereby
chemicals with a lower BER possess a higher potential for risk (Dent et al., 2019, Dent et al., 2021).
Although there is no consensus yet, chemicals with-a BER greater than 1, for which the estimated
exposure is lower than the level at which adverse effects are observed, potentially have an acceptable
safety margin. Conversely, BER values close to or less than 1, suggests that a chemical has a higher
potential for adverse effects under the investigated use conditions.

PBPK models describe the relationship between external exposure and dose to the target tissue
(Stader et al., 2019). Information on currently available PBPK models relevant to teratogenicity and
their development is described in Section S2 of the Supplementary Materials. While they are primarily
used in the pharmaceutical preclinical and clinical contexts (e.g., dose determination, daily exposure
estimation, drug—drug interactions, organ concentration—time, population analysis), PBPK models are
increasingly used in NGRAs for toxicokinetic assessments to adjust for the overall impact of exposure
in the risk assessment (Mantovani & Fucic, 2020). In vitro-to-in vivo extrapolation (IVIVE)-based PBPK
models can be used to estimate equivalent in vivo human plasma/organ concentrations based on
NAM concentrations and vice versa (Deepika & Kumar, 2023). A critical aspect of evaluating
teratogenicity is the exposure to the fetus, which is different from that of the mother and is mainly via
the placenta (Tetro et al., 2018). In 2011, the teratogenic risk in human pregnancy was “undetermined”
for 168 (97.7%) of drug treatments approved by the US FDA between 2000 and 2010 (Adam et al.,
2011). This highlights the importance of understanding the pharmacokinetics (PK) in pregnant women
and in the fetus, especially since it can be altered during pregnancy due to considerable changes in

physiology, anatomy and biochemistry (Costantine, 2014).

Different chemicals are known to have teratogenic effects depending on the route of exposure, for
example, drugs such as valproic acid (Chang et al., 2022) and retinoic acid (Clewell et al., 1997),
pollutants (Dong et al., 2016) and pesticides (Moretto et al., 2015). The dermal route is most relevant
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for pollutants, pesticides and cosmetic products; therefore, PBPK models including a skin
compartment are increasingly implemented in safety assessments (Ebmeyer et al., 2024). In a case
study using caffeine, Rajagopal et al. (2022) proposed a strategy for using appropriate NAMs to cover
cellular processes and signaling pathways underlying the key stages of DART. They evaluated
caffeine using HT transcriptomics assays (using MCF-7, HepG2 and HepaRG cells and iPSCs), the
devTOX quickPredict assay, the ReproTracker assay, an in vitro Pharmacology Profiling panel
(including additional 16 targets implicated in developmental toxicity), a cell stress panel, as well as in
silico prediction models for DART. The information from these NAMs were combined with exposure
assessments to screen for safety assessment based on BER values. They were able to show that an
exposure scenario of oral administration of 200 mg caffeine to pregnant women resulted in a BER of
less than 1 (indicating potential adverse effects), whereas the BER linked to the topical application of a
body lotion formulation containing 0.1% caffeine was 10-20, indicating that the exposure was unlikely
to be bioactive in vivo. They reported that these NAMs broadly covered the key signaling processes
and mechanisms underlying the apical endpoints in traditional DART studies and concluded that they
could be used in a tiered assessment (without the use of animal tests) which was protective of human
health. The authors noted that the bioactivity measured in the NAMs may not result in adverse effects,
which is the case for caffeine with respect to cardiotoxicity and neurotoxicity. It was inactive up to 100
uM in follow-up mechanism specific in vitro assays detecting alteration differentiating cardiomyocytes
and neuronal rosettes, as well as shown clinical epidemiological data (Brent et al., 2011). Another
more recent report on a clinical cohort study indicates that caffeine at doses of 200 mg may result in
decreased fetal growth (Gleason et al., 2021). The caffeine case study by Rajagopal et al. (2022) is a
good example of the importance of considering exposure as well as bioactivity in a safety assessment.
In another study, a PBPK model was used to estimate biologically relevant human internal exposures
of retinoic acid after application in an emollient cream to the skin (Clewell et al., 1997). Oral PK data
for retinoic acid were available; therefore, the PBPK model was used to perform a route-to-route
extrapolation and to estimate concentrations after topical exposure. The simulated profiles were
compared with in vivo results in different animal species. It was shown that the margin of safety with
respect to teratogenic efiects in humans was large enough to support the use of retinoic acid in

emollient creams for topical use.

Intensive research over the last twenty years has focused on risk assessments regarding the
teratogenic effects of valproic acid and its analogs (Chang et al., 2022). In one study, a PoD was
estimated using the in vitro DevTOX assay and quantitative IVIVE was used to convert the
developmental toxicity potential concentration measured in this assay to the equivalent administered
dose, which is encouraging. Results for the valproic acid analogues showed a good comparison
between estimates using the PBPK models and the in vivo rat data. A similar approach was used for
methoxyethanol, which is metabolized into an embryotoxic metabolite, 2-methoxyacdetic acid (Hays et
al., 2000). A PBPK model for pregnant rats was built, which included a description of the growth of the
developing embryo and changes in the physiology of the dam during pregnancy. The model
simulations mimicked parent and metabolite concentrations in blood and embryo tissue following their

administration by gavage or intravenous administration. A PBPK model was also used to adjust the
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dose regimen of lithium in pregnant women treated for bipolar disorder (Horton et al., 2012). This
PBPK model included the fetus compartment and the target of the drug, namely, the brain. The dose
leading to birth defects in infants was documented from clinical study, allowing to estimate a maximum
fetus concentration. The model was used to minimize exposure of fetus and maximize dose in the
brain. In vitro data acquired on rat embryos were used to support cumulative risk assessment of a
group of pesticides (e.g. conazoles) (Moretto et al., 2015). These studies helped design the in vivo
study. Inter-species extrapolation and reverse dosimetry using PBPK modelling enabled the estimation
of the human/fetus dose corresponding to a given risk level.

