
http://www.visaemdebate.incqs.fiocruz.br/ Vigil. sanit. debate 2021;9(3):2-13   |   2

ARTIGO
https://doi.org/10.22239/2317-269x.01835

Adverse outcome pathways – development and potential 
regulatory application

Vias de desfecho adverso – desenvolvimento e potencial 
aplicação regulatória

Thania Rios Rossi LimaI,*,# 

Nathália Pereira de SouzaI,# 

Lílian Cristina PereiraI,II 

João Lauro Viana de CamargoI 

I Center for Evaluation of 
Environmental Impact on Human 
Health (TOXICAM), Department of 
Pathology, Universidade Estadual 
Paulista, Botucatu, SP, Brazil

II Department of Bioprocesses and 
Biotechnology, School of Agricultural 
Sciences, Universidade Estadual 
Paulista, Botucatu, SP, Brazil

# Equally contributed to the drafting 
of the manuscript.

* E-mail: thania.lima49@gmail.com

Received: Dec 07, 2020 
Approved: Apr 26, 2021

ABSTRACT
Introduction: Over the last two decades, chemical safety assessment and regulatory 
toxicology have progressed from empirical science based on direct observation of apical 
adverse outcomes in whole organisms to a predictive practice that infers outcomes and 
risks on the basis of accumulated understanding of toxicological mechanisms and modes 
of action. Objective: To provide general concepts on how Adverse Outcome Pathways 
(AOPs) are developed and examples related to skin sensitization, endocrine disruption, 
and mitochondrial dysfunction. Method: Narrative review based on data of the scientific 
literature relevant to the theme addressed and on the experience of the authors. 
Results: An AOP framework provides a systematic approach to organize knowledge about 
mechanisms of toxicity that may inform analytical domains in regulatory decision-making. 
AOPs are open structures that may indicate not only data gaps in the understanding of a 
toxicity process, but also testing procedures that will generate the necessary knowledge to 
fill those gaps. Every AOP should be continuously refined through the collaborative efforts 
of the scientific community. Depending on the amount and detail of information that is 
successively inserted, AOP may progress from the stage of a putative AOP to the stages of 
qualitative and quantitative AOPs, which are more fit-for-purpose to support regulatory 
decision-making. Conclusions: Continuous collaboration between AOP developers within 
the scientific community and the regulatory corps toward the development of this 
mechanistic structure will support the advancement of toxicological sciences, regardless 
of its immediate application for regulatory purposes.

KEYWORDS: Adverse Outcome Pathways; Hazard Assessment; Mode of Action; Risk 
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RESUMO
Introdução: Durante as duas últimas décadas, a avaliação da segurança química e a 
toxicologia regulatória evoluíram de uma ciência empírica em grande parte baseada 
na observação de desfechos adversos em órgãos e ou organismos inteiros para uma 
prática preditiva que infere desfechos e riscos a partir do conhecimento acumulado 
sobre mecanismos e modos de ação toxicológicos. Objetivo: Discorrer sobre como as 
AOPs são desenvolvidas e fornecer exemplos relacionados à sensibilização cutânea, 
desregulação endócrina e disfunção mitocondrial. Método: Revisão narrativa baseada 
em dados da literatura científica relevantes para o tema abordado e na experiência 
dos autores. Resultados: A estrutura conceitual denominada AOP (do inglês, Adverse 
Outcome Pathway) permite uma abordagem sistemática do conhecimento disponível 
sobre mecanismos de toxicidade que pode subsidiar a tomada de decisões regulatórias. 
AOPs são estruturas abertas que podem indicar lacunas de dados para a compreensão de 
determinada via patogenética de toxicidade, de modo que podem ser continuamente 
aperfeiçoadas por esforços da comunidade científica. Dependendo das informações 
sucessivamente inseridas, as AOPs podem passar do estágio de uma AOP hipotética para os 
estágios de AOP qualitativa e AOP quantitativa, sendo este último o mais adequado para 
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INTRODUCTION

The fast progression of the horizons of toxicological sciences, 
the increasing number of chemicals requiring safety assessment, 
and the social-ethical pressure on putting the 3Rs principles into 
practice during animal experiments1 have stimulated changes in 
toxicity testing, assessment frameworks, and regulatory toxicol-
ogy2,3. Efforts have been focused on moving away from extensive 
toxicity testing based on phenotypic responses in laboratory ani-
mals toward a mechanistic pathway-based approach that relies 
mostly on combining high-throughput and high-content data 
from in vitro assays, such as cell-based assays, with computa-
tional modeling (based on data generated in vivo) to predict tox-
icological effects of concern3,4,5.

