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Abstract Adverse outcome pathways (AOPs) are a recent
toxicological construct that connects, in a formalized, trans-
parent and quality-controlled way, mechanistic information
to apical endpoints for regulatory purposes. AOP links a
molecular initiating event (MIE) to the adverse outcome
(AO) via key events (KE), in a way specified by key event
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relationships (KER). Although this approach to formalize
mechanistic toxicological information only started in 2010,
over 200 AOPs have already been established. At this stage,
new requirements arise, such as the need for harmonization
and re-assessment, for continuous updating, as well as for
alerting about pitfalls, misuses and limits of applicability.
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In this review, the history of the AOP concept and its most
prominent strengths are discussed, including the advantages
of a formalized approach, the systematic collection of weight
of evidence, the linkage of mechanisms to apical end points,
the examination of the plausibility of epidemiological data,
the identification of critical knowledge gaps and the design
of mechanistic test methods. To prepare the ground for a
broadened and appropriate use of AOPs, some widespread
misconceptions are explained. Moreover, potential weak-
nesses and shortcomings of the current AOP rule set are
addressed (1) to facilitate the discussion on its further evo-
lution and (2) to better define appropriate vs. less suitable
application areas. Exemplary toxicological studies are pre-
sented to discuss the linearity assumptions of AOP, the man-
agement of event modifiers and compensatory mechanisms,
and whether a separation of toxicodynamics from toxicoki-
netics including metabolism is possible in the framework
of pathway plasticity. Suggestions on how to compromise
between different needs of AOP stakeholders have been
added. A clear definition of open questions and limitations
is provided to encourage further progress in the field.
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Introduction
Outline of the AOP concept

The adverse outcome pathway (AOP) concept (Ankley et al.
2010) has attracted a large amount of attention in recent
years, with more than 200 articles published on the issue
in less than a decade. An AOP is defined as a sequence of
events that begins with a molecular initiating event (MIE;
e.g., inhibition of an enzyme or formation of DNA adducts)
(Fig. 1). It progresses through a series of key events (KE)
that define given cellular states. Such key events can be
alterations of metabolic pathway, signaling events as well
as modifications of organelles or cell functions (such as cell
cycle control). Notably, an AOP may also be defined even
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Fig.1 Schematic adverse outcome pathway (AOP) diagram. The
schematic has been reproduced from the “Users’ handbook supple-
ment to the guidance document for developing and assessing AOPs

though the MIE is not exactly known, as long as there is
at least one clearly defined KE. Finally, the AOP leads to
an adverse outcome (AQ), i.e., a classical apical end point
as used traditionally for hazard evaluation and risk assess-
ment. According to OECD guidance (Guidance document on
developing and assessing adverse outcome pathways 2017;
Users’ handbook supplement to the guidance document for
developing and assessing AOPs 2017), each AOP should
have one MIE and one AO, but there is no limitation in
the number of KEs. Examples of AO include liver fibrosis,
defined types of cancer, skin sensitization or parkinsonian-
type motor deficits (OECD guidance document 2013). In
an ecotoxicological context, typical AOs address reduced
generalized fitness or a decline in reproductive success.
One of the main purposes of AOPs is to connect existing
knowledge on mechanisms of toxicity (in the form of KE)
in a controlled and transparent weight of evidence process
to apical end points (AO). The overall objective is to support
regulatory decision-making, such as hazard identification
and risk assessment, by formally describing the key events
leading to an AO. This may pave the way to the use of KE-
related end points for decision-making. These surrogate end
points may be used in addition to classical apical end points
to strengthen the rationale of predictions and decisions or
they may in future even be used instead of classical end
points, as soon as the causal relationship of KEs and AO is
sufficiently established. As such, the AOP concept can be
regarded as a knowledge management tool that facilitates
the use of mechanistic knowledge for regulatory purposes
in toxicology and ecotoxicology. In this article, members of
the EU-ToxRisk consortium and other experts in the field
collected and analyzed information on the history of the
AQP concept, the most prominent strengths, advantages
and limitations, as well as possible ways to overcome such
limitations.

Conceptions and misconceptions concerning AOPs

The AOP concept is a relatively new tool and as such pro-
vides numerous opportunities (Table 1). As always in such
situations, it is important to have a good understanding of the
concept to make the right use of it, i.e., to use it in situations
in which it is well suited and to be careful of not overusing
it in situations that have shortcomings. The concept also

ER,

(2017)” MIE molecular initiating event, KE key event, KER key event
relationship, n number of KE of the AOP

allows the development and optimization of new applica-
tions on the basis of both the understanding of the strengths
and limitations of the AOP construct and on the experience
gained from its use. To exemplify this, one may think of an
AOP as a pair of plyers. They may be used to pull out a nail.
A completely different, but also perfect use would be to turn,
e.g., anut. As the plyers are made of steel, they may also be
used to hammer in a nail, or as a lever to wedge something
away, but this would be less ideal and there would be better
tools for such applications. Plyers also look a bit like scis-
sors, but they obviously have a different function.

