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Abstract

Introduction—The Adverse Outcome Pathway framework is increasingly used to integrate data 

generated based on traditional and emerging toxicity testing paradigms. As the number of AOP 

descriptions has increased, so has the need to define the AOP in computable terms.

Materials and Methods—Herein, we present a comprehensive annotation of 172 AOPs housed 

in the AOP-Wiki as of December 4, 2016 using terms from existing biological ontologies.

Results—AOP Key Events (KEs) were assigned ontology terms using a concept called the Event 

Component, which consists of a Process, an Object, and an Action term, with each term 

originating from ontologies and other controlled vocabularies. Annotation of KEs with ontology 

classes from fourteen ontologies and controlled vocabularies resulted in a total of 685 KEs being 

annotated with a total of 809 Event Components. A set of seven conventions resulted, defining the 

annotation of KEs via Event Components.

Discussion—This expanded annotation of AOPs allows computational reasoners to aid in both 

AOP development and applications. In addition, the incorporation of explicit biological objects 

will reduce the time required for converting a qualitative AOP description into a conceptual model 

that can support computational modeling. As high throughput genomics becomes a more 

important part of the high throughput toxicity testing landscape, the new approaches described 

here for annotating key events will also promote the visualization and analysis of genomics data in 

an AOP context.
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Introduction

The twenty-first century has seen a shift toward the use of high throughput toxicity 

information to keep pace with the large number of chemicals in use today (1, 2). The need to 

assess an ever-increasing number of chemicals with better resource efficiency and reduced 

animal use, requires a shift to predictive toxicology, and a data and information management 

plan conducive to regulatory assessment.

The Adverse Outcome Pathway (AOP) framework, originally proposed by Ankley et al. (3), 

has emerged as an ideal tool for integrating various types of toxicity information from many 

sources (4) and thereby support predictive toxicology (Figure 1). An AOP portrays existing 

knowledge concerning the linkage between a molecular initiating event (MIE), the initial 

interaction between a xenobiotic and the biological system, and an adverse outcome (AO) 

that impacts individual health or well-being and/or the survival of a wildlife population. The 

AOP development process has matured (5, 6), and recent focus has shifted to the 

applications for this framework. To date, applications include Integrated Approaches to 

Testing and Assessment (IATA) (7, 8), Quantified Structure Activity Relationships (QSARs) 

(9), read-across (10, 11), safety evaluation of drugs (12), and prioritization of testing 

strategies and screening level hazard or risk assessments (13).

Given the key role for data management in supporting the many applications associated with 

AOPs, the AOP community has agreed to consolidate AOP information into a central 

knowledgebase (AOP-KB) that allows the scientific community to share, develop, and 

discuss AOPs. AOP-KB provides knowledge management for information supporting all 

phases of development, including putative, formal and quantitative AOP (qAOP) 

development (5). Identifying data in a computable standardized format, facilitates data 

integration and information sharing, including evidence integration (14). As the AOP-KB 

evolves to meet the needs identified by the OECD including open access, standardized 

representation of data, and consistency in reporting, a shared set of chemical, biological, and 

toxicological ontologies has emerged as a way to unify information across the AOP-KB.

An ontology can be considered as “an area of knowledge that is formalized, such that the 

individual terms (or concepts) are defined by a set of assertions that connect them to other 

terms” (15). It provides a shared controlled vocabulary to enable knowledge domain 

modeling through concepts, properties, and relations. There are a variety of ways to define 

and envision an ontology from the perspective of computational data science. Perhaps the 

simplest among them is to view an ontology as a set of logically connected nodes or classes 

where two nodes are related to each other by a property relationship in the form of a subject-

predicate-object called a triple. The most common format for describing these triples is the 

resource description framework (RDF). Note that all classes and their relationships in an 

ontology are annotated by a collection of controlled vocabulary terms.

To enable automatic information sharing and integration across knowledge domains 

computationally, however, these RDF data have to be semantically modeled by the RDF 

Schema (RDFS) and its extension, Web Ontology Language (OWL). Through a set of 

predefined constructs of OWL classes, OWL individuals, and OWL properties, for example 
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subClassOf, equivalentClass, disjointWith, subPropertyOf, equivalentProperty, etc., 

RDFS/OWL describe ontology classes and properties and provide them with contextual 

relationships. In short, an ontology represents a computable RDF document semantically 

encoded by RDFS/OWL. Multiple ontologies from different knowledge domains and species 

with shared vocabulary can be computationally integrated as a common knowledgebase.

