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ABSTRACT

While human regulatory risk assessment (RA) still largely relies on animal studies, new approach methodologies
(NAMs) based on in vitro, in silico or non-mammalian alternative models are increasingly used to evaluate
chemical hazards. Moreover, human epidemiological studies with biomarkers of effect (BoE) also play an
invaluable role in identifying health effects associated with chemical exposures. To move towards the next
generation risk assessment (NGRA), it is therefore crucial to establish bridges between NAMs and standard ap-
proaches, and to establish processes for increasing mechanistically-based biological plausibility in human
studies. The Adverse Outcome Pathway (AOP) framework constitutes an important tool to address these needs
but, despite a significant increase in knowledge and awareness, the use of AOPs in chemical RA remains limited.
The objective of this paper is to address issues related to using AOPs in a regulatory context from various per-
spectives as it was discussed in a workshop organized within the European Union partnerships HBM4EU and
PARC in spring 2022. The paper presents examples where the AOP framework has been proven useful for the
human RA process, particularly in hazard prioritization and characterization, in integrated approaches to testing
and assessment (IATA), and in the identification and validation of BoE in epidemiological studies. Nevertheless,
several limitations were identified that hinder the optimal usability and acceptance of AOPs by the regulatory
community including the lack of quantitative information on response-response relationships and of efficient
ways to map chemical data (exposure and toxicity) onto AOPs. The paper summarizes suggestions, ongoing
initiatives and third-party tools that may help to overcome these obstacles and thus assure better implementation

of AOPs in the NGRA.

1. Introduction and objectives

Next generation risk assessment (NGRA) is an approach used for
regulatory purposes that has the potential of reducing the use of animal
testing that poses several issues related to ethics, relevance to human
health, costs and efficacy. The beginning of the 21st century has there-
fore marked a paradigm shift in toxicity testing from animal-based (in
vivo) approaches towards new approach methodologies (NAMs) that
mostly rely on molecule- and cell-based (in vitro) and computational (in
silico) methods (Andersen et al., 2007; Hartung, 2009). In parallel,
epidemiological and biomonitoring studies are crucial to identify haz-
ards potentially associated with chemical exposures in humans. To in-
crease the regulatory acceptance of information from NAMs and
epidemiological studies, it is crucial to have a transparent,
evidence-based mechanistic knowledge framework linking molecular
perturbations to adverse outcomes relevant for human health (Krewski
et al., 2020). To help establish these bridges, Adverse Outcome Path-
ways (AOPs) appear to be an instrumental tool that has become a
broadly accepted framework supported by the international OECD
Environmental, Health and Safety (EHS) Programme (https://www.
oecd.org/chemicalsafety/testing/adverse-outcome-pathways-molec
ular-screening-and-toxicogenomics.htm) (Vinken, 2013). An AOP is a
pragmatic evidence-based description of the chain of causally linked
biological effects (key events, KEs) and the relationships between them —
Key Event Relationships (KERs) - leading from a molecular perturbation
(molecular initiating event, MIE) by a stressor to an adverse health effect
on the organism or population level (adverse outcome, AO) (Ankley
et al.,, 2010). By synthesizing mechanistic knowledge from different
levels of biological organization, the AOP framework should help as-
sessors to relate results obtained from in vitro assays and in silico models
(at molecular or cellular levels) to apical endpoints of regulatory rele-
vance. The OECD AOP-Wiki (https://aopwiki.org/) was launched in
2013 and serves as an AOPs open-access repository allowing the
contribution to AOP content by international crowdsourcing. However,
although the number of AOPs, general awareness of the AOP framework,
and training of different stakeholders have substantially increased, the
actual application of AOPs in RA processes remains limited, and dis-
cussions on how to best use AOPs for regulatory purposes are still
ongoing (Carusi et al., 2018; Zuang and Dura, 2022; Hoffmann, 2022;
Sauer et al., 2020).

Increasing the communication and understanding between the
communities of AOP developers and (potential) AOP users, and having a
better overview of concrete examples of the successful application of
AOPs in chemical RA, would help to overcome the obstacles in adopting
AOPs for regulatory purposes. In that context, various activities have
been organized within the European Partnership Human Biomonitoring
for Europe, HBM4EU (https://www.hbm4eu.eu/), the Eurion Cluster
(https://eurion-cluster.eu/), the United States Environmental Protec-
tion Agency (US EPA) (https://www.epa.gov/), the OECD Working
Party on Hazard Assessment (WPHA), Working Party on Exposure
Assessment (WPEA) project, EU Horizon 2020 projects EuroMix
(https://www.euromixproject.eu/) and EU-ToxRisk (https://www.
eu-toxrisk.eu/), ASPIS cluster (https://aspis-cluster.eu/) or the Mys-
tery of ROS consortium (Tanabe et al., 2022a, 2022b). These initiatives
also organized workshops (Hoffmann, 2022; Paini et al., 2022) or OECD
webinars on AOPs (https://www.oecd.org/chemicalsafety/testing/web
inars-on-testing-and-assessment-methodologies.htm). To bridge from
HBMA4EU to a follow-up pan-European Partnership on Risk Assessment
of Chemicals (PARC), a workshop was organized in April 2022, which
discussed issues related to using AOPs in a regulatory context from
various perspectives. The present paper presents the outcomes of the
workshop and aims to (1) provide a broad overview of case studies
where the AOP framework was successfully applied in the chemical RA
process, (2) discuss the needs identified by potential AOP users such as
toxicologists or chemical risk assessors, and (3) summarize existing tools
and initiatives to further facilitate the application of AOPs for regulatory
purposes.

Considering the scope of the HBM4EU project and the expertise of
the partners involved, the present paper focuses on human health. It
should, however, be highlighted that AOPs were initially proposed as a
tool in the environmental ecotoxicological hazard and risk assessment
(Ankley et al., 2010), and there are many examples of AOP use in this
context (Fay et al., 2017; Legradi et al., 2018; Schmid et al., 2021; Song
and Villeneuve, 2021; Toyota et al., 2022; Volz et al., 2011). Likewise,
some of the considerations presented in this manuscript are valid for
both human and ecological RA.

2. Next generation risk assessment and the use of AOPs

All actors involved in chemical RA and risk management aim to
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protect environmental and human health from the potential adverse
effects of chemicals (sometimes also referred to as “stressors”). For
specific compounds such as carcinogenic substances, “generic approach
to risk management” (i.e. automatic trigger based on hazardous prop-
erties and generic considerations on exposure) has been applied by EU
chemical legislation but the risks of most chemicals are typically
assessed individually (European Commission, 2020). To date, chemical
RA is a standardized process typically conducted through a sequence of
steps including exposure assessment, hazard assessment, and risk char-
acterization ((JRC, 2003); ECHA, 2013; UNEP, 1999; WHO, 2021). The
exposure assessment estimates the route(s) of exposure, frequency,
duration, and levels of exposure to the chemical. The hazard assessment
includes hazard identification that evaluates if the substance is capable,
in principle, of causing adverse effects and hazard characterization that
defines the relationship between the dose and the (markers of) severity
or the incidence of anticipated adverse effect(s). It also aims to derive
threshold values (e.g., health-based guidance values (HBGVs)); that is,
the levels of chemical below which no significant risks to human health
are expected. Finally, risk characterization evaluates the risk (proba-
bility) of adverse health effects in population groups by integrating the
information on exposure and hazard assessments; in particular,
addressing if exposure exceeds the threshold value (Fig. 1).

The long-used, traditional approach for assessing the hazards of
chemicals mainly relies on animal tests typically following OECD test
guidelines. However, in vivo experiments with animals raise concerns
regarding ethics, relevance to human health, costs and efficacy. Human
epidemiology and measurements of biomarkers of effects (BoEs) in
human biomonitoring (HBM) and epidemiological studies provide
invaluable information on hazards associated with chemical exposure in
the relevant species. The adoption of alternatives to animal tests and
implementation of NAMs - such as in vitro methods (e.g., using human
cell-based systems or organoids), utilization of omics (transcriptomics,
metabolomics, etc.), epigenetics, or in silico structure-based model
predictions - address ethical, financial and efficacy issues (Andersen
et al., 2007; Escher et al., 2022; Pistollato et al., 2021; Thomas et al.,
2018; Vrijenhoek et al., 2022). Advances in omics technologies and
computational approaches bring a major opportunity for a holistic un-
derstanding of toxicological mechanisms that should be better captured
in AOPs, thus providing substantial advancement to NGRA. In partic-
ular, coupling of gene expression-based molecular response pathways
(through transcriptomics) with the prevalent pathways identified from
bioinformatics analysis of metabolite profiles (through metabolomics)
allows to identify the perturbed pathways and their potential links to
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adverse outcomes and exposures (Barouki et al., 2022; Sarigiannis et al.,
2021). These should also be linked to epigenetic changes such as
methylation of DNA, histone modifications and noncoding RNAs but
linking them to health outcomes (including integration into AOPs) is a
major challenge (Angrish et al., 2018). Nevertheless, because of their
low cost and high speed, high-throughput and high-content screening
are promising approaches for NGRA. The combination of NAMs with
computational modelling has fostered the development of a non-animal,
NGRA framework to support regulatory decisions relevant to human
health (Hernandez, 2021).