AOPs are not signaling pathways. AOPs look to some
extent like a drawing of a signaling pathway and share some
of its features, but there are also important differences. One
difference is the perspective taken. A classical signaling
pathway starts at the signal initiation, and then often leads
to signal amplification and splitting to arrive at multiple tar-
gets. Likewise, many academic researchers in the field of
molecular toxicology are also interested in the initial target
of a toxicant (e.g., the Ah receptor) and then follow the vari-
ous possible downstream consequences, but the exact link to
an AO is often unclear. The AOP concept takes the opposite
perspective. The anchoring point is the AO and each KE is
examined concerning its relevance and necessity for the AO.
A major intention is to link earlier KEs of an AOP to the AO,
even if the starting point is unknown or some intermediate
KEs are not (yet) fully understood.

AOPs are compound agnostic. AOPs describe a sequence
of biological events, and the transitions from event to event
that lead to an AO. This is independent of any specific chem-
ical. Thus, AOPs do not describe the mode of action of a
chemical. However, a chemical may activate a specific AOP
by provoking the MIE, or it may be used to provide empiri-
cal evidence for the existence of an AOP.

AOPs describe toxicodynamics, not toxicokinetics and
therefore not risk. As AOPs are ‘compound agnostic’ they
cannot incorporate a toxicokinetic phase. ADME properties
and toxicokinetics cannot be uncoupled from specific chemi-
cals, while AOPs do not describe specific chemicals. Thus,
AOPs as such cannot be used for risk assessment, but they
describe a potential hazard, given that a specific compound
at the concentration, which is reached at a relevant site, trig-
gers the MIE that activates the AOP. To use AOP informa-
tion for risk assessment, it should be imbedded together with

@ Springer
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Table 1 Opportunities, shortcomings and open questions of the AOP concept

Characteristics of AOP

Comments, examples and next steps

Opportunities/strengths

Systematic collection of weight of evidence

Sorting of information across multiple levels of organization

Link of mechanistic end points to apical end points

Convenient structure to visualize gaps of knowledge

Consensus and certification process for canonical knowledge

Allows to examine plausibility of epidemiological data

Guidance for use and design of mechanistic test methods

Shortcomings (with respect to some potential applications)

Linearity and unidirectionality rules

Binning of large groups of events

Dealing with multiple hit events

How to deal with effect duration

Neglect of event modifiers in graphical displays
Dealing with compensatory mechanisms

Alerts/open questions/misconceptions
Defining non-toxicity

Quantification of KE/KER; threshold setting

Review process

Quality assurance and validation

One procedure for many different complexity levels
Can toxicodynamics be separated from toxicokinetics?
How to deal with pathway plasticity

How to deal with species differences

AOPs are a snapshot of knowledge at a given time
Applicability fields

AOQP vs systems biology models

Introduction of ‘systematic reviews’ into toxicology (contrary to ‘narrative
reviews’ and ‘cherry picking’ of evidence and mechanisms

The concept goes beyond classical ‘signaling’ pathways: bridging scales of
organization from organelle to tissue/organism

Provides anchoring of mechanistic information to known apical end points:
rationale for use of mechanistic data in regulatory contexts

Useful to direct research needs; important for definition of uncertainty of mecha-
nistic information

Knowledge aggregation by a broad community (Wiki-process; multiple review
levels); provides plausibility to epidemiological data

Toxicological relevance of epidemiological data is strengthened, if robust AOPs
explain how exposure to an agent can lead to an AO

The defined (causal, plausible, in part quantitative) links of key events (and
respective assays) to adverse outcomes allow the use of key event tests for
regulatory filtering, prioritization and decisions

Biology frequently uses feedforward and feedback

The MIE and KE of AOP often comprise dozens or even hundreds of individual
biochemical events (e.g., inflammation, oxidative stress)

Several major pathologies require multiple hits and cannot be explained by one
MIE

The time component is not reflected in the AOP scheme: it does not allow for a
display of effect duration (or time window) required

Although considered in the AOP handbook, and in the text parts, event modifiers
cannot be displayed in the AOP scheme

Considerations of the counter-regulation would need to be part of an AOP.
Although considered for KER, display possibilities are limited

Will the AOP system get comprehensive enough? Can we exclude with sufficient
certainty activation of an AOP?