7. Conclusions

There are several levels of complexity in pregnancy and embryo development, with different windows
of susceptibility and biological variability that can make understanding of DART — and the development
of relevant in vitro models - very challenging. Research in reproductive biology and embryo-fetal
development has elucidated multiple AOPs in teratogenicity, enabling the development of NAMs
representing different DART stages (summarized in Figure 4).

We reviewed in silico and in vitro NAMs to gain an undersianding of their coverage of the key stages
of reproduction and development. Several in silico prediction tools support early DART screening, help
design subsequent testing and can serve as WoE approaches or alternatives to experimental tests,

filling data gaps for REACH chemicals with limited information.

Our analysis of in vitro NAMs is encouraging, with at least one NAM providing biologically relevant
data for mechanisms known to be linked to different stages of DART. These can be used in a tiered
testing strategy and WoE approaches to cover different pathways and stages of reproduction and
development. NAMs also enable an early estimation in an NGRA of the DART potential and the
associated MoA e.g. using HT in vitro assays such as pharmacology profiling, cell stress panel and HT
transcriptomics, followed by targeted testing e.g., estrogen/androgen receptor assays. There is also a
relatively good selection of NAMs covering endocrine disruption, which is relevant for cosmetic-related
ingredient NGRAs. While the available 3D tissue-based assays do not specifically measure known
biomarkers, they inherently cover these pathways since they are present during the development of an

organism.

Fewer cellular-based than molecular-based assays have been developed; but many are being refined
by adding molecular biomarkers to increase predictivity e.g., the ReproTox assay. Broader testing with
diverse chemicals is needed to expand applicability and build confidence, along with refinements such
as metabolic supplements to compare parent chemical activity with that of their metabolites.

Of the in vitro NAMS, the most cited was the ZET, reflecting the testing of chemicals used in sectors
other than cosmetic ingredients. Cosmetics-related ingredients were most frequently tested in
molecular and cellular assays related to steroidogenesis. It remains to be seen whether more reports
are published on the 3D-based assays once they have been qualified and more confidence is gained

in their application to safety assessment.
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In conclusion, current NAMs provide coverage of fertility and embryo-fetal development, supporting
the construction of IATAs or defined approaches for DART assessment.
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Table 1. Examples of different AOPs and biomarkers covering different stages of DART. Molecular initiating events (MIEs) and key events (KEs) leading
to adverse outcomes (AO) are from published DART AOPs. Information on the associated biomarkers is provided in Supplementary Table S1.

Maternal effects

AOP name and ID number MIE KE Associated AO References
biomarkers
identified
Estrogen receptor agonism  |Estrogen receptor  |17B-estradiol modulation, ER ER binding; Decrease in Browne et al. (2017)
leading to reproductive (ER) agonism. activation (increase or decrease), |Steroidogenesis population https://aopwiki.org/aops/29
dysfunction (AOP: 29) Altered alteration of uterine/ovarian growth rate;
steroidogenesis weight and gonadal altered
histopathology, altered estrous reproductive

cycle

pehavior; altered
arval
development;
mpaired
development of
reproductive
prgans

Aromatase (Cyp19at)
reduction leading to impaired
fertility in adult female (AOP:
7)

Reduction in ovarian
granulosa cells,
Aromatase
(Cyp19at)

Reduction, Plasma 173-estradiol
concentrations and synthesis by
ovarian granulosa cells

Cyp19a1, PPARy

Impaired fertility
and a disrupted
ovarian cycle

https://aopwiki.org/aops/7

Aromatase inhibition leading |Aromatase inhibition |Plasma 1783-estradiol Cyp19ai, Decrease, https://aopwiki.org/aops/25
to reproductive dysfunction concentrations, 17B-estradiol vitellogenin Population
(AOP: 25) synthesis by ovarian granulosa growth rate

cells, vitellogenin synthesis in

liver, vitellogenin accumulation

into oocytes, oocyte reduction,

growth/development reduction,

Cumulative fecundity and

spawning
Aromatase inhibition leads to |[CYP19A1 Reduction in 17beta-estradiol Cyp19a1 Decrease, https://aopwiki.org/aops/346
male-biased sex ratio via (aromatase) synthesis by the undifferentiated Population
impacts on gonad inhibition gonad, Increased male Biased growth rate

differentiation (AOP: 346)

sex ratio
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reproductive toxicity
associated with
polybromodiphenylethers
(AOP: 476)

damage, apoptosis, glycolipid
levels in testis. Mitochondria
damage, ERa activation,
Decreased number of adult
Leydig cells & testosterone level.

Impaired blood testis barrier.