A major step in this direction was taken in 2001 when the Inter-
national Programme on Chemical Safety (IPCS) proposed the 
mode-of-action (MoA) framework6,7,8,9. The MoA framework caus-
ally correlates key events (KEs) along a linear biological pathway 
that spans from the initial chemical interaction to the adverse 
effect, to provide a detailed mechanistic description of the pro-
cess6,7,9. The adoption of MoA frameworks has encouraged the 
development of alternative testing methods and has helped to 
prioritize higher tier toxicity tests for chemicals with higher 
potential to promote adverse outcomes (AOs), which are suit-
able to inform risk assessments8,10.

As the process of toxicological testing refinement and inter-
pretation advanced, the National Academy of Sciences (NAS) 
introduced the concept of “pathways of toxicity” in 200711. This 
concept was first formalized as a system to support improved 
ecological risk assessment by grouping the existing ecotoxicolog-
ical knowledge generated by in vivo, in vitro, and in silico toxico-
logical studies11. Given that the Adverse Outcome Pathway (AOP) 
framework concept also refers to human health, the adoption of 
alternative methodologies (e.g., in vitro assays that employ cell 
systems relevant to human biology and computational models) 
has been proposed because they can help to evaluate not only 
specific apical adverse effects, but also the altered biological 
pathway triggered by chemical exposure12. The NAS emphasized 
the need to develop assessment approaches that make the best 
use of existing knowledge to focus on targeted search for critical 
new knowledge, while minimizing dependence on resource-in-
tensive testing approaches11.

The definitions and practices of MoA and AOP frameworks com-
monly overlap; however, MoA represents a specific chemical 
description up to the organ level, whereas AOP is generalizable 
to any chemical focusing on a given molecular initiating event 
(MIE) that can lead to an AO, which can be extended to the 

populational level. In addition, KEs in an AOP do not necessarily 
provide a comprehensive molecular description of every aspect 
of the underlying biology, which is in contrast with MoA13. Thus, 
in the same way that AOPs can serve as a starting point for MoA 
analysis of specific chemicals, MoA can also be used as basis for 
AOP development12,14,15,16,17,18.

In 2013, the Organisation for Economic Co-operation and Develop-
ment (OECD) proposed a formal resource to develop AOPs under 
the guidance of the Extended Advisory Group on Molecular Screen-
ing and Toxicogenomics (EAGMST), which also provides a public 
available inventory of existing AOPs19. The United States Envi-
ronmental Protection Agency (U.S. EPA) and other organizations 
have collaborated with the OECD in the development of the AOP 
Knowledge Base (AOP-KB; https://aopkb.oecd.org/index.html; 
https://aopkb.oecd.org/), a portal that houses the official copy 
of all OECD-endorsed AOPs20,21. The AOP-KB covers four elements: 
AOP-Wiki (https://aopwiki.org/), Effectopedia (tool for AOP visual 
exploration and development; https://www.effectopedia.org/), 
AOPXplorer (computational tool that enables automated graphical 
representation of AOPs and networks – under development), and the 
Intermediate Effects Database (IEDB; host chemical-related data 
and information on how individual compounds trigger an MIE and 
KEs – under development). Through the AOP-Wiki, any individual 
can submit an AOP proposal either to the Society for the Advance-
ment of Adverse Outcomes Pathways (SAAOP), which reviews and 
refines AOPs in the early stages of development, or to the OECD 
AOP Development Work Plan. In this last instance, the proposal is 
internally reviewed by the EAGMST and then subjected to an exter-
nal review by international experts. Once the AOP is considered 
scientifically sound, it is submitted to the OECD Working Group of 
National Coordinators (WNT) and the OECD Task Force on Hazard 
Assessment for endorsement and is finally posted as a reviewed 
AOP22,23,24,25. The USEPA Distributed Structure-Searchable Toxicity 
(DSSTox) database, which houses over 875,000 curated compounds 
related to toxicity tests, literature, health effects, and chemical/
structural/analytical information26, is a public tool that can aid 
AOP development. Although about 359 AOPs have been included 
in the AOP-Wiki to date, few of them (around 16, ~4%–5%) have 
been completely developed (high-confidence data) or endorsed by 
the OECD, which is a challenge that has to be overcome during the 
process of AOP acceptance for regulatory purposes27.

