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Dedicated to the Prevention of Birth Defects
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Thalidomide exposure-effect timing
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Thalidomide epidemiology
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(Un)known causes of birth defects
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RDT safety evaluation of chemicals

• Since the 1960ies hazard and risk assessment has been largely based on animal 
studies.
• Guidelines for standardized animal study protocols have been harmonized 

globally through OECD.
• The prenatal developmental toxicity study and the generation study became 

central for RDT assessment.
• Guideline studies have been largely focused on adverse health outcomes.
• Extrapolation factors are used to translate overall No Observed Adverse Effect 

Level (NOAEL) into Point of Departure for human risk assessment (default 10x10 
for intra- and interspecies differences).
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Five decades of regulatory animal studies

§ The system based on animal testing appears to perform generally well.
§ Reproductive and developmental toxicity studies have low power of detection for low 

incidence adverse effects.
§ Relevance of animal findings for humans is not always clear.
§ Meanwhile information on underlying mechanisms of RDT has increased significantly.
§ Ethical issues with animal studies for human safety and public awareness has increased.
§ Non-animal alternative methods have increasingly been developed and have found 

applications over time. 
§ Regulatory acceptance of non-animal methods as alternatives for animal studies still lags 

behind.
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Objectives of in vitro testing: The three R’s

• Replace in vivo testing

• Reduce animal use, cost, time

• Refine effect assessment
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In vitro = reductionistic approach
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Two applications of in vitro tests
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In vitro complexity: pro-con
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type of test     animal use       complexity
                                             
continuous cell lines   -     -
primary cell cultures   +     -
organ cultures     ++     +
embryo cultures    +++    ++
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Selected devtox alternatives
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Rodent whole embryo culture

WEC (photo Aart Verhoef, RIVM)

Zebrafish embryo test

ZFET (photo Sanne Hermsen, RIVM)

Embryonic stem cell test

EST (photo Dorien van Dartel, RIVM)
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Embryonic stem cell differentiation
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Embryonic stem cell differentiation
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Embryonic stem cell test (cardiac)
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Contracting cardiac muscle foci
Embryoid Body (day 10)

Embryoid Body (day 5)

Embryoid Bodies (day 3)

Hanging drop culture

Embryonic stem cell culture

Van Dartel et al., 2009
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EST validation study

• 20 compounds were tested, discriminating strong/weak/none 
embryotoxicants

• Scoring beating muscle foci by eye proved laborious and subjective
• Predictivity versus animal study data was around 80% (sensitivity and 

specificity combined)
• ECVAM listed the validated assay on their website
• Subsequent testing with other compounds appeared less predictive
• Prompted need for better definition of biological domain
• Prompted further research into alternative end points that were less 

laborious and more objective
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Genschow et al., 2002;  Marx-Stoelting et al., 2009 
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EST differentiation – related 
gene expression
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Threshold of adversity in vitro?

Slide 18

Concentration-response curves of ESC differentiation (▲) 
(n=2) and cell viability (○) (n=3) after flusilazole exposure.

• Flusilazole dose-response

• EST classical dose-response on 
contracting muscle foci readout

• Differentiation is more sensitive 
than proliferation

• Interpreted as indicative of a 
specific developmental toxicant

Van Dartel et al., 2011
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Flusilazole-induced GO-term enrichment
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Van Dartel et al., 2011
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EST neural differentiation assay
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EST neural gene 
expression
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Theunissen et al., 2011
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MeHg effects on gene sets over time
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● Embryonic time gene sets decrease

● Gene sets for early development 
decrease

● Neuroectodermal gene sets increase

● Gene expression for non-neuro-
ectodermal germ layers decreases

● Agrees with in vivo studies showing 
enhanced neural differentiation at the 
expense of proliferation and migration 
causing brain malformations 

Theunissen et al., 2011
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Zebrafish embryotoxicity test
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Hermsen et al., 2011
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Flusilazole dose-response 
morphology versus gene expression

205 genes

FDR<0.05 and 
concentration 
response

Hermsen et al., 2011
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Flusilazole-induced gene set regulation
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control high dose

Hermsen et al., 2011
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Reductionist models for human risk assessment

Slide 26

the species of interest the test species the replacement test
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Issues with classical validation

• The animal study as the gold standard 

• The 1:1 replacement paradigm

• The relevance of mathematical / 
statistical prediction models

• The exposure and kinetics of 
compounds
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• Cf. the human is the target for 
risk assessment

• Cf. the reductionist nature of in 
vitro assays

• Cf. the biological domain of the 
in vitro assay 

• Cf. external exposure in intact 
individuals versus direct 
exposure to cells in vitro
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Two extreme options for innovation of 
chemical risk assessment for humans
“Evolution”

• Improve current approaches

• Animal study as the gold standard

• Framed within current legislation
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“Revolution”

• Start from scratch 

• Human biology as the gold standard

• Independent of current legislation
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Adverse outcome pathways:
Merits and issues 
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• AOP approach has stimulated the use mechanistic information in human risk assessment

• Physiology is not one-directional; Toxicological mechanisms are not linear; AOPs do not 
work in isolation

• Complex mechanistic network modelling is required for toxicity prediction
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Homeostasis through feedback mechanisms:
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the	Hypothalamus-Pituitary-Gonadal	axis	
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Adverse Outcome Pathway Networks
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Toxicological Ontology
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Animal-free risk assessment
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Toxicological ontology modelling
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Computational ontology models: 
a proof of principle
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Kleinstreuer et al., 2013



Agent-Based Model (CompuCell3D)
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control 3 µM 30 µM

SOURCE: Kleinstreuer et al. (2013) PLoS Comp Biol 9(4): e1002996

control 5 µM 40 µM

Simulation of 5HPP-33 Concentration Response
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An RA neural tube - axial patterning AOP Framework
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Tonk, Pennings & Piersma 2015
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Neural tube closure molecular network

39

Heusinkveld et al., 2020



Computed neural tube closure

BMP Hypoactivation Normal BMP Hyperactivation

CompuCell3D animation Berkhout et al., in progress

spina bifida occulta open spina bifidaclosed neural tube
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Considering compound kinetics
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the toxicology we wish to cover in toxicological testing

the toxicology covered in current toxicological testing

alternative testing coverage of toxicology

missing data

missing datamissing data

The balance of transition in toxicological testing

any system 
will have 

missing data

data lost data gained
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Animal-free risk assessment
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“Revolutionizing” chemical risk assessment
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• Based on integrated knowledge of the biology of the system  
• Fit for purpose - Comprehensive as to toxicity pathways
• Employing all existing knowledge in chemistry and toxicology

(incl man and animal and in vitro and in silico)
• Targeting the human
• Avoiding the detour of the animal (time, cost, ethics)
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A way forward
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• Serving both “Revolution” and “Evolution”
• Develop tools that fit both Revolution and Evolution
• Aim at transition to innovative approach on the horizon 

whilst implementing low hanging fruit now 
• Intensify stakeholder interaction

– (science, government, industry, NGO, politics)
• Intensify multidisciplinary collaboration

– (biology, toxicology, data scientists, software developers, 
artificial intelligence experts)
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Thank You
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