An ontologized AOP-KB (O-AOP-KB), where individual Key Events (KEs) are annotated 

with ontology terms, offers several benefits. First, it enables a computer reasoner to make 

inferences and discover additional connections among KEs and AOPs. Second, it facilitates 

query of the AOP-KB beyond simple text matching at varying degrees of granularity. If a 

query consists of individual KEs or Key Event Relationships (KERs) with each containing 

only a single ontology class, the logical hierarchical structure built into an ontology graph 

allows accurate and complete retrieval of all its subsumed or equivalent entities. 

Semantically similar KEs or KERs could also be calculated. If a query contains a group of 

KEs belonging to a common AOP involving multiple ontology classes, semantically similar 

AOPs could also be retrieved. In this case, an AOP becomes equivalent to a profile of KEs, 

similar to the phenotypic profiles anchored by genes or diseases in the semantic analysis 

demonstrated in the Monarch Initiatives (16, 17). Finally, O-AOP-KB should also facilitate 

modular development of AOPs by encouraging reuse of KEs or KERs and reducing 

redundancy. Given these benefits, this study aims to provide ontology-based annotations of 

AOP KEs in the AOP-Wiki, and to illustrate how the O-AOP-KB contributes to improving 

current practices in the development, evaluation, and optimization of AOPs.

Methods

Review of Ontologies and Controlled Vocabularies

An initial review was conducted of Open Biomedical Ontologies (OBO) ontologies (18) 

(Supplementary Table 1), a few ontologies that were not OBO members, as well as several 

controlled biomedical vocabularies from the literature. From this, a minimum list (Table 1) 

of ontologies and vocabularies was chosen based on literature review of those containing 

entities at a level of biological organization applicable to AOPs; as well as characteristics 

and chosen vocabularies derived from existing ontologies, such as the Beta Cell Genomics 

project (19) and PubChem RDF project (20). The OBO Foundry ontologies selected were all 

reference ontologies rather than application ontologies. One controlled vocabulary, Medical 

Subject Headings (MeSH) (21), was selected due to its widespread use in the medical 

domain, even though it is not a formal ontology.

Ontologies and controlled vocabularies were both included in the minimum list (Table 1) in 

order to provide the most representative terms descriptive of AOP-Wiki KEs. Ontologies 

with infrequently used terms, as low as 1–3 classes across all KEs, were re-evaluated for 

inclusion in the minimum list. This selection represented the minimum number of ontologies 

that could accurately represent the biological space of KEs in the AOP-Wiki.
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Extension of the Existing AOP- Ontology

Burgoon and colleagues previously created an Adverse Outcome Pathway Ontology (AOPO) 

(https://github.com/DataSciBurgoon/aop-ontology) (22) to broadly support the development 

of decision support tools based on AOPs. The core ontology can then be extended to support 

a variety of uses (23). This work extends the AOPO (Figure 2) as a basis for incorporating 

the terms from the selected biological ontologies to more fully describe the KEs of an AOP. 

The extension of this ontology is intended to be in concert with the RDF triple/RDFS/OWL 

framework for semantic representation of information (24).

This work relies on a new concept called the Event Component (Figure 2), which is based on 

terms from existing biological ontologies (Table 1). According to this concept, each Event 

Component was defined via a Process, an Object, and an Action term. The Process 

represents the dynamics of the underlying biological system (e.g. receptor signaling). The 

Object was the subject of the perturbation, for example, a specific biological receptor that is 

activated or inhibited. Ideally, the Process and the Object represent the normal biology that 

is perturbed as part of the AOP, and not the perturbation itself. Limitations of the existing 

ontologies made exceptions to this necessary, however. It is important to note that the 

process and object terminology refer to biological processes and objects and therefore do not 

necessarily correspond with a continuant/occurrent classification in ontological terms (25).

The Action represents the perturbation of the system described by the other two terms that 

results in this KE (e.g. ‘decreased’ in the case where a receptor is inhibited to indicate a 

decrease in the signaling by that receptor). Action terms were based on a short list of terms 

(Table 2) deemed sufficient to cover the expected cases across current and future AOPs. 