This article aims to provide the scientific and regulatory communi-
ties with an overview of the principles that rule AOP development 
and applications in toxicological testing and assessment, so that 
these communities can keep up with the current developments in 
risk assessment and regulatory decision-making practices.

subsidiar decisões regulatórias. Conclusões: A colaboração contínua entre os desenvolvedores de AOPs dentro da comunidade científica 
e os corpos regulatórios para o desenvolvimento dessa estrutura mecanicista apoiará o avanço das ciências toxicológicas, independente 
de sua aplicação imediata para fins normativos.

PALAVRAS-CHAVE: Vias de Desfecho Adverso; Avaliação do Perigo; Modo de Ação; Avaliação do Risco; Toxicologia Regulatória
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METHOD

This narrative review allows the update of knowledge and iden-
tification of gaps to be explored on the theme addressed in a 
non-systematized way. It was constituted by the steps of liter-
ature search and interpretation by the authors, based on the 
following guiding questions: How to develop AOPs? Can AOPs be 
applied for regulatory purposes?

A search was carried out on the following databases: PubMed, 
Latin American and Caribbean Literature in Health Sciences 
(LILACS), Embase, Scientific Electronic Library (SciELO), Scopus 
and Web of Science, using the descriptors: (“Adverse Outcome 
Pathways”) AND (Development) AND (“Potential Regulatory 
Application”). Studies that presented relevance with the theme 
were included in this review.

RESULTS AND DISCUSSION

AOP concept and development

An AOP framework is a sequence of successive causally related 
events leading to an in vivo apical AO that is of interest to 
human and environmental health and may inform regulatory 
decisions13,18,20,21,22 (Figure 1). An AOP framework integrates and 
organizes data of different biological levels, increases under-
standing of causal links between KEs, and allows detection of 
knowledge gaps along the toxicity pathway. Data retrieved from 
the literature and data coming from newly performed experi-
ments support the descriptions of MIEs, KEs, and AOs. Key event 
relationships (KERs) define structural and functional relation-
ships between two KEs13. If a previous KE (upstream) is altered 
to a sufficient degree, predictable changes can be expected in 
the downstream succeeding events15,28.

Because the series of KEs do not always provide a comprehen-
sive description of the underlying biological process, a limited 
number of KEs should be selected, normally on the basis of 
the existing information, to conceive an AOP to support assess-
ment of the Weight-of-Evidence (WoE) in a regulatory context29. 

KE descriptions should include the evidence that the identified 
KE is essential for the AOP, the indication of the assays that can 
characterize the KE, its biological organization level (from molec-
ular or cellular up to organ, individual, or populational level), and 
the taxonomic applicability, i.e., indication of how conserved the 
KE is across the species of concern30. Any type of information – in 
silico, in vitro, or in vivo data – can be added to an AOP30,31,32. Sys-
tematic organization of the available knowledge into AOP frame-
works is informative and operational and may help to direct the 
design and development of computational prediction models33.

Five core principles of AOP

Although no universal strategy for AOP development exists, at 
least five core principles should be kept in mind to produce a 
consistent AOP16,30,34.

1. AOPs are not chemical-specific

Any stressor that triggers an MIE can potentially induce the chain 
of downstream causally related KEs that are represented in an AOP. 
Accordingly, a defined AOP is not specific for a determined chemi-
cal. Once AOPs are developed, they can be used to predict the AOs 
of other chemicals that have at least some molecular mechanisms 
(MIE) and biological interactions (KEs) that adjust to that AOP. Pro-
vided that the respective information on exposure and toxicoki-
netics/toxicodynamics are available, that AOP can ultimately have 
regulatory applications35,36,37,38, as further indicated in this article.

