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The number of chemicals that require risk assessment evaluation has been rising worldwide. To protect human health
and the environment, a large number of commercially available substances require risk evaluation. Traditionally, the
assessment of the health risks of chemical exposure has
relied mostly on directly measured adverse outcomes (e.g.,
death, reproduction, growth, development dysfunction) by
applying in vivo toxicity tests. These traditional approaches for
risk assessment of chemical compounds are time-consuming,
expensive, low-throughput, and yield little information on
mechanistic toxicity (Ankley et al., 2010; Hutchinson et al.,
2013; Nie et al., 2014; Zhu et al., 2013; Wang et al., 2015).
Moreover, it is debatable whether extrapolations can be made
from one species to another, as well as whether high-dose
animal studies can predict risks to humans from much
lower-dose exposures (Adeleye et al., 2015). Furthermore,
using large numbers of animals raises ethical issues, and
traditional resource-intensive standard in vivo toxicology
studies are not feasible for the regulatory testing of all
chemicals requiring health or environmental risk evaluation
(Ankley et al., 2010). Thus, there is an urgent and growing
need for more efficient, cost-effective methods to decrease
the need for animals in the assessment of the hazards and
risks of chemicals.
In 2007, the US National Research Council (NRC) published
the report Toxicity Testing in the 21st Century: A Vision and a
Strategy (NRC, 2007). The essence of this report was a call to
transform toxicity testing from a system based on high-dose
studies in laboratory animals to one based primarily on in vitro
methods that evaluate changes in normal cellular signaling
pathways using cells or tissues relevant to humans. The term
“toxicity pathway” was applied to test whether a normal
signaling process was significantly perturbed, and whether
the result would be an adverse cellular outcome (NRC, 2007;
Adeleye et al., 2015). Recently, a mechanistic pathway-based
concept has been advocated for chemical risk assessment,
named the adverse outcome pathway (AOP) (Ankley et al.,
2010). An AOP framework starts with chemical reactions

during the molecular initiating event(s), which leads to a
series of further events (e.g., key events), and finally ends up
with a specific adverse outcome (e.g., death, disease, reproductive failure, or developmental dysfunction). In this context, the AOP has been proposed as a framework to describe
the causal linkage between the initial molecular events and
an adverse outcome across levels of biological organization
(e.g., cell, tissue, organ, individual, and population), leading to
an adverse outcome that is relevant to risk assessment and
regulatory decision-making (Ankley et al., 2010; Groh et al.,
2015). The concept of AOP differs from the concept of “toxicity
pathways”, which focuses on the molecular initiating event
and on key measurable endpoints, but not on the adverse
outcome. AOP represents the linkage between the molecular
initiating event and the following progression of a defined
series of key events that are measurable changes in biological
state and necessary for an adverse outcome to occur (Ankley
et al., 2010; Landesmann et al., 2013). Hence, AOP includes the
whole process of the molecular initiating event and adverse
consequences. Based on well-defined measurable molecular
initiating events and key events of certain chemicals induced
by in vitro or in vivo assays, AOPs could be used to evaluate the
potential adverse outcomes of certain new chemicals (Phillips
et al., 2015). Lee et al. (2015) summarized the utility of AOPs for
biomarker-based environmental risk assessment and examined the use of AOPs in environmental risk assessment using
aquatic organisms, such as fish and aquatic invertebrates
(Fig. 1). Further studies regarding the concept, development,
application, and challenges of AOP have been published
(Vinken et al., 2013; Vinken, 2013; Adeleye et al., 2015;
Villeneuve et al., 2014a,2014b; Hutchinson et al., 2013;
Tollefsen et al., 2014; Patlewicz et al., 2015; Groh et al., 2015;
Becker et al., 2015; Knapen et al., 2015).
For example, a recent paper entitled “Inhibition of
spawning in zebrafish (Danio rerio): Adverse outcome pathways of ethinylestradiol” (Cosme et al., 2015) is a case study
showing that exposure to an estrogenic compound can lead
to an adverse outcome such as inhibition of spawning in
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Fig. 1 – Flow diagram depicting an Adverse Outcome Pathway (AOP), representing common chemicals triggering molecular
initiating events leading to a sequential series of higher order effects to produce an adverse outcome. The red branching is a
typical example indicating chemicals via an estrogen receptor (ER) pathway leading to an adverse outcome. This diagram was
modified from Ankley et al. (2010), Vinken et al. (2013), Tollefsen et al. (2014), and Lee et al. (2015).