These terms represented a summary of qualities chosen from the Phenotypic Attribute and 

Trait Ontology (PATO) ontology (26); for example, “increased,” “decreased,” and 

“functional change.”

A fourth and separate term, the Context, was incorporated to represent the location or 

biological environment in which the KE took place. The Context term was tied to the level 

of biological organization as described by authors in the AOP-Wiki. For KEs with molecular 

or cellular level of biological organization, the KE was assigned a Cellular or Organ context. 

For KEs at the tissue or organ level of biological organization, the KE was assigned an 

Organ context. KEs at the individual or population levels of biological organization were not 

assigned a Context, as their biological context was represented by the existing "Taxonomy," 

"Sex," and "Life Stage" of applicability terms in the AOP-Wiki.

Annotation of AOP-Wiki Key Events

As one of the modules making up the AOP-KB, the AOP-Wiki (https://aopwiki.org) 

supports collaborative development of AOP descriptions in an encyclopedia-style text 

format, and captures the evidence supporting AOPs. Following selection of the ontologies, 

KEs from the AOP-Wiki were mapped to classes from the chosen ontologies in Table 1. KE 

titles and text on individual KE Wiki pages were manually reviewed for text phrases 

representative of KEs. Query text phrases were entered into three ontology browser sites: 

Ontobee (27), NCBO Bioportal (28), and the EMBL-EBI Ontology Lookup Service (29). 
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From the browser's list of output “hits,” ontology classes were reviewed in order to find the 

appropriate matching class for annotation. Classes were selected based on the 

appropriateness of the definition in capturing the biology occurring in the KE description, 

and choice from the ontology tree of the most specific class or target node available that 

matched the level of detail provided in the KE description.

The resulting annotation of KEs with ontology classes from the minimum list was compiled 

in Excel. AOP-Wiki authors provided a list of MIEs associated with target genes targeted in 

the ToxCast effort (30), annotation of these gene targets were provided by Object terms 

primarily from Protein Ontology (PRO) (31), MeSH (21), and Gene Ontology (GO) (32). 

Manual curation was conducted initially with two reviewers, followed by consultation with 

the original authors of all annotated AOPs. Annotated AOPs were delivered as an Excel 

table to AOP authors for their review and commentary. Following the incorporation of 

author feedback, annotated KEs were included in the AOP-Wiki on September 9, 2017.

Results

A review of OBO-compliant ontologies (18) was conducted in order to choose a minimum 

list of ontologies and controlled vocabularies (Table 1) from which to draw ontology terms 

or “classes”. A full list of the ontologies considered is provided in Supplementary Table 1. 

OBO Foundry ontologies were chosen as the most broadly accepted and syntactically 

uniform ontologies available when possible. Ontologies were reviewed based on published 

literature for their domain of study, their taxonomic applicability, syntax and available 

format for download, the level of biological organization that they cover from molecular to 

population, whether the ontology imported or aggregated other data sources, and their state 

of active development (33). The upper level Relations Ontology (RO) (34) and Basic Formal 

Ontology (BFO) (25) were excluded from review, as many of their terms are imported and 

reused in other OBO Foundry member ontologies (35).

For 172 current AOPs in the AOP-Wiki as of December 4, 2016, annotation of KEs with 

ontology classes (Supplementary Table 2) resulted in a total of 685 KEs being annotated for 

165 of the 172 AOPs with a total of 809 Event Components, 651 of which were unique. A 

total of 61 unique Cellular context terms from Cell Ontology (CL) (36), and 60 Organ 

context terms from the Uber Anatomy Ontology (Uberon) (37), were used.

Development of the Event Component data model and annotation of existing wiki entries 

was an iterative process. The result was a set of conventions listed below for annotating KEs 

via Event Components:

1. Multiple Event Components

KEs as currently defined based on the existing guidance (38) tend to capture a 

broader portion of the biological system than can be defined using a single 

biological process or object. As a result, to fully describe the KE using explicit 

biological entities, multiple Event Components may be needed with at least one 

required. This provides more flexibility in describing the KE at early stages of 

AOP development. Over time, it may be determined that some KEs should be 
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split while others should be merged. Having formal descriptions of Event 

Components should assist with this process.