2. AOPs are modular

An AOP framework needs to be clear and easy to understand 
and to apply. It must also offer flexibility to accommodate new 
data with varying levels of detail. Therefore, AOPs are modular 
structures, which means that each AOP can be broken down into 
its fundamental units, KEs and KERs30,36.

3. AOPs are pragmatic units

AOPs provide a structured way to describe one of the possible 
pathways following a specific MIE that results in a given AO, not 

Source: Adapted from Organisation for Economic Co-operation and Development (OECD), 201613.

Figure 1. Structure of an Adverse Outcome Pathway (AOP). An initial molecular interaction between a chemical and a biological system (molecular 
initiating event, MIE) is followed by units of key events (KEs) and the corresponding key event relationships (KERs), eventually leading to a verifiable 
apical adverse outcome (AO).

• The first KE at a molecular level.
• Initiating event of a cascade of successive 
structural/functional alterations.

• Measurable apical endpoint. 
• Generally seen at tissue level or higher.
• Anchors the “downstream” end of an AOP.

• Measurable changes in the biological state 
that is essential to progress from a MIE 
toward a specific AO.

• Key event relationships (KERs).
• Define a relationship of causality 
between two KEs.
• Supported by biological plausibility 
and empirical evidence.
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intending to describe every possible pathway from point A to 
point B; rather, it is a single route acting as the simplest func-
tional unit of prediction30,36.

4. AOP networks will emerge and are the basis for prediction

A single molecular perturbation (MIE) can lead to more than one 
route of system failure and can thus reveal different AOPs. Con-
sequently, multiple AOPs can share one or more common KEs and 
KERs, which results in the emergence of AOP networks. Analysis of 
AOP networks may show unexpected biological interactions, which 
imply in a wider interpretation of the modulation that determined 
that toxicological pathway. These multiple interactions indicate 
that AOPs occur in a context of systems biology30,36,39.

5. AOPs are living documents

AOPs are not static; that is, they have the potential to evolve 
over time as additional knowledge becomes available. AOP 
developers can focus on developing AOPs that relate to their 
expertise, but they count on other developers to add branches 
to the AOP network as they contribute to the AOP-KB30,36.

Fit-for-purpose: AOP for regulatory decisions

Evaluating the potential contribution of a certain AOP to regula-
tory decision-making depends on the WoE for the hypothesized 
pathway, including consistency of the supporting data and the 
level of confidence on the KEs and KERs based on biological plau-
sibility. In other words, this evaluation relies on expert evalua-
tion of criteria such as the AOP stage (see next item), level of 
complexity and confidence, and assay validation, which may also 
be provided by external reviews27,31.

For WoE assessments to sustain a reliable AOP evaluation, the 
OECD proposed five key questions29,32: Is the AOP well charac-
terized? Is the AOP specific to certain tissues, life stages, or age 
classes? Are the MIE and KEs causally linked to the AO? Are the 
MIE and KEs expected to be conserved across the species? What 
are the limitations of the AOP? These questions should be pref-
erentially supplemented by others based on the Bradford Hill’s 
viewpoints for causality40.

AOP stages

On the basis of the supporting evaluation, AOPs are classified 
into three different stages of development. As the amount and 
quality of data supporting the WoE increases, an AOP goes from 
the putative to the qualitative and from the qualitative to the 
quantitative stages30, defined as follows:

a. Putative AOPs are characterized by hypothetic KEs and KERs, 
which are supported by incomplete biological plausibility or 
statistical inference as a result of data gaps and uncertainties.

b. Qualitative AOP have KEs supported by descriptions of how 
they can be verified and KERs supported by empirical data, 
but without relevant information for consistent transition 
from one KE to another.

c. Quantitative AOPs contain precisely characterized KEs and 
KERs, supported by quantitative information that allow the 
magnitude and duration of change in sequential KEs to be 
predicted. These AOPs can also predict dose–response27,30.

Level of AOP complexity - AOP networks

AOPs are first developed in a linear format (Figure 1) to show 
progression from an MIE to an AO. AOP connections can occur 
over time due to shared KEs, to culminate in a network format 
that increases data complexity27,39.

Confidence in the AOP

The level of confidence varies from low to moderate and high 
and is associated with a WoE approach that considers biological 
plausibility, essentiality, and empirical evidence3,27,40,41.