zebrafish. The authors examined the effects of the estrogen
receptor agonist ethinylestradiol (EE2) on the pathways
controlling follicular development, steroidogenesis, oocyte
maturation, ovulation, and spawning success in adult
zebrafish. This is a typical AOP that includes the molecular
initiating event of binding to the estrogenic receptor (ER) and
altered reproduction (e.g., decrease spawning or fecundity) at
the whole-organism level, with consequent declining effects
on population. In this AOP framework, intermediate levels of
biological organization include decreased vitellogenin (VTG)
mRNA expression and protein synthesis, followed by decreased circulatory levels of VTG, leading to less uptake of
VTG into oocytes and then impairment of oocyte development in the ovary. The study demonstrates the significance of
defining the impacts of the toxicant at the molecular/cellular,
organ, and individual level and how connections among these
impacts can be used to describe the AOPs that mediate the
action of the toxicant (Cosme et al., 2015). The results suggest
that the AOP framework is effective at providing a detailed
description of a toxicant's adverse effects on an organism and
has the potential to be utilized to evaluate the hazards posed
by a toxicant.
The AOP framework forms a basis for the development of
new non-animal test methods (Ankley et al., 2010). As fish
embryos (pre-hatch stages) and eleuthereoembryos – the time
period between immediately post-hatching and independent
feeding – are non-protected life-stages, these early life-stages
are considered as alternative testing models in the European
Union and the United States (Belanger et al., 2010; Scholz et
al., 2008). In addition, in contrast to cell-based in vitro assays,
fish embryos provide the complexity and interactions of an
intact organism, enabling the evaluation of adverse chemical
effects on multiple target organs and developmental stages
during embryogenesis (Yozzo et al., 2013). The zebrafish embryos have rapid embryogenesis, and they are small in size
and transparent; they are also easy to maintain and handle,
and to be genetically manipulated during embryogenesis.
Zebrafish embryos have become a preferred model for rapid and
high-throughput screening of compounds for developmental

toxicity and mechanisms of toxicant exposure (Lammer et al.,
2009; Scholz and Mayer, 2008). These advantages make zebrafish
embryos a good model for developing AOPs. For instance, a
recent study reported that exposure of zebrafish embryos to the
goitrogens phenylthiourea and methimazole induced adverse
outcomes such as reduction of locomotion and craniofacial
malformation. These adverse outcomes can be linked to the
molecular initiating event, the altered expression of gene coding
for enzymes involved in thyroid hormone (TH) synthesis, and to
a key event, reduced thyroxin levels (Fetter et al., 2015). THs are
particularly important in fetal development and growth; they act
by binding to specific thyroid receptors (TRs), and play an
important role during early embryogenesis and larval development in fish. Endocrine disrupting chemicals (EDCs) can have a
direct impact on TH synthesis, transport, and binding, and can
also interfere with the functioning of the thyroid system by
inducing feedback mechanisms triggered by changes in the
concentration of circulating THs (Kloas and Lutz, 2006). A
previous study suggested that zebrafish embryos/larvae represent a valuable and powerful alternative for novel studies of
large-scale screening of chemicals that can disrupt the activity of
thyroid hormones (Yu et al., 2010). Therefore, developing
embryos/larvae show great promise for the development of
AOPs for risk assessment of chemicals that have thyroid
endocrine disruption.
Although AOPs hold great promise as useful tools for
predicting adverse outcomes of chemicals in risk assessments
by measurement of pathway- and mechanistic-based events,
the use of AOPs in a full risk assessment may still face
challenges. For instance, many molecular events induced by
chemicals are dose-dependent, while interspecies differences
regarding sensitivity to chemicals are another big challenge
for the development of AOPs. Furthermore, the AOPs should
also account for the many environmental factors that could
modify molecular events as well as affect the adverse outcomes, when using laboratory data to predict them in the
field. Nevertheless, the AOP framework approach offers great
potential for improvement of traditional toxicity testing by
measuring targeted endpoints, including assay specificity
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relative to the molecular events, or mechanisms of action and
related adverse outcomes. As the AOP conceptual framework
is improved by many researchers, the AOPs will be a powerful
approach to address risk assessment needs.
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