Glutathione conjugation  |Glutathione (GSH) |GSH depletion, increases ROS, |GSH, SOD, Impairment of  |https://aopwiki.org/aops/492
E leading to reproductive  |conjugation increase of lipid peroxidation, G6PD, LPOs, fertility
£ dysfunction via oxidative increase in toxic substances, e.g., [ROS
2 stress (AOP: 492) malondialdehyde and
% hydroxynonenal
£
2
S
©
=
Androgen receptor Androgen receptor |Alteration, Wnt pathway. AR, Wnt / B- Impairment of  |https://aopwiki.org/aops/19
antagonism leading to (AR) antagonism Feminization or incomplete (Catenin pathway (reproductive
adverse effects in the male development, Primary and capacity
fetus (mammals) (AOP: 19) accessory male sex organs.
Altered transcription of genes
Glucocorticoid Receptor (GR) |GR Agonist, Repressed expression of GR levels Decreased, https://aopwiki.org/aops/64
Mediated Adult Leydig Cell  |Activation steroidogenic enzymes, Fertility
Dysfunction Leading to decreased Leydig Cells, eduction,
Decreased Male Fertility Testosterone synthesis in Leydig
(AOP: 64) cells, decrease, circulating
testosterone levels, decreased
2 sperm quantity or quality in the
£ adult, Decreased fertility
& |PPARa activation in utero Activation, PPARa  |Decrease in steroidogenic acute [PPARa, StAR, |Impaired fertility, |https://aopwiki.org/aops/18
% leading to impaired fertility in regulatory protein, decreased TSPO male
= |males (AOP: 18) cholesterol transport in reproductive
mitochondria reduction, reduction tract
of testosterone synthesis in malformation
Leydig cells resulting in lower
testosterone levels
AOP related to male Increased ROS Increased oxidative stress, DNA [ER, AR, ROS Decreased https://aopwiki.org/aops/476

sperm quantity
or quality in the
adult, fertility,
anogenital
distance,

reproduction.
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Malformation,
cryptorchidism
Inhibition of 11B- 11BHSD inhibition Decreased, plasma 11- HSD11B Decrease, https://aopwiki.org/aops/348
Hydroxysteroid ketotestosterone level, Impaired, Population
Dehydrogenase leading to Spermatogenesis, decreased, growth rate
decreased population Fertility
trajectory (AOP: 348)
Decreased Insulin-like Decreased, Insulin- |{Impaired inguinoscrotal testicular Malformation, https://aopwiki.org/aops/528
peptide 3 (INSL3) leads to like peptide 3 descent phase cryptorchidism -
Malformation, cryptorchidism |(INSL3) INSL3 maldescended
- maldescended testis (AOP: testis
528)
Markers used to monitor the Pre-cardiac mesoderm, See supplementary Table 1
< |differentiation of inner cell neuroectoderm and endoderm SACfEA;\;I"s:ANm
o i ) ,
2 mass into 3 germ layers markers BMP-IIR, Pax-
E 3/7, Oct-4, SOX2,
@ PAX6,
I SOX17, FOXA2,
BRA, BMP4
Ceramide synthase inhibition (Inhibition of Reduced complex sphingolipids. [Ceramide Neural tube https://aopwiki.org/aops/449
leading to neural tube defects [Ceramide Synthase |Affected folate transporter, synthase, S1-P, |defects
(AOP: 449) decreased folate uptake, HAT, MTHF /
increased sphingolipid-1- MTHFR, Dhrs3
phosphate, Histone deacetylase
inhibition
S Quantitative AOP based CYP26AT1 inhibition, |Altered hindbrain specification, |CYP26A1, NOG, |Abnormalities at |(Battistoni et al., 2019,
= teratogenicity prediction for  |retinoic acid incorrect Neural Crest Cell BMP, ZIC1, ZIC3 |facial primordia |Heusinkveld et al., 2021)
S |mixtures of azole fungicides |increased -> altered [Migration https://aopwiki.org/aops/434
§ (AOP: 434) retinoic acid gradient
Z |Histone deacetylase inhibition|Histone deacetylase |[Histone acetylation increase, HDAC Neural tube https://aopwiki.org/aops/275
leads to neural tube defects |inhibition altered gene expression and defects
(AOP 275) differentiation
Inhibition of Sodium lodide  |Inhibition of Na/I Decreased thyroid hormones Na/l symporter  |Cognitive https://aopwiki.org/aops/65
Symporter and Subsequent  |symporter level function,
Adverse Neurodevelopmental decreased https://aopwiki.org/aops/54
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Outcomes in Mammals
(AOP: 65)

Inhibition of Na+/I- symporter
(NIS) leads to learning and
memory impairment (AOP:
54)

Brain
malformation,
learning and
memory
impairments

(O'Shaughnessy et al.,
2018)

Retinoic acid neural Retinoic acid Proliferation, migration, CYP26A1/26b1, [Neural tube / Browne et al. (2017)
tube/axial patterning AOP balance differentiation Adh/Rdh family, |axial and related
(AOP not listed in AOP- -> neural tube and axial DHFR, RARs/ defects: Cardiac,
Wiki) patterning RXRs, Wnt3A, |craniofacial, limb
FGFs e.g., Fgf8 |malformation

Neural tube defects and DNA methylation No neural crest differentiation DNA Craniofacial Bhattacharya et al. (2021)
folate (AOP not listed in Altered folate increased apoptosis and methyltransferase|alteration
AOP-Wiki) metabolism decreased proliferation of cells in Neural tube

the facial prominence defect
Inhibition of Cranial Neural  |No single initiating  [Migration inhibition, decreased  tfap2a, zic2a, Expression Liu et al. (2023)

Crest Cells (CNCC) migration
(AOP not listed in AOP-
Wiki)

event (non-specific
‘disturbance of
genes’)

mitosis, increased apoptosis

pax3, snail2,
sox10, sox9a

disturbance of
genes involved
in Cranial Neural
Crest Cells
development:
Craniofacial
anomalies

Late organogenesis

Disruption of VEGFR
signaling leading to
developmental defects (AOP:
43)

VEGFR2 inhibition

Altered cell fate and behavior of
‘endothelial tip cells' (exploratory
behavior, cell migration) and
endothelial 'stalk cells' (cell
proliferation, apoptosis)

VEGFR2,
Endothelins &
receptors (A and
B)

Regulation and
disruption of
vasculogenesis-
angiogenesis

Knudsen et al. (2023)
https://aopwiki.org/aops/43

Antagonism of Smoothened
receptor leading to orofacial
clefting (AOP: 406)