NGRA has the advantage of integrating NAMs, that provide infor-
mation at different levels of biological organization, into the regulatory
process. This can be done using, for example, a workflow comprising
several levels, tiered approaches, or guidance for reporting omics data
(Harrill et al., 2021). However, to our knowledge, there are only a few
examples of the acceptance of NAMs in the regulatory RA process,
beyond screening, prioritization, and use in IATAs. The same is true for
exposure and effect biomarker associations in human biomonitoring and
epidemiological studies. Some of the main challenges for adopting
NAMs in chemical regulation were presented in a recent Science for
Policy report from the European Commission’s Joint Research Centre
(JRC) based on a survey that aimed at gathering the stakeholders’ per-
ceptions. According to this report, stakeholders frequently noted that
chemical regulation is insufficiently science-driven and highlighted the
importance of establishing bridges between NAMs and standard ap-
proaches, and between data and evidence (Carusi et al., 2022).

By providing integrated and curated representation of the mecha-
nistic knowledge connecting data from different levels of biological
organization, AOPs have great potential to become a standard tool for
NGRA. AOPs are by definition chemical agnostic (i.e. chemical inde-
pendent), meaning that the biology depicted should hold for any stressor
(mostly chemicals) perturbing the biological pathway(s). Information in
the AOP-Wiki is therefore limited to “prototypical” stressors (usually
those used to provide evidence for AOP development). The AOP-Wiki
does not aim at providing a comprehensive database of chemicals per-
turbing the AOPs, which has the benefit of providing more “universal”
mechanistic knowledge but also makes the usability of AOPs for risk
assessors more challenging (also discussed later in this paper). The KERs
in AOPs can be quantified, thereby offering a formal approach to
quantitatively predict an AO from MIEs or KEs, which would greatly
support NGRA. The development of quantitative AOPs (qQAOPs) will
therefore be an important step to consolidating the relationship between
toxicokinetics and toxicodynamics within NGRA (Punt et al., 2020).

Fig. 1. The place of the AOP framework in bridging
the different components of next generation risk
assessment, improving causal inference in exposure-
health relationships in epidemiological studies, and
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Importantly, a guidance for the weight of evidence (WoE) evaluation
based on adapted Bradford-Hill criteria (i.e., biological plausibility, es-
sentiality, and empirical support) has been developed for KEs, KERs and
AOPs taking into account the domains of applicability and the levels of
uncertainty (OECD, 2022; an online version regularly updated is also
available on the AOP-Wiki website). An extensive internal and external
standardization and harmonisation of the evaluation and reporting of
each AOP is ensured through templates and guidance documents (OECD,
2022, 2017), assignment of dedicated AOP coaches to each AOP, and
external review within the OECD AOP development programme (OECD,
2021). Ultimately, endorsement by WPHA and Working Group of Na-
tional Coordinators of the Test Guidelines program (WNT) ensures that
an AOP has undergone the review process and can be disseminated.
Finally, if two or more AOPs share some of their KE(s)/MIE/AO, these
can be assembled into AOP networks that better represent biological
complexity and real-life scenarios, where mixtures of stressors can
trigger multiple effects (Knapen et al., 2018). In the past decade, the
number of AOPs captured in the AOP-Wiki has increased substantially
and are now counting more than 450 at different levels of scientific and
review maturity (22 AOPs are endorsed by WPHA/WNT as of August
10th’ 2022; see the AOP-Wikifor details).

Several examples exist where AOP knowledge was used to inform
chemical hazard and risk assessment, as reviewed in the following
section.

3. Existing case studies of AOP application in chemical hazard
and risk assessment

In this section, we identified five main areas in which AOPs can be
applied: (1) to support hazard-based screening and prioritization of
chemicals, (2) to provide biological plausibility for exposure-health as-
sociations (e.g., BoE) in human studies, (3) to inform Integrated Ap-
proaches to Testing and Assessment (IATA), (4) to assist risk assessment
of combined exposure to multiple chemicals and (5) to become an
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integral part of NGRA workflows. Fig. 2 summarizes the following
paragraphs by highlighting the benefits of AOPs, their main regulatory
applications as well as the current drawbacks limiting the use of AOPs,
and some possible ways forward.

3.1. Hazard-based screening and prioritization of chemicals

Humans are exposed to tens of thousands of potentially bio-
accumulative and hazardous chemicals (over 26 000 registered in
REACH as of May 2022 https://echa.europa.eu/fr/information-on-che
micals/registered-substances), and a proper hazard assessment of all
chemicals is not technically or economically feasible through classical
approaches. Therefore, hazard-based screening and prioritization of
chemicals is an essential step towards pragmatic risk assessment and
management. NAMs, assisted by AOP knowledge, can play crucial roles
in that process.

A good example is endocrine disrupting chemicals (EDCs). EDCs can
adversely interfere with any aspect of hormone action at different levels
of hormonal regulation, potentially leading to a wide variety of adverse
health outcomes, ranging from infertility to metabolic disorders,
developmental neurotoxicity, and other chronic health outcomes
(Kucheryavenko et al., 2020; WHO; UNEP, 2012). The Endocrine Dis-
ruptor Screening Program (EDSP) of the US EPA focuses on estrogen,
androgen, and thyroid hormone signalling pathways, using a variety of
NAMs, including in vitro test batteries and computational tools, aimed at
identifying and prioritizing EDCs (reviewed in Browne et al., 2017). In
this US EPA program, the AOP concept has been used to structure and
evaluate mechanistic information, establish connections among path-
ways leading to different adverse outcomes, and design screening stra-
tegies by mapping assays to AOPs and AOP networks. Further, the OECD
Conceptual Framework (CF) for Testing and Assessment of Endocrine
Disrupters (OECD, 2018a) is a pragmatic example of how the use of
non-testing information (CF level 1) can be leveraged with
mechanistically-informed in vitro data (CF2), mechanistically-informed

2 Curated mechanistic knowledge for...
i . o - e Translating modern tox
(-T]
= e S i Providing evidence to Prqv:dlng blologl_cal Bridging NAMs and data into evidence for
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Fig. 2. Strengths and limitations of AOPs as a tool to translate scientific data into regulatory relevant knowledge to support risk assessment . Five reg-
ulatory applications (light grey box) benefit from the curated and chemical-agnostic AOP-knowledge (light yellow box and yellow arrowhead), but the full adoption
of AOPs is currently hindered by several limitations (light blue box and blue arrowhead). Some ongoing or proposed initiatives should help overcome the limitations
in future (ways forward). Benefits, applications, limitations and ways forward are all commented in greater details in the manuscript. Abbreviations: AOP, adverse
outcome pathway; IATAs, integrated approaches to testing and assessment; BoE, biomarkers of effect; KE, key events; KERs, key event relationships; NGRA, next
generation risk assessment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in vivo data (CF3), in vivo adverse effects for limited test duration (CF4)
and in vivo adverse effects from assays covering more extensive parts of
the life cycle of the organism (CF5). The CF is not intended to be a testing
strategy nor align directly to AOPs, but it provides a guide to test
methods that can populate AOPs related to endocrine disruption. In
addition, the European Food Safety Authority (EFSA)/European Chem-
icals Agency (ECHA) guidance on the identification of EDCs in the EU
pesticides regulations requires the identification of an endocrine
disrupting-related adversity and mechanism (ECHA, 2018 and EPA,
2018). The key characteristics of EDCs recently described in a consensus
paper from leading experts in the field can be used to identify and
classify a chemical as EDC (La Merrill et al., 2020). Both the mechanism
and the adversity are ideally connected by an AOP. CF could also guide
the identification and choice of methods for IATAs. AOP-based IATAs
help to combine and establish in vitro methods that are predictive of
endocrine-related adversities and may therefore make additional animal
testing for some modalities unnecessary (OECD, 2019).