External review of the AOP

The possible statuses of an AOP in the AOP-Wiki is indicated after 
a reviewing process established by the OECD: a) under devel-
opment, b) under review by the EAGMST, c) approved by the 
EAGMST, or d) Endorsed by the Working Group of the National 
Coordinators of the Test Guideline Programme (WNT) and the 
Working Party on Hazard Assessment (WPHA)27.

Assay methods

Assay methods to investigate KEs in AOPs may be widely stan-
dardized methods at the international or national level or more 
recently developed methods that have not undergone formal vali-
dation, but which are well described and accepted by the scientific 
community within the context for which they are to be applied27.

An AOP may inform a number of analytical domains during 
decision-making: (1) priority setting for testing the chemi-
cals to be regulated; (2) grouping the chemicals according to 
common toxicity pathways, data needs, and consideration of 
non-testing methods, such as read-across and (quantitative) 
structure-activity relationship ((Q)SAR); and (3) priority set-
ting for informed risk assessment by considering qualitative and 
quantitative determinations of human and ecological relevance, 
such as exposure, dose–response extrapolations, and the poten-
tial for combined effects of chemicals3,28.

Prioritization/screening

To prioritize substances that should undergo evaluation, confi-
dence in the biological plausibility of the AOP must be solid, par-
ticularly in the assay(s) that characterize the MIE3,42. Initially, less 
complex and faster screening methods are used to examine the 
biological activity of the chemicals29. The substances that result 
positive are ranked from the least to the most potent and will 
proceed to a more complex and detailed testing evaluation. Full 
understanding of the dose-response of each KE or quantitative 
KERs is not necessary for this type of application3,43. Even putative, 
partially characterized AOPs can furnish sufficient data for the 
early steps of chemical screening by either filling data gaps or 
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predicting chemical effects based on reliable assays27. Mechanistic 
information described in AOPs not only facilitates its application 
in priority setting and assessment of chemical hazards, but also 
contributes to safety assessment in the drug discovery process44,45.

Quantitative Structure-Activity Relationship ((Q)SAR), 
Read-across, and In Silico methods

Few chemicals are so isolated in their properties or exposure char-
acteristics that their potential toxicity and MoA cannot be estimated 
from similar class members. In fact, chemicals can be grouped by 
similar characteristics such as bioavailability, reactivity, and metab-
olism, which may also be obtained through non-testing approaches 
like (Q)SARs or already available testing data3,46. A chemical that is 
first in its respective class, whether on the basis of its molecular 
structure, biological targets, or MoA, will require more extensive 
evaluation than the subsequent members of that class.

The read-across approach may gather sufficient information 
to guide informed decisions about the risk imposed by a par-
ticular chemical. With the growing number of synthetic chem-
icals awaiting evaluation and the practical limitations of the 
different national regulatory corps that evaluate them, the 
desire to exploit read-across approaches to address data gaps 
has increased, but acceptance has been restrained, especially 
for complex endpoints such as the endpoints that depend 
on repeated dose toxicity47. This happens probably because 
read-across has been traditionally anchored on chemical struc-
tural similarity without a meaningful way of assimilating a bio-
logical parallel characteristic. In these circumstances, if an AOP 
is available for a complex endpoint, in vitro data to characterize 
the MIE and KEs could be generated to corroborate read-across 
predictions for an in vivo AO3,43,47. Decades of data generation 
on exposure and toxicity, dose-response, and in vivo end-points, 
which are currently available in online databases, may be suffi-
cient to conduct focused data mining to guide regulatory deci-
sions5,42. In this context, in silico tools may help to organize, to 
compare, and to retrieve stored information from past and cur-
rent research and thus provide massive and organized knowledge 
to build predictive models33,45.

Risk assessment

Risk assessment requires that the assays be quantitatively vali-
dated at each KE and KER to justify, for example, the read-across 
prediction within a chemical category3. This quantitative under-
standing may be measured with regard to the magnitude and 
duration of the changes, which should be defined in terms of 
correlations, dose-response relationships, dose-dependent tran-
sitions, or points-of-departure29,30,31. Therefore, when an AOP is 
applied to characterize human risk, one has to acquire a quan-
titative understanding of not only the MIE and the AO, but also 
the critical KEs along the pathway, particularly their respective 
dose–responses and temporal concordances, that is, the KERs.