Antagonism of
smoothened
receptor

Decrease in smoothened
relocation and activation,
apoptosis, decrease Sonic
Hedgehog second messenger
production, decreased cell
proliferation, decreased facial
prominence outgrowth

Shh

Orofacial clefts

https://aopwiki.org/aops/460
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Inhibition of RALDH2 causes
reduced all-trans retinoic acid
levels, leading to
transposition of the great
arteries (AOP: 436)

Decreased, ALDH1A
(RALDH) enzyme
activity

Decreased, all-trans retinoic acid
concentration, Disruption,
Progenitor cells of second heart
field, reduced neural crest cell
migration

RALDH

Transposition of
the great arteries

https://aopwiki.org/aops/436

Proposed AOP for embryonic
vascular disruption

Hypoxia, angiogenic
switch, Notch DIl4

Vasculogenesis, cytoskeletal
cycle, macrophage motility,

Hypoxia (HiF1a,
/AhR), angiogenic

Low birth weight,
functional deficit,

Knudsen & Kleinstreuer
(2011)

male (mammalian) offspring
(AOP: 306)

signals, Chemokine, |growth factor release, mural cell [switch (VEGFR, |malformation,
ECM interaction, recruitment, vessel stabilization  [FGF), Notch DIl4 |lethality
Vessel remodeling |decrease — leading to altered signals,
placenta and embryo-fetus IChemokine
(CCL2; CXCL10,
IL1, TNFa), ECM
interaction
(UPAR, PAI-1,
MMP, intg),
Vessel
remodeling
(TGFb, TIE2,
PDGFB)
AhR activation leading to AhR activation CYP1A1 up-regulation, AhR ICYP1A1, COX-2 |[Embryotoxicity, |https://aopwiki.org/aops/21
embryo toxicity in fish (AOP: nuclear translocator (ARNT)- pericardial
21) dependent pathways, altered edema
regulation, oxidative stress
‘€ |Inhibition of 17a-hydrolase/C |Inhibition of Dehydroepiandrosterone and CYP17A1 Malformation, https://aopwiki.org/aops/288
"E’ 10,20-lyase (Cyp17A1) CYP17A1 androstenedione reduction. cryptorchidism
g- activity leads to birth Testosterone level,
o [|reproductive defects dihydrotestosterone level, AR
2 |(cryptorchidism) in male activation decrease, impaired
Q |(mammals) (AOP: 288) inguinoscrotal testicular descent
.g phase
L |Androgen receptor (AR) Androgen receptor |Decrease AR activation, decrease|AR Anogenital https://aopwiki.org/aops/306
antagonism leading to short (AR) antagonism transcription of genes by AR distance
anogenital distance (AGD) in decreased
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Table 2. In silico NAMs predicting teratogenic and DART activity

Op
Tool Method Endpoint gs; Link to tool
rce
DEREK/ Rule based / expert knowledge No specificity
\'\;g )1(%8 No https://www.lhasalimited.org/pro
) . ducts/derek-nexus.htm
Teratogenic
ity mammal
DEREK/ Rule based / expert knowledge No specificity
NEXUS
V6,1,0 No https://www.lhasalimited.org/pro
Developme ducts/derek-nexus.htm
ntal toxicity
mammal
DEREK/ Rule based / expert knowledge No specificity
NEXUS
V6,1,0 No https://www.lhasalimited.org/pro
Testicular ducts/derek-nexus.htm
toxicity
mammal
OECD
QSAR
'IE')cXint_}ox 45 QSAR No specificity https:/gsartoolbox.org/
scheme
v.1.0
VEGA QSAR Binding, activation Yes https://www.vegahub.eu/
8%11?:? QSAR Binding, activation Yes http://gsar.food.dtu.dk/
ADMETLab QSAR Activation Yes | https://admetmesh.scbdd.com/
- - https://github.com/kmansouri/O
Opera QSAR Binding, activation Yes PERA.qit
ADMET https://www.simulations-
) QSAR Binding No | plus.com/software/admetpredict
Predictor or/
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https://tox-
ProToxII QSAR Binding, activation Yes | new.charite.de/protox_Il/index.p
hp?site=compound _input
Hybrid - QSAR and Expert knowledge - - https://www.multicase.com/case
Case Ultra components Binding, activation No _ultra
admetSAR QSAR Inhibition Yes | Mtpz/immd.ecust.edy.cn/admet
Eir;?fgg?se Molecular Docking Binding, activation Yes Endocrine Disruptome (ki.si)
CompuCell Embryo development stages e.g. urethral fusion, R
3D Expert knowledge fusion of secondary palatal processes Yes FrontPage - CompuCell3D
. L R https://www.epa.gov/chemical-
v-Embryo™ Integration of in vitro, in vivo, and in silico Fetal development. Yes | research/virtual-and-complex-
models to simulate critical molecular events tissue-modelin
lissue-moaeling

Table 3. Endpoints and applicability domain of in vitro NAMs used to detect the effect of test chemicals on different stages of fertility and embryo-
fetal development. Endpoints are: M: Molecular; C: Cellular; O: Organism; -: not applicable.

