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Biochemistry
bird carbonate dehydratase
+ several other mechanisms

In vivo: shell thinning

In situ: bioaccumulation
-> bird population decline













An Adverse Outcome Pathway (AOP) is a conceptual framework 
that portrays existing knowledge concerning the linkage between 
a direct molecular initiating event and an adverse outcome, at a 
level of biological organization relevant to risk assessment. 
(Ankley et al. 2010. Environ. Toxicol. Chem., 29(3): 730-741.)

• Helps us organize what we know
• And utilize that knowledge to support risk-based decision-making

Adverse Outcome Pathways … are new

Chemical
Properties

Receptor/Ligand 
Interaction

DNA Binding
Protein Oxidation

Gene 
activation

Protein 
production

Altered 
signaling

Toxicant Cellular 
Responses

Macro-
Molecular

Interactions
Altered 

physiology
Disrupted 

homeostasis
Altered tissue 
development/ 

function

Organ
Responses

Structure 

Recruitment

Extinction

Population
Responses

Lethality
Impaired 

Development
Impaired 

Reproduction

Organism
Responses

















Trainings on AOPs
AOPWiki  Training courses + Handbook
https://aopwiki.org/training/wiki/





AOP Training committee
•Subgroup of OECD/EAGMST 
•Established to share recent developments and solicit input 
from potential developers and users of AOPs 
•Started in 2014 

Training group members
Dan Villeneuve, Bette Meek, Steve Edwards, Kristie Sullivan, 
Brigitte Landesmann, Magdalini Sachana, Sharon Munn, Kate 
Willett, Kate Goyak, Sabina Halappanavar, Hristo Aladjov & 
Mirjam Luijten (chair) 



1. AOPs are not chemical-specific
• Not trying to describe what a single chemical does

• Trying to describe what ANY chemical that perturbs the MIE with sufficient potency and 
duration is likely to do- Biological motifs of failure

• Describing AOP does not require chemical-specific information.

• Applying those motifs in a predictive context requires understanding chemical-specific 
properties (e.g., potency, ADME) that dictate the magnitude and duration of perturbation 
at the MIE.

Volz et al. 2011. Toxicol. Sci. 123: 349-358
Russom et al. 2014. Environ. Toxicol. Chem. 33: 2157-2169
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Increasing level of biological organization

stressor
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Key event relationship 
(KER)

2. AOPs are Modular



Key Events 
(KEs)

Functional unit of observation/verification
•Observable ∆ biological state (measurable)
•Essential (but not necessarily sufficient)
Description
•Methods for observing/measuring
•Taxonomic applicability

Two Primary Building Blocks

stressor
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Molecular initiating event (MIE) – A specialized type 
of KE that represents the initial point of chemical 
interaction, on the molecular level, within an 
organism, that results in a perturbation that starts 
the AOP.

Adverse Outcome (AO) – A specialized type of KE that 
is generally accepted as being of regulatory 
significance on the basis of correspondence to an 
established protection goal or equivalence to an 
apical endpoint in an accepted regulatory guideline 
toxicity test.

Principles of AOP Development



Two Primary Building Blocks

Key Event Relationships (KERs):  
Functional unit of inference/extrapolation

•Define a directed relationship
•Describes the conditions and likelihood KEup will trigger  KEdown.
•State of KEup provides some ability to predict or infer state of KEdown

•Supported by plausibility and evidence
•Quantitative understanding

KEupstream KEdownstream
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• By convention AOP consists of a 
single sequence of key events 
connecting an MIE to AO (no 
branches)

• AOP is a pragmatic simplification of 
complex biology

• For a “pure ligand” – functional unit 
of prediction

One set of directions from point A to point B, not the map of all 
possible routes

3. AOPs are a pragmatic functional unit of 
development and evaluation
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4. For most real-world applications, AOP networks 
are the functional unit of prediction

ER
Antagonism

Hepatocyte
Reduced 

VTG 
production

Ovary
Impaired 
Oocyte

Dev.

Female
Decreased 

ovulation/spawni
ng

Population
Declining 
Trajectory

Aromatase
Inhibition

Granulosa
Reduced E2 

synthesis

AR
Agonism

Theca/
Granulosa

Reduced T & 
E2 synthesis

Hypothalamic 
Neurons

(-) Feedback

Hepatocyte
Reduced 

VTG 
production

Ovary
Impaired 
Oocyte

Dev.

Female
Decreased 

ovulation/spawni
ng

Population
Declining 
Trajectory

Hepatocyte
Reduced 

VTG 
production

Ovary
Impaired 
Oocyte

Dev.

Female
Decreased 

ovulation/spawni
ng

Population
Declining 
Trajectory

CYP17, 
CYP11A

Inhibition

Theca/Granulosa
Reduced T & E2 

Synthesis

Hepatocyte
Reduced 

VTG 
production

Ovary
Impaired 
Oocyte

Dev.

Female
Decreased 

ovulation/spawni
ng

Population
Declining 
Trajectory

Key events shared by multiple AOPs KERs shared by 
multiple AOPs

Plasma
Reduced  

circulating E2

Plasma
Reduced  

circulating E2

Plasma
Reduced  

circulating 
E2

Principles of AOP Development



ER
Antagonism

Hepatocyte
Reduced 

VTG 
production

Ovary
Impaired 

Oocyte Dev.

Female
Decreased 
ovulation/ 
spawning

Population
Declining 
Trajectory

Aromatase
Inhibition

Granulosa
Reduced E2 

synthesis

AR
Agonism

Hypothalamic 
Neurons

(-) Feedback

CYP17, 
CYP11A

Inhibition

Plasma
Reduced  

circulating E2

• By building modular AOPs, we gradually describe the complexity of 
potential interactions.

• AOPs meet systems biology

Principles of AOP Development



AOP networks also a way to represent conservation and divergence of 
toxicological responses across taxa, life stages, etc.
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AOPs are a way of organizing existing knowledge

As methods for observing biology evolve:
 New possibilities for KEs

 Ability to measure KEs with greater precision/accuracy

As new experiments are published:
 Weight of evidence supporting (or rejecting) KERs grows

 New AOPs and new branches in AOP networks discovered

There is no objective “complete” 

5. AOPs are living documents
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5. AOPs are living documents

Stages of AOP 
Development Characteristics

Putative AOPs: Hypothesized set of KEs and KERs primarily supported by 
biological plausibility and/or statistical inference

Formal AOPs:
Include assembly and evaluation of the supporting weight of 
evidence – developed in AOP knowledgebase in accordance 
with internationally-harmonized OECD guidance

Quantitative AOPs:

Supported by quantitative relationships and/or 
computational models that allow quantitative translation of 
key event measurements into predicted probability or 
severity of adverse outcome

Operationally-defined “stages” of AOP development

Increasing

• Depth of 
evidence 

/understanding

• Transparency 
/defensibility

• Quantitative 
precision

• Cost
• Data needs

• Time
• All stages have potential utility
• Level of development desired/required depends on the application
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