Few thresholds fully known; hard to translate between in vitro and in vivo
systems

The classical peer review process of journals is hardly suited for the review of
such large documents. How can peer review be achieved?

How can AOP-based test batteries be validated? How good are the literature data
used for AOP construction?

Can one apply the same tools for different concepts as ‘aromatase inhibition’
(biochemical step) vs ‘steatosis’ (complex pathology)?

Is generation of reactive electrophiles part of ADME or of an AOP? Can the
ADME phase always be separated from the AOP phase?

In pathological situations, pathways themselves may change (bypass of KE,
activation of steps not normally present)

AOQP describe species effects, but in practice most data are derived from rodent
systems; species specificity is not always known

How is continuous updating ensured? Who decides on updates?

AOPs are working tools, made for specific purposes. They cannot be used
blindly outside their main field of application

AOQP can be more or less quantitative, but the concept is fundamentally different
from systems biology models. AOP describe a transition of system states (not
computable relationships between system modules)
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ADME considerations in an integrated approach to testing
and assessment (IATA) of potential toxicants (Tollefsen
et al. 2014).

AOPs are multi-scale data integration tools. Unlike many
signaling pathways, AOPs span many levels of biological
organization, from molecular over sub-cellular, cellular to
organ and organism or, especially in the case of ecotoxicol-
ogy, even to the population level. The anchoring point is the
AO relevant for the entire organism, while the MIE always
is a molecular-level interaction. The AOP provides a scaffold
to integrate data at such different scales, all with a general
anchoring toward predictions of adverse outcomes. Notably,
the rules of AOP construction not only allow integrating the
data, but also provide a scaffold for sorting and weighing of
contradictory or inconsistent data through a weight-of-evi-
dence process. In parallel, multi-scale quantitative models
of toxicity are being developed (Obiol-Pardo et al. 2011).

AOPs are not intended to be molecularly detailed. 1t is
often not clearly understood that AOPs are meant to describe
a series of system states with some information on the transi-
tion between these states. Importantly, AOPs do not intend
to comprehensively describe and quantify all system param-
eters. For practical reasons, often relatively superordinate
processes, like mitochondrial function/dysfunction or intact/
disturbed calcium ion homeostasis, are used to describe the
system states. This allows measurement of the system state
with relatively simple and accessible methods, and thus has
large practical advantages for predictive toxicology. In this
sense, the concept differs from molecularly defined pathways
of toxicity that require complex and comprehensive tools for
their quantification (Kleensang et al. 2014; Sauer et al. 2015;
Rahnenfiihrer and Leist 2015). A mapping of molecular
pathways of toxicity (Hartung and McBride 2011) by omics
technologies instead of the literature compilation typically
used for AOP was pioneered by the Human Toxome Project
(Bouhifd et al. 2015; Hartung 2016).

AOPs are not systems biology models. While AOPs span
multiple levels of biological organization, most systems biol-
ogy models still have large difficulties integrating different
scales of organization, although some projects have recently
achieved this goal (e.g., Ghallab et al. 2016; Schliess et al.
2014; Drasdo et al. 2014; Carbonell et al. 2017). One of the
practical limitations of systems biology models is that their
establishment is usually labor intensive. A systems biol-
ogy model often has a network character, while AOPs are
linear. Likewise, AOP networks, defined as sets of AOPs
sharing at least one common element, are different from
systems biology networks. AOP networks are intended to
represent potential chemical effects. They are the tools for
real-life application, unlike for individual AOPs. They may
be focused on a single effect (e.g., steatosis), but describe
all the pathways leading to this effect (e.g., multiple MIEs,
crossing of KE). They provide information on interactions

between AOPs and have the potential to reveal previously
unknown links between biological pathways. Currently, it
remains challenging to translate AOPs into mathematical
models with ordinary differential equations, but research
activities in this field are ongoing (Obiol-Pardo et al. 2011).
Some mathematical models of AOPs appear possible and
they may be regarded as transition stages to systems biology
models (https://www.effectopedia.org/). It should be taken
into account that system biology and AOPs are complemen-
tary tools. The AOP is intended for regulatory use, minimiz-
ing complexity to serve pragmatic decisions that so far are
mainly based on animal studies. A future perspective is that
systems biology models would be integrated into AOPs and
informing risk assessment.

AOPs can provide plausibility for statistical associations.
Most toxico-epidemiological research deals with statistical
associations of chemical exposures and adverse outcomes.
In most cases, it is difficult or impossible to clarify the cau-
sality of such correlations. One step toward this direction
would be to provide a plausible link between exposure and
adverse outcomes. AOPs, coupled to exposure and toxicoki-
netic information may provide such links by coupling expo-
sure to the triggering of an MIE. This approach may support
environmental risk assessment.