64 €
[7) o [
° = s c 2 £
T Q2 = 2 2 S g Endpoint relating to the type of
In vitro NAM g ° _,T_, g g e ° NAM (molecular/cellular/ Applicability domain
-5 ° = S s ® organism)
SE s ] 3 2 a
5 = S = S s
- 2 k]
© ('8
-
Binding constant (Kd) or ICso of the |[Human relevant receptors.
ER and AR binding tests M M A M M isubstance for the receptor. Binding Chemm_:als mterfermg w|th _
lto these receptors can lead to lendocrine function by interacting
ichanges in steroid production with a receptor
[Transactivation activity of ER or Human relevant receptors.
ER and AR_ M M R M M  |AR, hormone response element Chemicals interfering with
transactivation tests lactivity, dose-response relationship
(ECs0/ICs0). Activation of these
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receptors can lead to changes in
steroid production

lendocrine function by interacting
with a receptor

In vitro Pharmacology

Binding, enzymatic and coactivator
recruitment assays. Ligands

Human relevant targets. Chemical
can interact with several GPCRs,

Profiling receptor binding M M M included in the assay are known to [enzymes, ion-channels,
assays be involved in different teratogenic [transporters, nuclear receptors, and
mechanisms bHLH transcription factors
Biomarker expression, DNA Human (and animal) relevant
damage, Inflammatory response,  [endpoints. Direct-acting
loxidative stress; protein misfolding |embryotoxic/ teratogenic chemicals
Cell stress M M M & aggregation, cell viability.
Processes measured in this assay
panel are known to be involved in
teratogenesis
MoA & pathway identification, Human relevant pathways
universal coverage investigated using human-derived
High Throughput M M M of biological activity. Changes in cell lines. Potentially direct-acting
Transcriptomics specific gene expression and gene |embryotoxic/ teratogenic
pathways involved in all compounds depending on
mechanisms can be quantified Pathways
Steroidogenesis Human relevant effects on human
H295R Steroidogenesis ) n c H295R cells. Chemicals interfering
Assay with endocrine function by altering
lenzyme activities
Biomarkers measured for early and [Human relevant effects on hiPSCs.
late-stage differentiation of Direct-acting embryotoxic
lendoderm, mesoderm and teratogenic compounds, chemicals
ReproTracker M+C M+C M+C lectoderm. Secondary endpoint is  [interfering with cardiac, neuronal

morphological and functional
profiling of liver, heart and neuronal
icells

land hepatic functions
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Cytotoxicity, metabolome biomarker[Human relevant effects on human

hanges. Changes in two amino

iPS cells. Indirect assessment of

pluripotent stem cells)

devTOX quickpredict™ M+C M+C M+C - cid biomarkers are correlated with [developmental toxicity based on
eratogens — a general, non-specificjaltered endogenous metabolism
ndpoint
Cell differentiation, viability and Mostly murine ES cells used but
lgrowth: cardiac markers, cardiac- [adapted to human ES cells. Direct-
E . pecific genes, electrical properties, [acting embryotoxic/ teratogenic
mbryonic stem cell ; 2] . . . :
) ontractile activity, metabolic compounds. Chemicals interfering
(EST) - cardiomyocyte - - C+M - ». e . . .
ifferentiation Ectlv}ty. Sp_emﬁc biomarkers for with (?ardlac function )
cardiotoxicity only (cardiomyocyte formation and the
functional properties of the derived
cells)
Cell differentiation (measured using [Human relevant effects on human
ispecific biomarkers e.g. IL-18, chondrocytic (C-28/12) cells. Direct
Micromass assay - TGFB1, BMP-2), viability and acting embryotoxic/ teratogenic
chrondocyte - - C+M - growth. Measurements are specific [compounds
differentiation [to chondrocyte differentiation and
matrix production e.g., TGFf1
(biomarker for vascular disruption)
Marker gene expression: (SOX2  [Human relevant effects on human
(neuroectoderm), SOX17 gastruloids (a mouse model has
3D embryo-like gastruloid CaM CaM C+M C+M (endoderm_) and BRA (mes_oderm); also been Qeveloped). I_Direct—acting
system morphological shape descriptors  [embryotoxic/ teratogenic
(circularity, size and extent of compounds
lelongation), and cytotoxicity
T Morphological changes, differential [Human relevant effects on hiPSCs.
eratox assay (3D ) ) ) : . .
human-induced C+M . ) . lgene expression patterns (covering |Potential Direct-acting embryotoxic

pathways related to the teratogenic
mechanisms), and cell viability

teratogenic compounds depending
on pathways

45



Journal Pre-proof

Leydig cell assay

Cytotoxicity, proliferation,
poptosis, steroidogenesis.
Testosterone production, gene

Rat cells and cell-lines used.
Chemicals interfering with
lendocrine function

(no longer commercially C+M lexpression analysis, hormone
available) receptor binding, cell viability and
proliferation
Lethality and morphological Non-human but able to predict
Fish embryo assays: ZET - land functional endpoints in human embryotoxicity. Direct-acting
development lembryotoxic/ teratogenic chemicals
Fish embryo assays: |_ethality and morphological Non-human but able to predict
EASZY Y ys: - and functional endpoints in human estrogenic effects
development.
Lethality, size, growth, shape, Non-human but able to predict
C. elegans o fertility, embryonic viability, progeny [human developmental activity.
: Evaluation (appearance, Direct-acting
ccumulatio, size, growth), motility. fembryotoxic/ teratogenic chemicals
Morphological and functional Non-human but able to predict
lendpoints. human embryotoxicity. Direct-acting
FETAX assay R lembryotoxic/ teratogenic chemicals.

Limited functional/behavioral
assessment.
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Table 4. Summary of the advantages, disadvantages and predictivity of in vitro NAMs.