For risk assessment, the tolerated level of uncertainty of an 
AOP must be low, and the WoE must be high. Risk assessment 
will be more robust in the case of an AOP for which extensive 
downstream KEs are available along with quantitative data on 
exposure, dose-response, and pharmacokinetics. As indicated 
previously, putative or qualitative AOPs, for which there is no 
sufficient quantitative knowledge of the complex biological 
interactions and dose–responses, may also provide valuable 
information to identify data gaps, indicating low tier screening 
and informing hypothesis-driven testing assays3,24.

Once an AOP has helped to identify and to develop the necessary 
experimental (in vivo, in vitro, in chemico) assays and non-test-
ing (in silico, read-across) approaches to support regulatory 
decisions, an objective tool is needed to interpret the corre-
sponding results and to build prediction models so as to facil-
itate their application in regulatory decision-making3,25,48,49,50. 
This role may be filled in by the Integrated Approaches to Testing 
and Assessment (IATA), which is an iterative approach to answer 
well-defined questions in a specific regulatory context, taking 
the acceptable level of uncertainty associated with the needed 
decision into account49,51. If the available evidence is insufficient 
to address a given regulatory purpose, whether it be for priority 
setting, read-across, or hazard identification, the IATA may also 
indicate what type of data is required to make the decision effec-
tive while reducing dependence on animal testing3,49 (Figure 2).

Source: Adapted from Organisation for Economic Co-operation and Development (OECD), 201751.

Figure 2. The Integrated Approaches to Testing and Assessment (IATA) integrates AOPs and provides mechanistic information to answer problem 
formulations in order to facilitate regulatory decision-making.
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As new chemicals become available in the market, scientific 
research is further developed, and toxicological information is 
added to the literature. In this context, AOPs are developed by 
allowing continuous integration of the available data and pon-
deration about its relevance, a process based on critical assess-
ment of the evidences, including submission to approval by the 
SAAOP or OECD expert groups.

Case examples

Herein, case examples of AOPs that have already been endorsed 
by the OECD25 are presented, namely: (1) skin sensitization, 
(2) endocrine disruption, and (3) mitochondrial dysfunction. We 
will highlight how they can contribute to risk assessment and 
regulatory decision-making by decreasing the use of traditional 
toxicity tests.

Example 1 - Skin sensitization

Traditionally, tests to determine skin sensitization have 
involved animal models, including the Mouse Local Lymph 
Node Assay (LLNA), the Buehler Assay, and the Guinea Pig Max-
imization Test52,53. To comply with the 3Rs policy, non-animal 
methods have been proposed to assess potential chemical 
sensitizers54,55. In 2016, the Brazilian National Council for the 
Control of Animal Experimentation (Conselho Nacional de 

Controle de Experimentação Animal – CONCEA) indicated two 
validated alternative tests to replace the in vivo methods for 
evaluating the potential for skin sensitization: a) the OECD TG 
442C – In chemico Skin Sensitization: Direct Peptide Reactivity 
Assay (DPRA), and b) the OECD TG 442D – Skin sensitization in 

vitro: ARE-Nrf2 Luciferase Test Method44. As documented in 
the AOP-Wiki AOP N. 40 “The adverse outcome pathway for 
skin sensitization initiated by covalent binding to proteins”56, 
the sensitizer binds to nucleophilic proteins to activate kera-
tinocytes that lead to inflammatory cytokine release (e.g., 
IL-18) and dendritic cell activation. Immature dendritic cells 
internalize the sensitizer-protein complex and present them 
to the T-cells in the proximal lymph nodes. These cells dif-
ferentiate into proliferating specific memory T-cells that can 
efficiently respond to the next contact with the corresponding 
sensitizer, thereby triggering the AO in the form of contact 
dermatitis (Figure 3)32,56,57,58.