2. Required terms for Event Components

Empirically, most Event Components were best described using the Process-

Object-Action syntax as defined in the Event Component model. However, it was 

noted that in a minority of cases, the Event Component is best described using 

only the process or object term coupled with an action representing the 

perturbation. While this limitation could be overcome by extending the existing 

biological ontologies, such an extension will introduce external dependencies for 

the annotation process. As a result, the Event Component requires a Process or 

an Object term but does not require both. Because the Action term represents the 

perturbation of the system that defines the KE, this is always a required term.

3. Excluded entities

The goal of this project was to annotate the abstract KE concept with explicit 

biological entities to promote a computational understanding of the system. 

Because of this, only ontologies that explicitly defined biological objects and 

processes were considered. Descriptions of the experiments or assays that would 

be used to measure the KE will be considered separately (23). Chemical entities 

were only included if they are normally produced endogenously (e.g. estrogen); 

xenobiotics should not be an intrinsic part of the KE. Keeping the biological 

description of an AOP distinct from the measurements associated with each KE 

clearly delineates the measurements used, which may change over time for 

practical reasons, from the fundamental biology, which shouldn’t change except 

as a consequence of our expanding knowledge of the system.

4. Specificity

When a search query resulted in multiple “hits,” it was determined that the most 

specific or “child” ontology class should be selected to accurately represent the 

KE, in accordance with the accepted best practices for use of ontologies. When 

reviewing the level of detail recorded in existing AOPs, however, we noted that 

most of the time the description of the KEs is not as specific as the terms in 

many of the biological ontologies. For this reason, we provide a caveat to this 

convention that the term should be the most specific term from the ontology that 

matches the level of detail of the text-based KE description.

5. Consideration of taxonomic applicability

Efforts were made to match the chosen ontologies based on taxonomic 

applicability as defined in the KE description. When a KE included multiple 

taxons, an ontology that was minimally taxon-specific was chosen in order to 

maximize reuse of Event Component terms across AOPs. In the case of MIEs 

affecting a target gene, orthology was assumed and the minimally taxon-specific 

Object protein was chosen, unless the author specified a taxon-specific protein.

6. Action terms
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The subset of Action terms selected for representation in the AOP-Wiki were: 

increased, decreased, morphological change, functional change, occurrence, 

disrupted, arrested, delayed, premature, abnormal, and pathological. Initially, 

reviewers used the set of all PATO terms (26) for annotation and mapped these to 

the smaller subset of Action terms (Table 2). These user-friendly terms were 

based on what would be more immediately comprehensible for AOP-Wiki users 

and would typically map to more than one term from PATO.

7. Cell and Organ Context

As many KE descriptions did not specify a biological context in which they 

occurred, and since Context was blank at the higher levels of organization, the 

Cell or Organ Context term was optional. Cell Context terms were restricted to 

those derived from the CL ontology (36) while Organ terms were restricted to 

those derived from Uberon (37). Molecular or Cellular level events had a 

Cellular Context or an Organ Context; while events at the Tissue or Organ levels 

of biological organization had only an Organ Context. In the case of an event 

occurring at a subcellular level, for example “Mitochondrial dysfunction,” the 

context was still Cellular but the subcellular location was specified by the Object 

term. Annotation of “Mitochondrial dysfunction” resulted in the Object term, 

‘mitochondrion’ (GO:0005739) and the cell context remained ‘eukaryotic cell’ 

(CL:0000255). In general, 'eukaryotic cell' (CL:0000255) was chosen to 

represent a KE at the molecular or cellular level without a specified Cellular 

context. In some cases, the same KE occurred in multiple AOPs, but with 

different Cell or Organ contexts. In the future, authors will be encouraged to 

think about the importance of biological context when defining KEs.

While the conventions listed above were based on the comprehensive annotation of the 

AOPs in the AOP-Wiki at the beginning of this effort, the following case studies from the 

AOP-Wiki (39) highlight the rationale behind these conventions.