In vitro Predictivity Advantages Disadvantages | Referenc
NAM es
ERa binding: e Human-relevant o Assay does (Bever et
Sensitivity = 71% s Good reproducibility not al., 2024,
Specificity = 83% « High throughput - distinguish Kuiper et
Concordance = 77% call be run as an between al., 1998,
- initial screen with a agonists or Takeyos
AR binding: single concentration antagonists | hi, 2006)
Sensitivity = 89.3% / 95% (agonists) and 97.2% (antagonists) and then extended « Nota
to a more functional
comprehensive assay and
design in which the therefore
affinity of the binding does not
can be compared translate into
with reference the relative
controls potency in
« Validated assay (ER terms of
— OECD TG 493, steroidogene
ER and AR AR - US EPA sis
binding OPPTS 890.1150) |+ Standard
tests e Can provide assays lack
information on the biotransforma
relative potency tion
between chemicals competency,
for the same although
ligand (e.g., ICso or there are
Kd values) ongoing
activities to
address this
e Assay does
not cover
interactions
with sites of
ERa other
than the
ligand binding
pocket
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* Potential for
false
positives/neg
- atives
ERa agonism: o Human-relevant e Standard (Deisenr
Sensitivity = 79% o CALUX cell lines assays lack oth et al.,
Specificity = 82% stably expresses biotransforma | 2020,
Concordance = 80% human Era and AR tion Hopperst
. and are sensitive to competency. ad &
AR agonism: Not reported low levels of Promising Deisenrot
hormones initial reports h, 2023,
o Medium throughput using liver S9 | van der
(simple readout) but and Phase 1 Burg et
can be adapted to a and 2 al., 2015,
robotic platform for cofactors van der
Sl high throughput o More Burg et
transactivat screening complex and | al., 2010,
ion tests « Distinguishes time- van Vugt-
agonist and consuming Lussenb
antagonist activity. than binding urg et al.,
o Good prediction of assays 2018)
in vivo Effects e Cellline
e Validated, ER — dependence
OECD TG 455 and and variability
457, AR - OECD TG | Potential for
458 interference
with the
reporter gene
- system
' Not applicable e Human-relevant e Assays lack (Bowes
In vitro o Multiple ligand biotransforma | etal.,
Pharmacol binding and tion 2012,
ogy functional target competency, Burbank
Profiling assays available; although etal.,
rgceptor therefore, has broad initiatives 2024,
binding biological coverage using alginate | Dodson
assays - can be used to beads etal.,
explore MoA & read- containing 2021,
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across safety liver S9 are Scott et
assessments ongoing to al., 2022)
e Good inter-assay address this
reproducibility and e Ligand
inter-lab assays do not
concordance translate into
e High throughput relative
assay in routine use potency
(in the e Several
pharmaceutical promiscuous
industry) targets e.g.
e Validated ER hERG
binding assay — (pharmaceuti
OECD TG 493, ICH cals but not
guidelines cosmetic
ingredients),
5-HT2B and
DAT
(pharmaceuti
cals and
cosmetic

ingredients)
e Potential to
overestimate
potency of
effects
mediated via
intracellular
targets for
test
chemicals
that exhibit
poor cell
penetration

Not applicable e Human-relevant e Basedon

e High throughput immortalized
Cell stress o Multiple stress cells
pathways, relatively (HepG2),
which lack
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well-defined at the biotransforma
biochemical level, tion
are covered competency
Mechanistic insights Not formally
validated
Not applicable High throughput Not formally
Broad biological validated
coverage > can be Data
Hi used to explore MoA interpretation
igh
Throughput & read-across safety challenges
Transcripto assessments Protocol
mics Can be applied to standardizati
any cell type and is on ongoing
often an “add-on” (EPA
endpoint to initiatives)
established assays.
For increased estrogenicity: Validated, OECD The OECD (Haggard
Sensitivity = 75% TG 456 TF 456 etal.,
Specificity = 85% The OECD TF 456 protocol 2018,
Accuracy = 81% protocol is low measuring Hilschero
throughput but it has 17B-estradiol | vaetal,
For decreased estrogenicity: been modified to and 2004,
Sensitivity = 80% high-throughput testosterone | Karmaus
Specificity = 94% measurement of 11 is low etal.,
Accuracy = 91% hormones by the US throughput 2016,
H295R EPA as part of the The Maglich
Steroidoge | For increased androgenicity: ToxCast program metabolic etal,
nesis Sensitivity = 100% Can incorporate capability of 2014)
Assay Specificity = 90% using gene H295R cells
Accuracy = 90% expression analysis. is unknown
Using human- but probably
For decreased androgenicity: derived cell line quite limited
Sensitivity = 55% Since H295R
Specificity = 92% cells are
Accuracy = 75% derived from
adrenal
tissue, they

can produce
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gluco-, and
mineral-
corticoids
which could
influence the
levels of 178-
estradiol and
testosterone
observed in
the assay

e The OECD
TF 456 or
modified
protocols do
not measure
dihydrotestos
terone - not
expected to