Finally, the JRC has recently published its Endocrine Active Sub-
stances Information System (EASIS, https://easis.jrc.ec.europa.eu/),
which contains information on the endocrine activity of chemicals as
well as adverse effects that may be linked to certain endocrine activities.
AOPs were used to identify mechanistic effects that are involved in the
endocrine activity. In combination with AOP knowledge, these data help
interested parties to get a picture of a substance’s potential to be an EDC.
EASIS currently contains data on over 600 chemicals collected from
around 10 000 study entries covering in vitro and in vivo assays in
different species, including some human data. EASIS is a JRC-run
installation of IUCLID 6, the software explicitly designed to manage
scientific data on chemicals in a regulatory context, for example under
the EU Biocides and EU REACH regulations. Parties familiar with the
IUCLID software immediately feel comfortable when using EASIS, which
improves its usability. Like all IUCLID instances, EASIS uses the OECD
Harmonized Templates (OHTs) to facilitate the reuse and exchange of
the data. It is actually the first IUCLID installation that makes full use of
a special template (OHT 201) dedicated to reporting mechanistic data
derived from non-animal methods, mostly from the published scientific
literature. This fulfils one of the main requirements of the European
Commission’s Chemical Strategy for Sustainability, which calls for the
increased uptake of non-animal methods and the better use of academic
data (European Commission, 2020).

Another application where prioritization is relevant includes hazard
identification for substitute chemicals. However, this is particularly
challenging because of the typically scarce availability of data for such
substitutes. For example, a literature review of 52 novel flame retardants
(nFRs) used as substitutes for the restricted brominated flame retardants
such as polybrominated diphenyl ethers (PBDEs), showed that hazard
data for nFRs are very limited (Bajard et al., 2019). Nine out of 52 nFRs
were prioritized based on evidence for hazards, and the biological ef-
fects reported in peer-reviewed literature and databases were mapped
onto AOP knowledge. Knowledge from the AOP-Wiki provided addi-
tional supporting evidence highlighting the health outcomes of highest
concern (namely hepatotoxicity, neurotoxicity, and reproductive
toxicity) and major data gaps (e.g., insufficient information on MIEs)
(Bajard et al., 2019). In a follow-up study, the AOP knowledge was also
used to design a testing strategy for screening the effects of nFRs on
hepatic steatosis (Negi et al., 2021). The approach refined the prioriti-
zation to four nFRs and helped to identify a potential mechanism for this
endpoint (Negi et al., 2021). For bisphenol F (BPF) and bisphenol S
(BPS), alternatives to the well-known EDC bisphenol A (BPA), an arti-
ficial intelligence computational tool, the AOP-helpFinder (http://aop-h
elpfinder.u-paris-sciences.fr/index.php), was used to automatically
decipher connections between data on stressors and the biological
events reported in the literature (Carvaillo et al., 2019; Rugard et al.,
2019). This approach optimized the identification of dispersed data
available and allowed to predict the main health outcomes associated
with BPA substitutes in terms of obesity and metabolic disruption (e.g.
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for BPS) and thyroid cancer (e.g. for BPF) (Carvaillo et al., 2019; Rugard
et al., 2019). Associations between exposure to BPS and metabolic dis-
orders were indeed reported in several, but not all, epidemiological
studies examining this endpoint (Beausoleil et al., 2022).

These examples illustrate how the stepwise application of AOPs can
aid in organizing and simplifying a complicated issue, thereby assisting
the regulatory process. The AOP framework has been particularly
valuable for the screening, prioritization and hazard identification of
chemicals, especially those with limited toxicity data. Knowledge stored
in the AOP-Wiki and other data sources, such as the CompTox database
(https://comptox.epa.gov/dashboard/), was used to link scattered
(toxicological) data at different levels of biological organization. It also
facilitated the identification of potential molecular targets and key
mechanistic nodes, which could assist in the design of the tiered ap-
proaches in the NGRA (Ball et al., 2022).

3.2. Biological plausibility for exposure-health associations in human
studies

Epidemiological and HBM studies are invaluable sources of infor-
mation to evaluate (mostly qualitatively) the potential impact of
chemical exposures on human health. Although they offer the great
advantage of examining the relevant species (human) in real-world
environments, observational epidemiological studies generally provide
a lower proof of causality compared to experimental research. Many
existing studies also lack a real holistic approach. Although the science
and stakeholders call for truly exposome approaches, most of the studies
assessed a limited, preselected, small number of compounds that are
unlikely to cover the complex exposure situation (Huhn et al., 2021).
Tools for evaluating causality in epidemiological studies exist but pre-
sent several limitations (Shimonovich et al., 2021). Mechanistic evi-
dence from experimental studies (Caporale et al., 2022) and AOPs
contribute to provide support to the causal inference of exposure-health
associations in human studies.

In epidemiological studies, the associations of health effects with
chemical exposures might be observed “directly” as the adverse health
outcome itself (e.g., case-control studies or cohort studies’ follow-up) or
“indirectly” via BoEs. BoEs are measurable indicators of a biological
change (e.g., molecular, cellular, physiological, behavioural) in
response to a chemical exposure (NRC, 2006). In contrast to overt
clinical diseases, molecular BoEs are not apical outcomes but may
represent intermediate key events in the causal pathway leading to the
adverse outcome, thereby allowing to detect subclinical processes. In
HBM and epidemiological studies, analyses of BoEs in parallel with
exposure biomarkers (chemicals or their metabolites typically measured
in blood or urine) in the same individuals bring a major added value,
bridging the exposure and health domains (NRC, 2006). This helps to
identify threshold concentrations important for risk management. Ad-
vances in epigenetics and omics technologies allowing for simultaneous
analyses of responses at different levels (transcriptomics, proteomics,
metabolomics, etc.) provide a unique opportunity for the development
and validation of novel BoEs. For a BoE to be a reliable tool in HBM
studies, it is essential to have strong confidence in the links between BoE
and both chemical exposure and health outcomes. In the AOP frame-
work, BoEs tend to coincide with MIEs/KEs between a given exposure
and a given adverse outcome (Matos Dos Santos et al., 2020). For BoE
identification and/or validation, AOP networks, including feedback
loops and modulating factors, are of particular interest, and shared KEs
(nodes) are potentially more relevant as they often connect to more
MIEs, KEs and/or AOs. These nodes or central KEs can, for example,
provide information on whether different chemical families (acting
through a single or different MIEs) converge on the same KE or AO and
therefore share the same AO. As such, AOPs can support the identifi-
cation of BoEs that are predictive, translatable, sensitive, specific and
robust for regulatory purposes. A challenge for risk assessment will be to
acknowledge where subtle and early changes along the toxicodynamic
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pathway are indicative of an increased chance for downstream adverse
outcomes (EFSA, 2017a). Also, considering that real-life exposure often
involves multiple chemicals at low doses for prolonged periods with
potential fluctuations (Margina et al., 2019), identifying and validating
BoEs for low-dose and longer term exposure would be important for the
endorsement of BoE within the NGRA framework.

The following examples and case studies illustrate how AOPs can be
used to identify and potentially validate BoEs, and/or establish biolog-
ical causality in epidemiological studies for various groups of hazardous
chemicals, supporting thus the science-based assessment of chemical
risks.

3.2.1. Reproductive effects associated with phthalate exposure

The AOP framework has been used convincingly by Baken et al.
(2019) to provide solid mechanistic support for causal associations be-
tween phthalate exposure and reproductive outcomes reported in
epidemiology studies. A systematic literature search combined the in-
formation on BoEs previously implemented in human observational
studies, the mechanisms of action reported in experimental studies as
well as knowledge on existing AOPs to which phthalates were listed as
stressors and/or that were linked to the identified BoEs (Baken et al.,
2019). This approach allowed to (1) show that the majority of the bio-
markers of reproductive effects associated with phthalate exposure are
supported by mechanistic information described in the AOP-Wiki, and
(2) identify novel KEs for the development of BoEs related to phthalate
exposure. Readouts of these newly identified KEs are candidates for
early or late BoEs, depending on the “position” of the KE in the AOP
(upstream or downstream).

3.2.2. BDNF as a neurotoxic biomarker associated with BPA, pesticide and
heavy metal exposures

A structured comprehensive literature search was performed on BoEs
related to 6 health outcomes associated with BPA exposure. This
research identified brain-derived neurotrophic factor (BDNF) as a novel
BoE for neurodevelopmental disorders (Mustieles et al., 2020). In a
second step, an AOP network containing BDNF as a central KE was
constructed, and in vivo toxicological studies linking BPA to BDNF
alteration were matched to the AOP network. This approach validated
BDNF as a BoE predictive of neurodevelopmental impairments, and
demonstrated that BPA interferes through several MIEs (Mustieles et al.,
2020). A follow-up pilot study in an existing European cohort “the
Childhood and Environment (INMA)-Granada cohort” confirmed that
higher childhood urinary BPA concentrations were associated with
higher peripheral blood BDNF DNA methylation at adolescence, and
that BDNF methylation mediated 34% of the longitudinal association
between BPA exposure and behavioural problems (Mustieles et al.,
2022). In the same cohort, BDNF has also been associated with expo-
sures to heavy metals and non-persistent pesticides (Rodriguez-Carrillo
et al., 2022a, 2022b), suggesting that BDNF could be a BoE for mixtures
of neurotoxic chemicals. Altogether, this case study illustrated how AOP
data can (1) help to identify, prioritize and/or validate the imple-
mentation of BoEs in human studies, synergizing the toxicological and
epidemiological approaches, and (2) support the biological plausibility
of previously reported associations between stressors and neuro-
developmental outcomes (Mustieles and Fernandez, 2020).