AOPs can identify knowledge gaps, indicate testing flaws
and may guide testing. An important practical application
of AOPs is that they can guide the development of novel,
mechanism based and often animal-free methods of hazard
assessment. In this sense, the AOP framework constitutes a
basis for the development of new non-animal test methods
(i.e., in vitro methods anchored to KEs) and integrated test-
ing strategies (Hartung et al. 2013a, b; Rovida et al. 2015;
Clippinger et al. 2016). It also provides biological context
for mechanistic information from existing assays. In many
cases, AOPs may be combined in AOP networks that share
at least one KE. Analyses of these AOP networks can aid in
the prioritization of assay development, whether the goal is
to develop a single assay with predictive ability for multi-
ple outcomes or development of assays that are highly spe-
cific for a particular mode of action. Appropriate IATA or
other types of integrated testing strategies (ITS), based on
AOP (AOP networks) and toxicokinetic information, may
in future use KE information to develop mechanistic assays
(ideally based on human cells) to predict adverse effects for
humans at high throughput and with low uncertainty related
to interspecies extrapolations (Tollefsen et al. 2014; Jacobs
et al. 2016; Paparella et al. 2017).

The history of the AOP concept
The AOP concept, introduced in 2010 as a tool to support

risk assessment in ecotoxicology, is based on the long-stand-
ing principle that understanding the mechanisms linking
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initial events to adverse effects is a key aspect of (predictive)
toxicology (Ankley et al. 2010; Villeneuve et al. 2014a, b).
Does this concept have a history beyond the short time span
of the last 7 years? For more than 100 years, toxicologists
have been well aware of the importance of understanding
the mechanisms linking initial events, e.g., DNA damage or
protein adducts, to adverse effects, such as cancer or fibrosis.
Before 2010, such mechanistic explanations have not been
termed AOP. Before that date, they were often mentioned
as toxicity mechanism, mode of action or toxicity pathway
and these terms included several key aspects of the current
AOP concept. Likewise, the “biomarker™ concept originally
designed in the 1990s (Beliaeff and Burgeot 2002; Depledge
1994; Huggett et al. 1992; McCarthy and Shugart 1990)
contained major aspects of the current understanding of
KE:s. In fact, such thinking even goes back to the nineteenth
century. For example, Louis Lewin (1850-1929) was aware
of the advantages of classifying toxic compounds based on
their pharmacologic or toxic mechanisms that led to adverse
effects, as demonstrated by his grouping of psychoactive
drugs into five categories (Lewin 1885, 1924). Although
in Lewin’s time it was not yet feasible to study molecular
mechanisms, the idea that a mechanism which explains an
adverse effect allows a better classification than a simple
description of toxic symptoms was already born. Since then,
the improvement of risk evaluation by understanding of the
toxicological mechanisms has been a focus of generations of
toxicologists. A major milestone was the establishment and
regulatory acceptance of the Ames test in the 80s of the last
century. This test method would nowadays be coined as a
KE assay for genotoxicity that predicts the AO of genotoxic
carcinogenesis. A further key process was the work on KE
tests relevant to skin sensitization. This resulted in the first
AOP accepted for regulatory purposes, but the conceptual
and experimental work was mostly planned and executed
before the term AOP was coined. A further event preparing
the ground for AOP was then the report of the US National
Academy of Sciences in 2007, which suggested a reorien-
tation of toxicology, away from apical end points, moving
toward mechanistic principles and introducing the toxicity
pathways as a guiding principle (Leist et al. 2008; NRC
2007).

In the light of this historical perspective, the question
arises: What was new about the AOP concept? Three key
aspects need to be mentioned here:

A first aspect is that AOP aims for a more formalized
approach to risk assessment than previous mechanistic
toxicology. Even the toxicity pathways of the NAS strat-
egy paper were still relatively little defined (Andersen and
Krewski 2009, 2010). AOPs are by definition systematic,
structured, quality controlled and weight of evidence based.
One objection may be that this should apply to any toxi-
cological science and can therefore hardly be considered

@ Springer

a novelty. Examples from other fields may help to convey
the concept that novelty can indeed lie in the methodology
and its stringency: Henry Ford was a great innovator in the
automobile world, as was Steve Jobs for consumer electron-
ics. They both mainly perfected methods, based on already
known basic knowledge. By analogy, there is a chance that
the AOP concept will be pivotal for the application of mech-
anistic principles in risk assessment. So far, mechanistic data
have rarely been considered in the assessment of industrial
chemicals (with the notable exception of genotoxicity) and
this has prevented the use of large amounts of available
information by regulators.