detect
substances
that inhibit
5a-reductase
Sensitivity = 91% ¢ Medium throughput | e Initial assay (Jamalpo
Specificity = 90% o Internally validated, was hazard oretal.,
Accuracy = 91% ICH S5(R3) based 2022)
chemicals (positive or
e Results can be negative
compared with result) but
exposure for has since
ReproTrack increased relevance been used in
er to human exposure. combination
e Captures early and with PBPK
late biomarkers in all models to
three lineages compare with
(mesodermal, expected
endodermal and plasma .
ectoderm) concentration
s
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o Differentiation
of hiPSCs
towards
cardiomyocyt
es,
hepatocytes
and neural
rosettes only
L]
Sensitivity = 86.1% » Human-relevant o Does not (Burbank
Specificity = 35.6% / 83% o Medium throughput provide etal,
using a simple information 2023)
readout on the MoA
DevTOX o Internally validated, |e Low o
quickpredic ICH S5(R3) specificity
™ compounds. FDA when the
qualification ongoing plasma Crmax
not
incorporated
into the
output value
Janklin et al., 2022: ¢ Medium throughout |e Non-human- | (Chen et
Sensitivity = 46% ¢ Can be adapted to based assay | al., 2010,
Specificity = 76% measure involving (murine) Genscho
Accuracy = 58% cardiomyocyte- o Relatively wetal.,
specific mMRNAs to high-cost 2002,
Embryonic | ECVAM predictivity for: increase throughput |  assay Jaklin et
stem cell non-embryotoxic = 72% e Canbe adapted for | s Countingof | al., 2022,
(EST) - weakly embryotoxic = 70% use with human agglomerates | Kuske et
cardiomyoc | strongly embryotoxic = 100% embryonal of al., 2012,
yte . carcinoma cells. cardiomyocyt | Schulpen
differentiati | ECVAM precision for: ¢ Unlimited supply of es time- &
on non-embryotoxic = 70% cells consuming Piersma,
weakly embryotoxic = 83% « Scientifically but 2013,
strongly embryotoxic = 81% validated in ECVAM | e Not able to Walker et
study - strongly clearly al., 2018)
embryotoxic discriminate
chemicals were between non-
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consistently embryotoxic
identified correctly and weakly
embryotoxic
chemicals
ECVAM predictivity for: e Human-relevant « Not able to (Gensch
non-embryotoxic = 57% o Medium-throughput clearly owetal.,
weakly embryotoxic = 71% assay discriminate 2002)
strongly embryotoxic = 100% « Scientifically between non-
validated in ECVAM embryotoxic
ECVAM precision for: study - strongly and weakly
non-embryotoxic = 80% embryotoxic embryotoxic
weakly embryotoxic =60% chemicals were chemicals
strongly embryotoxic = 69% consistently « Data using
identified correctly mid-brain
e Cost-effective cells were not
Micromass reproducible;
assay - therefore,
chrondrocyt only limb bud
e cells were
differentiati used in the
on validation

e The strongly
embryotoxic
chemical,
methotrexate,
was not
identified as
positive in
this assay

e Limited
metabolic
capacity

In preliminary validation according to ICH S5(R3) guidelines, the sensitivity was e Medium throughput | e Proof-of- (Huntsm
| comparable to in vivo data (71%). which can be concept an et al.,
ﬁliembryo automated stage for 2024,
¢ Spatiotemporal human model | Mantziou
organization of gene | e Not validated etal,
expression, 2021,
Marikawa

gastruloid
system
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gastruloids have e Human , 2022,
intrinsic patterning gastruloids Sullivan
that mirrors currently do &
elements of the not develop Santos,
gastrulating embryo. beyond 3-4 2023)
« Reflects cellular days (mouse
differentiation into all gastruloids
3 lineages progress
(mesodermal, further)
endodermal and e Markers of
ectoderm) anterior
e Can distinguish non- neural tissues
specific effects and (i.e. brain)
specific changes are not
relating to detected
teratogenicity unless
e Can recapitulate modifications
known species- to the media
specific sensitivities are made
e Mouse gastruloid- e Some
based assay was heterogeneity
validated for DART in
assessment in morphology
accordance with the of aggregate
ICH S5(R3) structures —
guideline this lack of
reproducibility
will need
further
optimization
Sensitivity = 79% o Human-relevant o New method | (Jaklin et
Teratox Specificity = 53% * Provides insights - not n al,, 2020,
assay (3D Accuracy = 69% into the MoA, ] routlneluse Jaklin et
human- whereby alterations |« Not validated al., 2022)
induced of pathways inthe | « Expression of
pluripotent differentiation into genes and
stem cells) germ layers can be pathways
translated to events involved in
occurring in vivo.
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Measures the whole
genome - potential
to detect different

embryo
development
are

mechanisms dependent on
culture
conditions
(and thus
may not be
present)
Sensitivity = 86% Medium throughput Non-human- (Yin et
Specificity = 100% Represents male based assay | al., 2017)
Concordance = 84% puberty Not validated
Leydig cell In vitro Leydig cell Isolation and
assay assays can be very culture
sensitive challenges
Can be adapted to No longer
measure gene commercially
expression available
ZET: Vast historical Non-human- | (Brion et
Sensitivity = 77% database based assay al., 2019,
Specificity = 78% Vertebrate model Absorption Burbank
Medium throughput and etal.,
EASZY: (Cost and time metabolism 2023,
Sensitivity = 88% effective) differences von
SpeCIfICIty =76% Comparison to the A need for Hellfeld
Fish human reference standgrdized etal,
embryo genome shows that reporting of 2020)
assays: approximately 70% morpholggy
EASZY / of observations
ZET human genes have and

at least one

obvious zebrafish or
thologue

Validated, EASZY —
OECD TG 250; ZET
- OECD TG 236

nomenclature
(inconsistenci
es in these
makes it
difficult to
compare
results across
labs)
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Sensitivity = 80% Medium throughput Non-human- | (Allard et
Specificity = 89% using simple based assay | al., 2013,
readout Not validated van der
Applicable for a False Voet et
range of chemicals negatives for | al-, 2021,
with differing human Xiong et
properties, including teratogens al., 2017)
volatile or less due to
soluble chemicals species
New automated differences in
method developed metabolism
C. elegans to increase Predictivity
throughput (1000 dependent on
compounds can be thresholds
screened in triplicate and durations
in 4 days) selected
Low cost Reporting
Provides insight into guidelines
germline disruption needed to be
as a mechanism of able to
reproductive toxicity properly
Short life cycle and interpret the
rapid reproduction data
Sensitivity = 75% Whole organism While (Leconte
Specificity = 80% vertebrate model evaluated by &
Accuracy = 79%—-83% Xenopus laevis is a ICCVAM, it Mouche,
well-established has not been 2013,
model for vertebrate fully validated | Menegol
experimental or optimized aetal,
embryology for 2023,
EISES-I;@X Cost and time widespread Seldersla
effective regulatory ghs et
Large size and application. al., 2009)
development in an Sensitive to
aquatic environment variations in
make their eggs common
easy to manipulate water quality
parameters,
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for experimental such as ion

purposes. composition
(e.9.,
magnesium),
which can
lead to false
positive
results.