3.2.3. Association between fumonisin exposure and neural tube defects

A systematic search for BoE for mycotoxins found that increases in
the urinary sphinganine/sphingosine (Sa/So) ratio are associated with
fumonisin B1 (FB1) exposure (Al-Jaal et al., 2019; Riley et al., 2015).
The Sa/So ratio is often used as a biomarker of fumonisin exposure, and
was proposed also as a BoE (HBM4EU, 2020), although it was not fully
clear what specific health outcome it might predict. Sphingolipids are
known to affect cell membranes, cellular metabolism and basal func-
tioning of cells, and have been assigned a role in the pathogenesis of
various metabolic diseases (sphingolipidoses), myocardial infarction,
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hypertension and diabetes mellitus (Borodzicz et al., 2015; Kolter and
Sandhoff, 2006). In addition, one epidemiological study and circum-
stantial evidence in humans, together with animal studies, suggested
that exposure to FB1 might be associated with an increased incidence of
neural tube defects (NTDs) (Lumsangkul et al., 2019; Missmer et al.,
2006). Recently, the AOP framework has been used to structure and
evaluate the available data, and the new AOP (ID 449, https://aopwiki.
org/aops/449) describes the chain of events leading from the inhibition
of ceramide synthase (MIE) to neural tube defects (AO), through two
possible routes (van den Brand et al., 2022). One of these routes, impacts
folate uptake, which is associated with NTDs, and the other involves
inhibition of histone deacetylases that is linked to NTDs through another
existing AOP (ID 275, https://aopwiki.org/aops/275). A dual pathway
leading to NTDs is plausible (Gelineau-Van Waes et al., 2005; Sadler
et al., 2002), and the proposed AOP provides mechanistic evidence for
the fumonisin FB1-NTDs association previously reported in experi-
mental and human studies.

3.2.4. Exposure to pesticides associated with Parkinson’s disease

In 2017, the EFSA panel on Plant Protection Products and their
Residues (PPR) performed an appraisal of the meta-analyses available at
that time and suggested there was sufficient evidence to conclude an
association between exposure to pesticides (broad definition) and Par-
kinson’s disease, but a causal relationship with specific pesticides or
pesticide classes cannot be established due to several limitations in
epidemiological studies (EFSA, 2017b). To acquire evidence for such
causality, the Panel recommended, among others, using NAMs and AOPs
to establish biological plausibility. An AOP (AOP 3) establishing a link
between exposure to pesticides and Parkinson’s disease has been
developed. The AOP has been endorsed by OECD and provides solid,
qualitative, and mechanistic support for linking the inhibition of the
mitochondrial complex I of nigrostriatal neurons (MIE) to Parkinsonian
motor deficits (AO) (Bal-Price et al., 2018; Terron et al., 2018) (https://
aopwiki.org/aops/3). Substantial data link the insecticide rotenone to
this AOP, but any stressor perturbing the KEs of this AOP can be
potentially connected to Parkinson’s disease, as was shown for deguelin
(OECD, 2020a). This AOP therefore increases the biological plausibility
of human associations and may guide the identification and imple-
mentation of BoEs in future studies.

3.2.5. Metabolic perturbations potentially mediating the neurotoxic effects
of phthalates and metals

Two recent studies showed that co-exposure to phthalates and metals
at real-life exposure levels leads to metabolic perturbations in vitro and
in humans (Papaioannou et al., 2021; Sarigiannis et al., 2021), and this
could mediate the neurotoxic effects reported in human cohort studies
(Sarigiannis et al., 2021). These interdisciplinary studies combining
epidemiology with multi-omics analyses benefited from the AOP
framework to bring together human exposome analysis and toxicolog-
ical assays, and helped in identifying and validating BoEs from omics
results (Barouki et al., 2022). The urea as well as other BoEs from
phosphatidylcholine biosynthesis and phospholipase metabolic path-
ways were of particular importance since they have been identified as
relevant both in experiments and in human samples from two cohorts
(Papaioannou et al., 2021; Sarigiannis et al., 2021).

In the examples outlined above, the AOP framework was found to be
particularly useful in linking information from different fields. AOPs
helped to identify mechanistically based BoEs as (early) indicators of the
adverse outcomes demonstrating thus a much-needed approach to
strengthen the assessment of causal relationships between chemical
exposures and health impacts and the interpretation of human bio-
monitoring results.

3.3. Inform integrated approaches to testing and assessment (IATA)

IATA are science-based approaches that integrate NAMs and
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mechanistic knowledge for hazard characterization, in a specific regu-
latory context (Caloni et al., 2022). The AOP framework can be partic-
ularly useful in this case to facilitate the identification of the most
suitable assays for measurement of MIE or KEs to predict adverse health
effects (Tollefsen et al., 2014; Willett, 2019), as demonstrated by the
examples in the following paragraph.

A premium example where the AOP framework has been used to
define a panel of suitable tests is the development of IATAs for non-
genotoxic carcinogens (Jacobs et al., 2020). Another study also used
the AOP-Wiki to identify several modes of action (MoAs) underlying
non-genotoxic carcinogenicity for more than 400 agrochemicals (Heu-
sinkveld et al, 2020). Both studies hold promise for using
mechanistic-based approaches to reduce the use of standard long-term
rodent carcinogenicity studies. In addition, mechanistic knowledge
can be used to assess species concordance (particularly human rele-
vance), as proposed by the WHO International Programme on Chemical
Safety (Meek et al., 2014b). The OECD IATA Case study project
(http://www.oecd.org/ch
emicalsafety/risk-assessment/iata-integrated-approach
es-to-testing-and-assessment.htm#Project) also contains examples
wherein AOPs were used, such as the evaluation of approaches for
assessing skin sensitizers (Hoffmann et al., 2018; Kleinstreuer et al.,
2018; OECD, 2016). In another IATA case study, an AOP network has
been developed (based, in part, on 6 AOPs from the AOP-Wiki) to select
an in vitro testing battery for chemical-induced liver steatosis (OECD,
2020Db). In this effort, 6 MIEs and one converging downstream KE (tri-
glyceride accumulation) were selected for the in vitro evaluation of the
potential of 2-Ethylbutyric acid. Another example is the use of the
endorsed AOP 3 (Terron et al., 2018) in an OECD IATA case study for the
identification and characterization of Parkinsonian hazard liability of
rotenone and deguelin, two structurally similar mitochondrial complex I
inhibitors. In silico models and in vitro assays were the NAMs selected
for a read-across safety assessment (OECD, 2020a). Finally, the EFSA
PPR Panel developed two AOP-informed IATA case studies assessing the
applicability of the developmental neurotoxicity (DNT) in vitro testing
battery (IVB), for hazard identification and characterization of pesticide
active substances. The DNT case studies illustrate the usefulness of a
postulated AOP network and probabilistic quantification of WoE to
improve regulatory decision-making (EFSA, 2021a). They are currently
under review in the OECD IATA Case study project. Within this large
effort, mapping the assays from the DNT IVB on AOPs and AOP networks
has greatly facilitated their use in the IATA case studies and the design of
the testing strategies. However, DNT-related AOPs submitted to the
AOP-Wiki remain limited. To fill in this gap, new (quantitative) AOPs
are being developed (such as the AOP 434) and derived from physio-
logical maps of the developing brain such as the neural tube closure
physiological map (Heusinkveld et al., 2021) in the framework of the
ongoing European H2020 project ONTOX. The objective is the integra-
tion of the gAOP network into an Al-based NAM that includes the DNT
IVB and predicts systemic repeated dose toxicity for the purpose of
NGRA of chemicals (Vinken et al., 2021).

It should, however, be acknowledged that IATAs also have limita-
tions, and connecting rather simplistic in vitro assays or in silico models
with complex regulatory relevant in vivo health outcomes remains a
major challenge. For example, predicting the apparent heterogeneity of
adverse pregnancy outcomes associated with placental dysfunction
(Burton et al., 2019; Dieber-Rotheneder et al., 2012; Jauniaux et al.,
2006; Kovo et al., 2013) from the variety of in vitro and ex vivo models is
not straightforward (Gundacker and Ellinger, 2020). In general, proper
validation and standardization of protocols (e.g., by developing OECD
test guidelines) is still lacking for most NAMs, and this important limi-
tation is further discussed below.