A second important novelty is that large regulatory agen-
cies have adopted the concept of mechanistic toxicology
(Leist et al. 2014; Edwards et al. 2016). The AOP concept
is supported by the OECD, and this greatly facilitates its
implementation into regulatory thinking. The consequence
will be an integration of existing knowledge on toxic mecha-
nisms into regulatory procedures. A secondary consequence
is that the European Commission and other funding agen-
cies have realized the need to support research projects that
define and implement AOPs (Daneshian et al. 2016; Daston
et al. 2015).

This leads to a third important issue: new ways of safety
assessment are supported by the AOP concept. While mech-
anistic information traditionally has largely been seen as a
supplementary for better explaining and rationalizing api-
cal end points of toxicity, the AOP concept now facilitates
the use of a conclusive chain of mechanistic information
alternative to a classical toxicological end point. This also
means that new test systems, including in vitro approaches,
are about to reach a new level of importance and recogni-
tion. It is very likely that an in vitro test battery or in silico
methods, based on, or linked to key events in a relevant AOP,
will be more likely to gain regulatory acceptance than tests
not linked to or supported by an AOP. A first example of this
was seen with the testing for dermal sensitization.

Further developments

As introduced here, the AOP concept has seen a dynamic
development and as of June 2017 the AOP knowledge base
maintained by the OECD lists 204 AOPs (with 1477 key
events). An easy access to these AOPs is provided by the
AOP-wiki (https://aopwiki.org/), where one may also follow
the development stages, which are overseen by the Advi-
sory Group on Molecular Screening and Toxicogenomics
(EAGMST). While these are positive developments, there is
still a need to further advance and improve the AOP concept.
It is essential to understand and clearly communicate how an
AOP is defined and what it can be used for. On this founda-
tion, the AOP concept can be further refined and adapted to
future needs that are not yet covered. Most importantly, open
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questions are highlighted to guide future development and
appropriate solutions to the limitations (Table 1).

Strengths and advantages of AOPs
Systematic collection of weight of evidence

The assembly of information on a scientific topic is often
based on reviews written by experts in the field. Such
reviews can be qualified according to their (1) contents, (2)
form and (3) quality control procedure. Classical narrative
reviews with contents similar to what may be found nowa-
days in an AOP have been common in toxicology for dec-
ades. An advantage of the AOP concept is that it now also
provides very clear guidance on form and quality control.
Strong emphasis is put on weight-of-evidence approaches
to prevent personal bias. The large impact of such a formal
process has been demonstrated in the field of medicine by
the Cochrane collaboration and their ‘systematic reviews and
protocols’ on health care. This concept has been adopted
for toxicology by the Evidence-Based Toxicology Collabo-
ration (Hoffmann and Hartung 2006), which addresses the
quality scoring of existing studies (Samuel et al. 2016) and
systematic reviews (Stephens et al. 2016; Hoffmann et al.
2017). The AOP guidelines have particularly optimized
this procedure for toxicity pathways. Adherence to the rules
should guarantee and may possibly improve the description
of mechanisms of toxicity.

Certification process for canonical knowledge

In many disciplines of biomedical research, including toxi-
cology, the definition of canonical knowledge is an implicit
process, i.e., it is embedded in the discipline without defined
procedures. The collection of such knowledge is a slow pro-
cess that involves opinion leaders, textbook authors and oth-
ers. The definition and updating of the state of the art can
take relatively long periods of time to reach acceptance, and
this process has worked well for basic science. However, for
applied and regulatory science, a more explicit and defini-
tive process is desirable. For regulators it is of high impor-
tance to have clarity on what is considered the scientific
gold standard. Here, the process of AOP establishment and
validation can be extremely helpful. The weight-of-evidence
procedure, coupled to multiple levels of peer review, helps to
define, certify and update canonical knowledge on a global
(or at least OECD-wide) scale.

The view of an AOP database as a growing repository of
canonical knowledge has implications for several areas. An
application that springs to mind immediately is the support
of mode-of-action information in regulatory dossiers, which
will become more and more important. However, there are

other areas of interest. For instance, an additional level of
information can be added to read across approaches (Patle-
wicz et al. 2014; Ball et al. 2016) by comparing not only
chemical structures of a group of compounds of interest,
but also their cellular responses, i.e., by examining whether
similar molecular targets and key events are involved (Zhu
et al. 2016).

Sorting of information across multiple levels
of organization

AOQOPs are particularly designed to allow integration of infor-
mation spanning from the molecular l