e Sensitive to
temperature
development
al
abnormalities
can occur if
the
temperature
is not within
the optimal
range
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Table 5. Number of references in PubMed referring to the use of different NAMs to evaluate teratogenicity and/or DART. The search was conducted in
September 2025. The key words are listed for total and cosmetics-specific citations. To search for the latter, the search was filtered using the key words “AND
cosmetic*”. No other filters (e.g. date range) or search criteria were used other than for high throughput transcriptomics and in vitro pharmacology profiling, for
which the following addition search term was used to identify references relating to (DART AND "endocrine disruption" OR reproduct* OR developmental OR
teratogen*). For assays other than transcriptomics and in vitro pharmacology profiling, also non-DART articles may have been included.

Number of NAM citations % Of total NAM citations Keywords used in search
In vitro NAMs All Cosmetics All Cosmetics
chemicals related chemicals related
High Throughput Transcriptomics 492 4 24 1 "High Throughput Transcriptomics" OR "High
(DART-only) (60) (3) (4) (1) Throughput Transcriptomic” OR HTTr
ZET 432 4 21 1 Zebrafish AND Embryotoxicity

"er transactivation" OR "estrogen receptor
transactivation” OR "ar transactivation" OR

ER and AR transactivation 253 200 12 66 "androgen receptor transactivation” AND (assay
OR test)
EASZY 166 1 8 0.3 EASZY OR "transgenic Zebrafish embryos"
In vitro pharmacology profiling 129 5 6 2 "in vitro pharmacological profil*" OR "In Vitro
(DART-only) 2) (0) (0) (0) Pharmacology Profil*"
"er binding assay" OR "estrogen receptor binding
ER and AR binding 87 51 4 17 assay" OR "ar binding assay" OR "androgen
receptor binding assay"
("embryonic stem cell test" OR "embryonic stem
EST: cell assay") AND ("cardiomyocyte" OR

82 0 4 0 "cardiomyocytes" OR "cardiac myocyte" OR
"cardiac myocytes") AND ("differentiation" OR
"differentiations")

cardiomyocyte differentiation

H295R steroidogenesis Assay 76 32 4 1 :H295R Steroidogenesis Assay" OR "H295R Assay

3D embryo- “ o " i T

like gastruloid system 42 0 2 0 gastruloid” AND embryo* AND “differentiation

C. Elegans 38 0 5 0 C. EI?gans assay" OR "Caenorhabditis Elegans
assay

N_Ilcroma_ss_ assay: chondrocytg 20 0 1 0 "micromass assay" OR "micromass test"

differentiation

DevTOX quickpredict 23 1 1 0.3 DevTOX

In vitro cell stress panel 8 4 0.4 1 cell* AND "stress panel"

ReproTracker 6 2 0.3 1 ReproTracker
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Leydig cell assay: testicular : « » . .
t ox)i, cigl Y 4 0 0.2 0 "Leydig cell" AND “assay” AND "testicular toxicity"
Teratox 1 0 0.05 0 Teratox assay
FETAX assa 206 0 11 0 “Fetax” OR “Frog embryo teratogenesis assay on
Y Xenopus” OR “Frog embryo teratogenesis assay”
Total number of citations 2085 304
| Stage | event ]
Malg fortslity 1 - Sex cesammination
i e o with @ Kinases & targats
Matemattertiny | | & i I .
& - Blastulation
8 - Placenta formation
= Wit pathway via B-catenn
. T = Wil pathweay via JNE (plarar cell polacity palhway)
N T e
MAGOG. B BNGHRTT spesiaation ad germ [yer 5 i ‘atched recaplor protaing .
............. = Tormviation, A wil as lahel « Recepior tyrosine kingse patlvway (small G-protein [Ras| linked)
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mimm
[
H
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n
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Test system type | Examples of assays with endpoint |

Endpoint analysed |

Molecular [ ER & AR binding, Phammacology profiling J

Ioluted teoeptor g: & KG~G‘ Ligand binding }

Molecular

Reporter gena ] ER transactivation {luciferase reporter enzyme)

anzyme activity

Specific gene markers or
global gene expressicn

Specific: ReproTracker, Leydig cell assay, EST

Molscutar Gichal: High throughput transcriptomics

2D cell culture H,0,, 0.~ \Ar\'\rﬂx Cell markers Malecular DevTOX assay, Cell siress panel assay

Steroid

lllll

Cellutar DevTOX assay, ReproTracker, EST

i cells

.NN Spetific gene markers or
3D cell tissues / @ global gene expression

organoids Viability and morphology ]

TeraTox, Micromass, 30 Gasiruloid assays

Viabillly and morphology
ol di )
] Molecular

[ J
[ J
[ )
siie [ oommomeimho |
[ ]
[ )
[ J

Celluiar TeraTax, Micromass, 30 Gastruloid assays

of differantiated cells

ﬂﬂﬂﬂl

D @
Jegans ——
C. e %ﬂmﬁ “'N dswbm?:;gﬁr;ﬁ: Whole organ G elegans assay
Zebral & Morphology of ] [ ]
fish Whole organ ZET, EASZY
Embryos B g developed organism
& ‘ Morphology of [ ]
Fro =~ ) i —
Em!g:tyos Lol — developed organism ole organ assay
FIGURE 2
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