3.4. Hazard assessment of chemical mixtures

Current approaches to RA wusually involve single chemical
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assessments, not taking into account potential health risks from com-
bined exposures to multiple chemical mixtures. A framework for RA of
combined exposures that includes MoA has been proposed (Meek et al.,
2011) and EFSA has recently developed a tiered methodology for
grouping chemicals into assessment groups where the AOP/MoA is
considered the gold standard (EFSA, 2021b). In the USA and Canada,
cumulative effects of different pesticides that have a common mecha-
nism of toxicity are considered in the process of human health risk
assessment (Rotter et al., 2018). However, the application of mecha-
nistic knowledge (preferably described in AOPs) for mixture RA is still
limited (Kienzler et al., 2016). The need to move from assessments of
single substances towards assessment of multiple chemicals has been
widely recognized (Rotter et al., 2018). However, the current legal re-
quirements do not fully reflect the regulatory needs in this respect, and
the identification of mixtures by grouping chemicals with similar MoAs
is a challenging task. Chemicals are often grouped based on shared
molecular targets, which may be pertinent in some cases, such as for the
effects of combined exposure to estrogenic perfluoroalkyl acids on fetal
growth (Bjerregaard-Olesen et al., 2019). However, recent studies
highlight the importance of considering adverse outcomes (Kortenkamp,
2022; van der Ven et al., 2022) or the whole AOP, i.e., from molecular
target to AO through cellular and tissue effects (Conley et al., 2018;
Lichtenstein et al., 2020), when grouping chemicals with a similar toxic
action. Similarly, not all chemicals activating the same MIEs may fully
trigger adversity, as shown in the case of CAR or PXR transactivation in
liver steatosis and thyroid hyperplasia, and it might therefore be
necessary to take into account downstream KEs rather than focusing on
MIEs alone (Knebel et al., 2019; Kucheryavenko et al., 2020).

AOPs greatly facilitate the identification of mechanisms that are
shared by several stressors and thereby highlight and provide supporting
evidence for the assessment of mixture effects; AOP networks might be
particularly relevant in that context. Along those lines, a methodology
for mixture RA in which AOPs play a central role has been developed
within the Horizon 2020 EuroMix project, collecting relevant toxico-
logical data, assigning substances into assessment groups, and identi-
fying potential upstream KEs that can be used to calculate relative
potency factors (Beronius et al., 2020). In practice, Conley et al. (2018)
identified mixtures of anti-androgenic chemicals that trigger the same
AOP network. Although the 18 substances included in the mixture tar-
geted five different MIEs, an additive effect was observed. This high-
lights the importance of considering AOP networks where several AOPs
triggered from separate MIEs can converge in downstream KEs and
therefore elicit the same adverse outcome. In another study, an AOP
network for liver steatosis was used to define a battery of assays for
testing the mixture effects of three steatosis-inducing chemicals. The
authors demonstrated that the dose addition model was applicable in all
different assays, highlighting the relevance of using an AOP-based
testing strategy for mixture characterization and, ultimately, mixture
hazard assessment (Lichtenstein et al., 2020). In an OECD IATA case
study for repeated dose toxicity endpoints (focusing on hepatotoxicity),
the MoA/AOP knowledge was used to inform read-across for grouping
p-alkylphenols (OECD, 2018b). The study examined the usefulness of
the AOP-informed IATA and read-across strategy for substance regis-
tration, but the approach might also be relevant for mixture character-
ization. With regard to mixture risk assessment, the derivation of
relative potency factors can help to refine the risk assessment of com-
binations of stressors, as illustrated by Van der Ven and colleagues (van
der Ven et al., 2022). It should also be noted that quantitative hazard
characterization is an important and challenging issue in the mixture
assessment process. Particularly, effective doses of individual com-
pounds in mixtures are impacted by co-exposures and possible syner-
gistic or antagonistic interactions.

Overall, there is a major potential to use the AOP framework (and the
AOP-Wiki) to identify the hazards of chemical mixtures across different
chemical groups. Nevertheless, while the current AOP-Wiki can be
instrumental in identifying shared mechanisms of toxicity for a defined
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mixture, it cannot be used efficiently to map chemicals that would
interact on a given AOP or AOP network because stressors are not sys-
tematically listed in the AOP-Wiki. After all, such listing would require a
thorough evaluation of each stressor. This (intentional) disconnect be-
tween the AOP-Wiki (biological information) and chemical data is
further discussed below.

3.5. Integration within NGRA workflows

Risk characterization integrates the information on hazards and
exposure to evaluate whether levels of chemical(s) to which people are
exposed may affect their health. It is therefore essential to quantitatively
link internal exposures and experimental effective concentrations,
using, for example, physiologically based pharmacokinetic (PBPK) and
quantitative in vitro to in vivo extrapolation (qIVIVE) models. To derive
effect thresholds, or more specially point of departure (POD) values for
adverse health effects, it is important to have a quantitative under-
standing of the dose and time of exposure needed to trigger the entire
chain of events from MIE to the downstream AO (Perkins et al., 2019).
Activation of an MIE may be sufficient to affect early downstream KEs,
but these effects may not be sufficient to reach a threshold to also
activate late KEs and AOs. Ideally, AOPs suitable for quantitative RA
should have a high level of confidence, meaning that they have gone
through a thorough WoE evaluation process being reviewed and
endorsed by experts (Coady et al., 2019; Meek et al., 2014a). Nonethe-
less, considering the precautionary principle (https://www.gdrc.or
g/u-gov/precaution-3.html) and priorities of the European Chemical
strategy for Sustainability (European Commission, 2020), risk managers
are encouraged to consider AOP knowledge even before the full formal
validation of an AOP by OECD. Although the number of AOPs with
quantitative information and a high level of confidence is still limited,
some case studies on the integration of AOP within RA workflows are
listed below.

A well-described and endorsed AOP for skin sensitization has been
developed, along with internationally validated test guidelines for the
KEs (OECD, 2016). The qualitative and quantitative evaluation
demonstrated that several of the in vitro and in silico approaches used
have “equivalent or superior performance to existing animal tests and
were successful in predicting human skin sensitization outcomes for
both hazard and potency” (Kleinstreuer et al., 2018). Thanks to the high
level of confidence in both the AOP and the methods, these alternative
approaches may be integrated into regulatory processes (EPA, 2018) and
in the next-generation skin allergy risk assessment (Gilmour et al.,
2022). Moreover, recently, several AOPs for thyroid disruption have
been developed and can be assembled into an AOP network whereby
decreased thyroid hormone (TH) levels constitutes a KE shared with
diverse MIEs and AOs, including neurodevelopmental defects (Klose
et al., 2021; Knapen et al., 2020; Noyes et al., 2019). The evidence for
associations between reduced TH levels and neurodevelopmental de-
fects is strong, and some quantitative modelling has been performed, e.
g., for polychlorinated biphenyls data (Wise et al., 2012). Therefore,
with a quantitative understanding of the mechanisms upstream of
maternal TH levels, and based on proper models (Lumen et al., 2015),
information about MIE/early KEs may already provide threshold con-
centrations expected with some probability to trigger an adverse health
effect. Additionally, several test guidelines associated with relevant KEs
in an AOP network have been identified in fish (Knapen et al., 2020) and
further development of cross-species AOPs is ongoing to support the use
of the vertebrate species (fish and amphibians) for human hazard
assessment. In another example, a pragmatic NGRA workflow (Luijten
et al., 2020) was used to validate the use of NAMs for the hazard char-
acterization of three triazole fungicides (Van Der Ven et al., 2020). The
authors concluded that the combination of model predictions and in
vitro test battery was comparable to in vivo approaches for identifying
hazards and may be used in the future within an RA scheme. This NGRA
workflow highlighted the usefulness of AOP knowledge for organizing
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toxicological data and interpreting results from in silico and in vitro tests
(Luijten et al., 2020; Van Der Ven et al., 2020).