The recent report by Bezerra et al.60 exemplifies a practical 
contribution toward the applicability of the existing OECD guid-
ance59 for skin AOPs and the IATA. These authors evaluated the 
immunotoxicity of carbon nanotubes containing titanium dioxide 
and of fullerene. By using in vitro assays for accurate assessment 
of skin sensitization, these authors indicated that the nanomate-
rials were internalized into keratinocytes (KE1), interacted with 
skin protein-like molecules (KE2), and stimulated inflammatory 
cytokine production by monocytic cells (KE3)60. Accordingly, 
the nanomaterials were deemed to be skin sensitizers in vitro, 
indicating that they should be considered for further higher 
tier studies to support risk assessment, including exposure and 
dose-response evaluations.

Example 2 - Endocrine disruption

Humans are exposed to the so-called endocrine disruptors, vari-
ous substances or mixture of substances that can alter the synthe-
sis, excretion, transport, binding, action, or elimination of natu-
ral hormones at certain doses, leading to adverse effects on the 
organism, its offspring, or the population61,62. For example, acti-
vation of steroids, thyroid, or peroxisome proliferator-activated 
receptors, such as the PPARα, can trigger endocrine disruption63. 
The AOP-Wiki AOP N. 18 “PPARα activation leading to impaired 
fertility”, describes in utero PPARα activation as the MIE for 
toxicity toward the male reproductive system64. This MIE is fol-
lowed by the KEs indicated in the Figure 4. Phthalates are exam-
ples of chemicals with PPAR-mediated activity; metabolization 
of phthalate diesters to hydrolytic monoesters seems to play a 
central part in PPAR activation and its toxicological effects65. 
Due to their endocrine disrupting potential, four phthalates – 
(bis(2-ethylhexyl)-phthalate (DEHP), dibutyl-phthalate (DBP), 
benzyl-butyl-phthalate (BBP), and diisobutyl-phthalate (DIBP) – 
had their use in plasticized materials such as toys and childcare 
articles restricted by the European Union in 201866.

Applied to ecotoxicology, the AOP-Wiki AOP N. 23 “Andro-
gen receptor agonism leading to reproductive dysfunction (in 
repeat-spawning fish)”67 describes biological responses to andro-
gen receptor (AR) activation. Binding of a determined chemical 
to the AR reduces circulating gonadotrophins and the synthesis of 
steroid hormones by the gonads and of vitellogenin by the liver. 
In this context, vitellogenin uptake by the oocyte decreases, 
which impairs its development. Over time, reduction of the total 
amount of eggs released by the females can influence the size 
of fish population. Consequently, the local food web is modified. 

Source: Adapted from AOP Wiki, 201956 and Organisation for Economic 
Co-operation and Development (OECD), 201659.

Figure 3. AOP for skin sensitization. Binding of the sensitizer to skin 
proteins (MIE) activates keratinocytes (KE1), dendritic cells (KE2), and 
T cells (KE3), successively. Activated memory T-cells may subsidize 
eventual contact dermatitis (AO) in case of re-exposure.
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This AOP was developed from evidence obtained with three fish 
species, but some of its aspects are conserved across vertebrate 
species67. For example, on the basis of evidence collected from 
rodents, it shares the same KE of decreased 17-beta-estradiol 
synthesis by ovarian granulosa cells, as indicated by AOP-Wiki 
AOP N. 7 “Aromatase (Cyp19a1) reduction leading to impaired 
fertility in adult female”68.

The U.S. EPA’s Endocrine Disruptor Screening Program (EDSP) 
uses validated methods in a two-tiered approach to screen and 
to evaluate potential endocrine disruptors in order to assess haz-
ard and risks and ultimately issue regulatory guidance. While 
Tier 1 comprises in vitro and in vivo assays to evaluate the estro-
gen, androgen, and thyroid hormone systems, Tier 2 tests may 
be requested to characterize dose-response relationships and 
adverse effects on mammals, fish, amphibians, and birds (in vivo 
assays) of chemicals having potential endocrine activity69. When 
adjusted to this context, AOP frameworks can facilitate the WoE 
determination of a chemical’s potential endocrine activity, iden-
tify data gaps, aid study design, direct assay development, and 
guide testing strategies, which speeds analytical processes and 
may save costs and experimental efforts. In cases where com-
putational methods are validated, they may be considered as 
alternatives to specific assays or endpoints69,70.