To further implement qAOPs in regulatory applications or risk
assessment, combining information from AOPs with computational
models can be a fruitful way forward. Possible pathways were described
and illustrated with case examples in published reviews (Perkins et al.,
2019; Wittwehr et al., 2017). For example, three case studies demon-
strated how Bayesian network modelling can be used to estimate the
probability to trigger an AOP network for hepatic steatosis or DNT
outcomes, thereby assisting RA for this specific endpoint (EFSA, 2021a;
Perkins et al., 2019; Spinu et al., 2022). In another example, Zgheib et al.
(2019) compared three different qQAOP approaches (dose response
modelling, dynamic Bayesian networks and systems biology models in
the form of ordinary differential equations (ODEs)) in a renal toxicity
case study. This study highlighted that each approach comes with its
own advantages and caveats, and the nature of the AOP (network) at
hand as well as the data availability jointly set the stage for which qAOP
is most suitable. A major advantage of ODE models is that they take into
account the dynamic nature of cellular and tissue responses and that
ODE models are already available for several of these responses (Kuijper
etal., 2017). Nevertheless, due to the likely complicated relation of early
KEs with late KEs, it will be challenging to combine and extend ODE
models for application in a full qQAOP.

In summary, all the examples listed in this section demonstrate that
the AOP framework has been used successfully for applications in
several aspects of the RA processes. These are mostly related to
screening, prioritization, and hazard identification, with some emerging
successes in hazard characterization. The benefits of AOPs are further
apparent in assisting the identification and validation of BoEs used in
epidemiological studies and for improving the inference of causal re-
lationships in exposure-health associations in human studies. Several
case studies have also shown that AOP-based chemical grouping can aid
the assessment of health risks from combined exposure to chemical
mixtures. However, despite the wide recognition of the usefulness of
AOPs for hazard assessment, some important limitations hinder a broad
adoption of AOPs in chemical regulation. The most prominent issues, as
well as suggestions for overcoming these obstacles, are described in the
following section.

4. Main limitations in the use of AOPs in the RA process and
suggestions for improvement

4.1. Insufficient coverage of the biological landscape by the current AOPs

The information currently available in the AOPs is far from repre-
senting all possible mechanisms underlying adverse outcomes relevant
for regulatory purposes. Some biological processes and adverse out-
comes are generally well covered (such as oxidative stress, TH meta-
bolism, and reproductive toxicity), while others are much less
represented (such as immunotoxicity or metabolic disorders). This
represents an important limitation when using AOPs for hazard assess-
ment. Incomplete coverage of biological pathways in the AOP-Wiki can
be attributable to the fact that the AOP concept is still relatively recent
(about 10 years old), elaboration of an AOP is time-consuming, and good
incentives to develop AOPs are lacking. Unfortunately, the efforts
associated with AOP development are poorly recognized within the
general scientific community, and so far underrepresented among the
traditional scientists’ track records consisting of peer-reviewed papers.
In addition, a substantial part of the scientific experts such as academic
researchers in biology, pharmacology and medicine may not be well
aware of the AOP concept, and the knowledge of this community is thus
not fully exploited for the development of new AOPs.

Table 1 provides suggestions and ongoing initiatives to encourage,
target and expedite AOP development and broaden the coverage of the
biological landscape. We particularly highlight the necessity to raise
awareness and upgrade education of early-stage researchers,
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Table 1

- Suggested ways forward to expedite and better target AOP development.

Activity

Description

Notes, examples

Raising awareness of
AOPs among early-
stage researchers

International concerted
actions for selected
AOP projects

Development of smaller
units (e.g., KERs)

Prioritize the
development of new
AOPs that address RA
needs and cover gaps

Involve risk assessors
and risk managers in
the selection of AOPs
that are most needed

Foster collaboration
with scientific
journals to allow the
publication of AOP
reports alongside
creation of an AOP
page in the AOP-Wiki

Recognize AOPs in the
AOP-Wiki as
important scientific
records themselves

Derive new AOPs from
physiological maps

Specific courses and
trainings, AOPs included in
toxicology curricula, offer
dedicated workshops,
organise theoretical and
practical (hands-on)
courses at relevant
scientific conferences (e.g.
SETAC, SOT).

Providing guidance and
incentives to researchers
and regulators for efficient
development of priority
AOPs and fostering
collaborative efforts.
Generating new AOPs and
AOP networks through
small and easily
manageable efforts.
Drafting of putative AOPs
could also foster
continuation by other
authors.

Priority focus on AOPs
explaining exposure-
health associations from
epidemiological studies.
Similarly, BoEs from
human studies can be used
to identify a KE, triggering
the development of new
AOPs/AOP networks.
Dedicated discussions of
OECD bodies, such as the
Working Party for Hazard
Assessment (WPHA), the
Working Group of the
National Coordinators for
the Test Guidelines
Programme (WNT) and the
Working Party on
Manufactured
Nanomaterial (WPMN).
Ongoing initiative
promoted by the OECD (e.
g. https://youtu.be/Tl
1bVpZNYJY). AOP
developers prepare a peer-
reviewed publication in
the format of a citable AOP
report (O'Brien and Yauk,
2022).

Current discussion (
Ritchie, 2022) and
implementation of
principles of findability,
accessibility,
interoperability, and
reusability (FAIR) suggest
that other reporting
formats than classical
scientific papers may
support timely, open
access and flexible
reporting of new AOPs.
The physiological maps
describe underlying
mechanisms of human
physiology of a relevant
organ at the molecular and
cellular level.

Available resources for
AOP training can be found
on the AOP forum https:
//aopwiki.org/forums/sh
owthread.php?
tid=18Sections on AOPs
have been proposed
within summer courses (e.
g., organized by HBM4EU
or university of Ottawa).
Modelling the COVID-19
pathogenesis with AOPs -
CIAO project (https://
www.ciao-covid.net/).

Svingen et al. (2021)

van den Brand et al.
(2022)

Stakeholders may
recommend focusing on a
particular substance/AO
and feel integrated into
the process of
development. The
engagement strategy
within the field of
radiation research and
regulation is one example
(Chauhan et al., 2022).
The first AOP reports were
published recently (AOP
296 (Cho et al., 2022),
AOP 263 (Song and
Villeneuve, 2021), AOP
360 (Schmid et al.,
2021)). Development of
memorandums of
understanding with
additional journals are
ongoing.

AOP-Wiki is an open
living platform that might
be better suited for
sharing knowledge in
modern science.

Vinken et al. (2021)
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encouraging the work on smaller and prioritized AOPs and KERs, as well
as stimulating the recognition of AOP work within the scientific
community.

4.2. Mistrust by regulators

Mistrust has been highlighted as a major limitation in the acceptance
of NAMs and AOPs by the regulatory field stakeholders (Carusi et al.,
2022). Although the quality of the information recorded in the
AOP-Wiki is ensured via a rigorous review and endorsement process
(OECD, 2021), the number of actually reviewed and endorsed AOPs is
still limited (22 as of August 10th, 2022). This is because the review and
endorsement process is time-consuming and the number of reviewers
(working as volunteers) is limited. Also, there is a room for improvement
in terms of making the WoE process for AOPs more structured, sys-
tematic, harmonized and transparent.

Related to this, there is also a need for consistent and transparent
systematic review methodologies to overcome existing inconsistencies
in methods across international and national regulatory agencies and
organizations (Chartres et al., 2019). Integration of mechanistic evi-
dence in such systematic review frameworks has confronted different
challenges like the lack of tools to evaluate the certainty (Rooney et al.,
2016). Systematically structuring the mechanistic evidence also repre-
sents a challenge, but AOP-inspired frameworks appear as an efficient
option to support this process, as shown in a recent evaluation of asso-
ciation between exposure to persistent organic pollutants and endome-
triosis (Matta et al., 2021). An important additional factor affecting the
trust of regulators is the current lack of criteria, and thus lack of
consensus, on appropriate methods to be used for measuring MIEs/KEs
in AOPs. Many experimental methods are used to generate data for AOPs
(“key event readouts™), but they largely lack standardized description
and formal validation, which are essential requirements in the regula-
tory process. Table 2 lists possible ways forward and ongoing initiatives
that could help increase the trust in AOPs for risk assessors to encourage
their adoption in the NGRA. In addition to raising the awareness among
all stakeholders (which is a common theme for most of the improve-
ments needed), mapping of test guidelines to AOPs as well as other
standardization and validation efforts related to testing and data
reporting are of particular importance.

Regulatory confidence in AOP-based NAMs could also be improved
by performing their uncertainty analysis where both exposure and
hazard are assessed in a probabilistic way. Using the AOP framework to
map uncertainties on all its levels would transparently show its weak-
nesses, but also strengths and advantages (Maertens et al., 2022).

4.3. Missing quantitative information on KERs

Quantitative information is required for several regulatory applica-
tions of AOPs to support hazard characterization, (quantitative) risk
characterization or associations between chemical exposures and BoE
levels. Indeed, sufficient quantitative information describing time-
course predictions of exposure and effect, and response-response re-
lationships across KEs (including MIE and AO) is essential for identifying
the threshold level of chemical stressors (internal dose) triggering the
MIE and leading to an AO (Perkins et al., 2019; Wittwehr et al., 2017).
Despite this need, only a limited number of qQAOPs have been reported.
Partly, this is due to the perception that the quantification of AOPs is
highly complex. Indeed, it is a significant effort to calibrate qQAOP model
parameters in order to properly describe KERs and render the
complexity of biological networks. This requires, inter alia, to include
feedback loops and knowledge on how factors such as diet, genetic
susceptibility/resistance, and disease states modulate the networks.
Another limitation associated with AOP quantification is that cell sys-
tems may not be fully representative for the tissues in which they reside
in vivo. For example, Heldring et al. (2022) recently showed that the
effects of cisplatin differ in immortalized vs primary hepatic cell lines for
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https://www.ciao-covid.net/
https://youtu.be/Tl1bVpZNYJY
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L. Bajard et al.

Table 2
Suggested ways forward to increase the trust into and adoption of AOPs by risk
assessors.

Activity Description Notes, examples

Raising awareness of
AOPs among risk
assessors or
regulators

Strengthen the role of
test methods in the
AOP Framework

Mapping test
guidelines (TGs) to
KEs of AOPs/AOP
networks

Proper method
validation and good
reporting of data for
regulatory risk
assessment

Promote the adoption
of systematic
literature review
methodologies

Define criteria for
NAMs to be
acceptable for
regulatory use

Share the reviewing
task through
collaboration with
scientific journals

Make AOP
visualisation more
intuitive

Provide guidelines for
linking chemical
data to existing
AOPs

Specific education and
training programmes.

Provide a more
standardized and reliable
description of methods
used to measure KEs in the
AOP-Wiki (currently
described in free text), to
better reflect their
important role in linking
chemicals to AOPs.
Putting more emphasis on
existing TGs associated
with KEs and facilitating
their identification.

Education of (eco)
toxicologists,
implementation of data
reporting standards in
(eco)toxicological journals.

Improving transparency
and reproducibility of the
entire process, broadening
acceptance of AOPs by
regulators through
standardized review
approaches that are “fit for
purpose” and reported in
the AOPwiki.

Interactions between NAM
developers/users and risk
assessors to define criteria
and accompanying
guidance.

The collaboration with
scientific journals on the
development, scientific
review and publishing of
AOPs (see also Table 1) will
provide a higher level of
confidence.

Rethink the way AOPs are
graphically depicted
(currently box, arrow, box,
arrow, etc.) to meet AOP
users’ expectations and
intuition and better
emphasise the crucial role
of KERs. .

Providing criteria,
recommendations, tools
available and practical
advices would enhance the
regulatory use of AOPs

Training the stakeholders
to correctly use AOPs is
crucial for their
implementation

An ongoing initiative
within OECD EAGMST,
especially in its AOP-KB
subgroup, is aiming at
strengthening the role of
test methods in the AOP-
Wiki.

Including a dedicated
section in the KE pages of
the AOP-Wiki; Linking
information on methods
with the TSAR (https://tsa
r.jrc.ec.europa.eu/).
Example case studies - skin
sensitization and thyroid
hormone regulation (
Kleinstreuer et al., 2018;
Knapen et al., 2020).

The JRC initiative BeAMS (
Carusi et al., 2019);
SciRAP approach (
Beronius et al., 2018; Roth
et al., 2021), CRED system
(Moermond et al., 2016),
ToxTemp (Krebs et al.,
2019), FAIR principles (e.
g. Mortensen et al., 2022).
Efforts to standardize
omics data reporting also
provide good examples (
Bridges et al., 2017;
Buesen et al., 2017; Gant
et al., 2017; Harrill et al.,
2021; Kauffmann et al.,
2017).

Discussions and
elaboration of guidance for
implementation of review
methodology in AOP
development are currently
undertaken within an
ongoing initiative of OECD
EAGMST subgroups.

One of the objectives of the
European Partnership for
the Assessment of Risk
from Chemicals (PARC).

Consider official
recognition of the
reviewers’ contributions
(e.g., by issuing certificates
or including as co-
authors).

An ongoing initiative
within OECD EAGMST,
especially in its AOP-KB
subgroup, is examining the
role of AOP visualisation
and will come up with
recommendations to
improve them.

An example can be found
in the HBM4EU
deliverable (HBM4EU,
2021)
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early KEs related to DNA damage signalling. Analogously, there are
many other examples documenting the complexity of in vivo tox-
icokinetics and the development of sufficiently robust PBPK and qIVIVE
models. Nevertheless, possible actions to help increase quantitative
AOPs are presented in Table 3, which highlights some recent efforts such
as the development of a general qAOP modelling framework or
concerted crowdsourcing activities focused on smaller units (KERs)
within qAOPs.

4.4. Mapping chemical data to AOP knowledge

Because AOPs are by definition chemically-independent and focused
only on toxicodynamic processes, chemical-specific information such as
toxicological data, toxicokinetics, or qIVIVE are not emphasized in the
current AOP-Wiki. This aims at ensuring that the biology depicted in the
AOP should hold for any stressor perturbing the MIE. However, studies

Table 3

- Suggested ways forward to increase quantitative information on AOPs.

Activity

Description

Notes, examples

Development of a
general gAOP
modelling framework

Prioritization of current
qualitative AOPs for
further gQAOP
development

Concerted action
through
crowdsourcing and
promoting the
contribution to smaller
units (e.g. quantitative
KERs)

Develop in silico
extrapolation methods
between assays using
toxicokinetic models

Establish standardized
approach for omics
data

Flexible approach in
qAOP development
with respect to the
available data and
modelling tools

A harmonized approach
for regulators and
scientists that would
facilitate the QAOPs
modelling. A framework
should ideally allow for
natural integration with
(physiologically-based)
pharmacokinetic models.
Pragmatic prioritization
considering (1) the
foreseen regulatory
application domain (e.g.,
potency ranking vs
quantitative hazard
characterization for risk
assessment), (2) the
existence of established
methods for the MIE/KEs,
and (3) the expected time
lapse between exposure
and health effect.
Stimulation of concerted
activities on smaller parts
of quantitative AOPs
(quantitative KERs) to
facilitate larger
interactions and a more
rapid generation of
quantitative information.
Account for the
toxicokinetic differences
between species, assays
and level of biological
organization.

Harmonise and
standardize the
approaches for
interpreting and
quantitatively connecting
omics data (e.g., gene
expression and signalling
pathways) to a phenotypic
outcome.

Consider other models if
dose-response models are
not applicable (do not take
into account the dynamics
of a system).

A framework for QAOP
development was
proposed and three case
studies conducted (Paini
et al., 2022).

The design of gAOPs may
be complicated for
endpoints where the
adverse outcome only
occurs after years of
chronic exposure.

A larger interlaboratory
variation could be a
limitation (Svingen et al.,
2021).

An example is the
Signalling Pathways
Project for discovering
consensomes, i.e.
downstream genomic
targets of signalling
pathway nodes
(receptors, enzymes,
transcription factors and
co-nodes) and cognate
bioactive small
molecules (Ochsner

et al., 2019).

Hybrid approaches to
properly quantify the
KERs, i.e., combining
different types of
equations may be of
value.
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are needed to investigate whether the chemically agnostic nature of
AOPs generally holds in a quantitative manner. In fact, variability in MIE
triggered by different chemicals may translate into a different quanti-
tative relation to the next KE. Such differences could potentially lead to
significantly different quantitative conclusions at the AO level despite
similar MIEs. Even though AOPs are chemically-agnostic, the use of
information from prototypical stressors is encouraged during the
development and submission of AOPs to the AOP-Wiki, and can be
stored in a dedicated “prototypical stressor” field of the AOP page.
However, prototypical stressors are not necessarily representative of
chemicals from human exposome or found in the environment, and may
thus have limited applicability for realistic exposure scenarios. Assessing
chemical structure similarity as a basis for functional grouping (e.g.,
read-across or quantitative structure-activity relationship) is anticipated
to leverage some of these constraints, but is usually missing in the AOP-
Wiki as AOPs represent the toxicodynamic part of the toxicity pathways.
Another shortcoming is that stressor information currently stored in the
AOP-Wiki is of variable quality and some stressors are not supported by
sufficiently developed harmonized ontologies, controlled vocabularies
or unique identifiers that can facilitate FAIR (Findable, Accessible,
Interoperate and Re-useable) compliance. For risk assessment or regu-
latory use, it is therefore necessary to map chemicals of concern to AOP
knowledge. Guidelines/criteria for linking a stressor to an existing AOP
may increase the applicability of AOPs in risk assessments, but are not
available at the moment.

Table 4
- Tools to assist the mapping of chemical data onto the knowledge organized in
AOPs for human RA.