Example 3 - Mitochondrial dysfunction

Besides their role in bioenergetics, mitochondria participate 
in various other cellular activities, including programmed cell 
death and signal transduction71,72. Mitochondria are present not 
only in liver, a main target organ in toxicity investigations, but 
also in tissues that have high-energy demand, including muscles 
and brain. In the latter organ, mitochondria play a critical role 
in membrane excitability, neurotransmission, and plasticity of 
neurons. Therefore, association of mitochondrial dysfunction 
with impairment of neurological functions as in the case of Par-
kinson’s disease is not surprising73,74,75,76. As documented in the 
AOP-Wiki, the AOP-Wiki N. 3 “Inhibition of the mitochondrial 
complex I of nigro-striatal neurons leads to parkinsonian motor 
deficits”77 describes that binding of an inhibitor agent such as 
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to 

the complex I of the mitochondrial electron transport chain is 
the MIE (Figure 5). The MPTP molecule is structurally similar 
to paraquat (1,1’-dimethyl-4,4’- bipyridine), an herbicide that 
has been suspected to induce Parkinson’s disease in animals 
and humans78 and which has been recently banned from the 
Brazilian market by the National Health Surveillance Agency 
(Agência Nacional de Vigilância Sanitária – Anvisa) due to its 
toxicological potential79.

Our laboratory has proposed the AOP-Wiki N. 33580 for chemi-
cally induced rat urinary bladder tumors on the basis of succes-
sive animal and in vitro studies in which the herbicide diuron 
was used as chemical stressor81,82,83. This proposal was based 
on considerable amount of evidence that linked long-term 

Source: Adapted from AOP Wiki N. 18, 201663.

Figure 4. AOP for endocrine disruption in male rodents. PPARα activation (MIE) decreases TSPO and StAR protein levels (KE1, K2) and reduces 
cholesterol transport (KE3), thus impairing testosterone synthesis (KE4) and its testicular levels (KE5); the risk of malformation of the male reproductive 
tract and infertility (AOs) increases.
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Figure 5. AOP for mitochondrial dysfunction. Binding of a compound 
to the complex I (MIE) of the electron transport chain inactivates such 
chain (KE1), impairs mitochondrial activity (KE2), and potentially 
leads to proteostasis injury (KE3). In the brain, degeneration of the 
dopaminergic (DA) neurons (KE4) of the nigrostriatal tract is accompanied 
by neuroinflammation (KE5) and parkinsonian motor disorders (AO).
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exposures to some chemicals with KEs like urothelial cytotox-
icity, cell proliferation, hyperplasia, and benign and malig-
nant tumors (AOs)84,85. The AOP-Wiki N. 335, which is currently 
under development, hypothesizes that the MIE in this pathway 
consists of mitochondrial disfunction induced by urothelial 
stressors. To verify human relevance, this putative MIE is cur-
rently under scrutiny in in vitro approaches that test human 
1T1 urothelial bladder cells exposed to the herbicide diuron 
and its main metabolites86.

CONCLUSIONS

AOP frameworks represent a clear scientific progress of chemi-
cal safety assessment and regulatory toxicology and are largely 
based on knowledge about toxicological mechanisms and modes 
of action. Because these frameworks have been only recently 
developed13,16,17,18,22, their full use for regulatory purposes world-
wide remains to be accomplished. However, progressive appli-
cation of AOPs by regulatory agencies can be foreseen in the 
same way that MoA frameworks have been incorporated into 

safety assessments for regulatory aims since they were proposed 
in 20016,9. Being more comprehensive and informative than MoA 
frameworks, AOPs may allow toxicological information to be 
shared between the scientific community and regulatory agen-
cies more effectively via easy-to-access systematic knowledge 
construction and database.

Limitations have to be overcome before AOP frameworks can 
be effectively employed in regulatory practices. Examples of 
such limitations are chemically induced outcomes involving 
more than one MIE and numerous KEs, which can hardly be fully 
explored in a single AOP, not to mention the events that may 
trigger compensatory mechanisms or feedbacks that can mod-
ify the downstream evolution of a putative framework. Nev-
ertheless, continuous collaborative interaction between AOP 
developers within the scientific community and the regulatory 
corps toward AOPs development will support the advancement 
of toxicological sciences at various levels, based on real-world 
human and environmental health issues, regardless of immedi-
ate regulatory purposes.
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