Activity

Description

Examples, references

The AOP-helpFinder

The Abstract Sifter

The Kaptis
collaborative project

AOP-Wiki content
converted into
Resource Description
Framework (RDF)

A new computational tool
based on artificial
intelligence, text mining,
and graph theory. It screens
abstracts from the
published scientific
literature to identify links
between data on stressors
and biological information
that may be included in
AOPs as MIE, KE or AO.
Optimized under the
HBMA4EU and OBERON
projects (Audouze et al.,
2020).

An Excel-based tool
assisting researchers in
their PubMed searches (
Baker et al., 2017). It
allows the researcher to
store relevant queries and
view quickly the literature
landscape linking e.g.
stressors with KEs.
Develops a tool to improve
the visualisation and
usability of AOPs in
chemical RA, by, for
example, highlighting the
connection to relevant
assays.

AOP-Wiki content
converted into RDF and
annotated with over twenty
ontologies facilitates the
connections of AOP-Wiki
with external databases,
including chemical
databases. This allows users
to identify AOPs associated
with stressors from a
specific chemical group.

Freely available as an
easy-to-use web interface
(http://aop-helpfinder.
u-paris-sciences.fr/index.
php). Tested in several
case studies (Carvaillo

et al., 2019; Jornod et al.,
2020; Rugard et al.,
2019) and developed
AOPs (AOP 439, AOP
441)

Available from the EPA
Comptox Chemicals
Dashboard download
page (https://epa.figshar
e.com/articles/code/Pu
bMed_Abstract_Sifter
/10324379).

https://www.lhasalimi
ted.org/products/kaptis.
htm

https://aopwiki.rdf.bigca
t-bioinformatics.org/.
https://github.com/
marvinm2/AOPWikiRDF
(Martens et al., 2021)
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The following paragraphs and Table 4 provide suggestions and
describe examples and tools for establishing links between chemical-
specific data from different sources (e.g., peer-reviewed literature, re-
ports from agencies, databases) and the knowledge on AOPs (MIEs/KEs)
which is recorded in the AOP-Wiki.

Test methods as core elements for connecting chemicals to AOP
knowledge.

Information on methods used to measure the KEs of an AOP is
essential when connecting toxicological data to AOP content. By
bridging the gap between chemical data and AOP knowledge via the
introduction of test method information, the picture gets complete. AOP
knowledge highlights the necessity to explore certain mechanistic ef-
fects (KEs) by describing how these are linked to an adverse outcome.
Test method information captures how the mechanistic effects were
actually explored. Finally, a chemical tested in a certain method can
then be directly linked to the mechanistic effect (KE) in the AOP. As also
mentioned above, for regulatory chemical risk assessment, validated
methods with test guidelines and properly assigned domains of appli-
cability are preferred. From a practical point of view, in the AOP-Wiki,
the information on methods should be in the KE pages “How it is
measured or detected” section (see e.g. in the page of the KE 1253 “MLL
chromosomal translocation”, https://aopwiki.org/events/1253#measu
red). (Semi-)automatic connections between the three elements (AOP
knowledge, chemical data, and test method description) can be achieved
by the introduction of harmonized ontology terms to ensure an efficient
match between the assay and KEs. This is currently being implemented
at the OECD level in collaboration between the AOP-Wiki development
team, the team implementing the OECD Harmonized Template for
reporting mechanistic effects (i.e. the template OHT 201) and increas-
ingly also with the test method database developers. The connection
between KEs and mechanistic effects reported in OHT 201 is already
well under way (Ives et al., 2017), with the ontologies currently being
refined and further expanded. Development of systematic ontologies
based on AOPs is expected to have direct impacts on the accessibility of
highly fragmented mechanistic evidence and its application in risk
evaluations using computational methods (Whaley et al., 2020).

Tools to assist AOP users in linking chemical data with existing KEs.

Establishing the connections between the effects of a chemical re-
ported in the literature and databases and the corresponding KE in the
AOP-Wiki, can be challenging and time-consuming. In addition, insuf-
ficient machine readability of the AOP-Wiki content, and the lack of
harmonized ontology terms used to characterize KEs (see above) further
complicate the process of linking chemical stressors with AOP-Wiki.
Nevertheless, a number of ongoing efforts aim at improving the inter-
operability of the AOP-Wiki in its future versions, and various tools have
been developed. These are outlined in Table 4, which thus clearly in-
dicates the importance of linking chemical-specific data with AOP
knowledge assisting potential end-users such as chemical risk assessors.

4.5. Bridging chemical exposures and AOP knowledge

The AOP framework is a powerful tool for organizing biological
knowledge, assisting hazard identification. Ultimately, for risk charac-
terization, AOPs also need to be integrated with the outcomes of the
exposure assessment. Since the aggregate exposure pathway (AEP)
framework includes toxicokinetic processes leading to an internal target
site, there is the possibility to integrate AEP, AOP and dose-response
data. Connecting chemical external and internal exposure data (such
as human biomonitoring data or AEPs) to the AOP knowledge is there-
fore critical for its final acceptance in the RA process. Even if a chemical
is reported to trigger a MIE in toxicological assays, it may not be
effective at concentrations relevant for human exposures. Indeed,
nominal concentrations traditionally used in toxicological assays can be
several orders of magnitude higher than human-relevant concentrations,
and the exposure duration in the range of days or weeks rarely corre-
sponds to real-life scenarios in which people may be exposed for years.
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In addition, continuous exposure may also not realistically represent
intermittent or fluctuating exposure scenarios (Geraets et al., 2016;
Goeden, 2018). It is therefore essential to (1) document the effective
dose required to trigger MIEs (and the subsequent chain of events in
AOPs), taking into account that the dose that affects one KE should be
typically lower than the dose needed to induce a downstream KE (i.e.,
dose concordance), (2) translate the external exposure levels into actual
internal doses at the target, and (3) relate the actual (measured) expo-
sures with effective doses causing perturbations of MIEs/KEs. In prac-
tice, PBPK modelling, coupled with exposure reconstruction algorithms
can estimate the internal dose (i.e., the actual exposure metric) needed
to activate a MIE (Sarigiannis et al., 2016; Sillé et al., 2020). Similarly to
the AOP framework, the AEP framework aims at organizing exposure
data from multiple lines of evidence, accounting for sources, fate and
transport exposure routes, as well as exposure modifiers such as age,
gender, genetic variability, etc. (Tan et al., 2018). Reinforcing and
formalizing the connections between these two frameworks is an
important way forward.

5. Conclusions

Researchers from different fields such as human biomonitoring and
(eco)toxicology support the overarching efforts of risk assessors and risk
managers that aim at protecting environmental and public health from
chemical exposures. With the growing number of chemicals and the fast
increasing data on their hazards, risk assessment processes need to be
adapted in order to keep pace. NAMs are the way forward in charac-
terizing chemical hazards, and their use has considerably increased in
the past decade(s). RA, however, still lags behind due to relying on old
guidelines, lack of trust, and various levels of understanding among
stakeholders. On the other hand, NAMs may lack the physiological
context, may have poorer predictability of the health outcome and
should therefore be combined with information from standard toxico-
logical approaches, epidemiological studies and BoEs. The AOP frame-
work seems to offer an optimal solution for addressing these pressing
issues in emerging NGRA. AOPs were shown to be instrumental for
integrating heterogeneous (but complementary) sources of information,
and for translating modern toxicological and HBM data into evidence
relevant to regulators. As illustrated in the present paper, a growing
number of examples demonstrates the relevance of AOPs for the
screening and prioritization of chemicals, assisting IATAs, supporting
quantitative hazard characterization and RA workflows. Various tools,
methodologies and initiatives have been developed to assist users, as
risk assessors, in the practical implementation of AOPs.

Nonetheless, developments are still needed on both sides. “Tradi-
tional” RA undergoes a major transformation into the truly new NGRA,
which needs to be open enough to implement NAMs and AOPs. In par-
allel, the AOP framework needs to mature to become directly applicable
in the future NGRA. The main steps forward include (1) overcoming
difficulties in mapping toxicological data for environmental chemicals
onto the AOP knowledge, (2) increasing the number of quantitative
AOPs, (3) establishing criteria and guidance for demonstrating the
robustness and reliability of NAMs, and (4) bringing thoroughly evalu-
ated case studies for qIVIVE that can quantitatively link assays at
different levels of biological organization to chemical exposures. Given
the complexity of the human exposome, linking AEPs to AOPs to char-
acterize scientifically credible “source to outcome pathways” (STOPs) is
an additional challenge for the future. Regardless of many challenges,
AOPs are likely to evolve into a reliable, robust and specific tool serving
future risk assessment and management as outlined for example within
the Partnership on Risk Assessment of Chemicals (PARC), a 7-year EU
initiative starting in 2022.
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