Case Example 1: Aromatase inhibition leading to reproductive dysfunction

A summary diagram of the annotated AOP is presented in Figure 3 with additional details in 

Supplementary Table 3; current information on this AOP is available online at https://

aopwiki.org/aops/25 (40, 41). Where KEs represented enzyme activation or inhibition, it was 

determined that ‘aromatase activity’ (GO:0070330) was a more accurate representation than 

‘signaling’ (GO:0023052), though both terms could be used to describe the interaction of a 

ligand with a receptor to result in an intracellular response. According to convention (4), the 

Process term chosen to best represent the MIE “Aromatase, Inhibition” was ‘aromatase 

activity’ (GO:0070330), a subclass of ‘catalytic activity’ (GO:0003824). Illustrating 

convention (5), while the taxonomic applicability of this AOP is fish species, the Object term 

'cytochrome P450 19A1' (PR_000006100) was chosen to describe, "A protein that is a 

translation product of the human CYP19A1 gene or a 1:1 ortholog thereof" (31).

The KE "17beta-estradiol synthesis by ovarian granulosa cells, Reduction" illustrates 

convention (3); the Event Component includes the Object term ‘17beta-estradiol’ (CHEBI:

16469) (42). Since 17beta-estradiol is an endogenous chemical entity produced by synthesis 
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in granulosa cells, it was included in the annotation as the Object of 'estrogen biosynthetic 

process' (GO:006703). Illustrating convention (6), the Action term 'decreased' represents a 

decreased concentration of circulating 17beta-estradiol.

The KE “Vitellogenin synthesis in liver, Reduction” describes transcription of vitellogenin 

genes being regulated by estrogens via their action on specific nuclear receptors (40, 41). 

According to convention (4), the most specific descriptive class should be chosen to describe 

“vitellogenin synthesis,” however, this example illustrates a case in which a higher-order 

term was chosen in order to better illustrate the author’s intent. Since the author did not 

specify “transcription” or “translation” when naming this KE, the more generic Process term 

‘gene expression’ (GO:0010467) was chosen to describe transcription of genes specific to 

vitellogenin, and synthesis of the Object protein 'Vitellogenins' (MESH_D014819), 

according to convention (4). In the GO hierarchy, ‘gene expression’ (GO:0010467) is a 

parental class for ‘transcription, DNA-templated' (GO:0006351) and for ‘translation’ (GO:

0006412), so it includes both of these processes involved in protein synthesis.

For the KE, “Cumulative fecundity and spawning, Reduction,” the Process term ‘egg 

quantity’ (VT:1000294) (43) was chosen as a reproductive system trait describing fecundity. 

Illustrating convention (6), the Action modifier ‘decreased’ described a reduction in the 

amount of the ‘egg quantity.’ Illustrating convention (2), the Event Component describing 

the KE does not have a Process term, but is adequately described by the Object term 'egg 

quantity' combined with the Action term 'decreased.'

For the KE “Plasma vitellogenin concentrations, Reduction,” initially the Process term 

'abnormal circulating protein level' (MP:0005416) was considered, but it was determined 

that the combination of the Object term ‘vitellogenins’ (MESH_D014819) and the Action 

term ‘decreased’ was sufficient to represent the KE in conjunction with its context without 

the need for a Process term, illustrating convention (2). Similarly, for the KE “Plasma 

17beta-estradiol concentrations, Reduction,” initially the Object term ‘abnormal circulating 

hormone level’ (MP:0005418) was considered. After consideration of this event in multiple 

AOPs, it was discussed that the KE could be accurately described using the terms ‘17beta-

estradiol’ (CHEBI:16469) and ‘decreased’ without the use of the phenotype term from MP. 

The Organ Context ‘blood plasma’ (UBERON:0001969) described both KEs involving a 

decreased concentration of hormone or protein in plasma.

Illustrating convention (1), the KE "Vitellogenin accumulation into oocytes and oocyte 

growth/development, Reduction" illustrates that KEs can have multiple Event Components. 

The first Event Component, consisting of a triple of the terms ‘receptor-mediated 

endocytosis’ (GO:0006898), ‘vitellogenins’ (MESH_D014819) and ‘decreased’, describes 

the decreased uptake of vitellogenin from the blood by oocytes via receptor-mediated 

endocytosis (40, 41). The second Event Component, ‘oocyte growth’ (GO:0001555) and 

‘decreased’, describes reduced oocyte growth during vitellogenesis. The third component, 

‘oocyte development’ (GO:0048599) and ‘decreased’, describes reduced oocyte 

development. This cellular level KE occurs in the ‘oocyte’ (CL:0000023), so the Context 

was repeated for all three Event Components.
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Illustrating convention (7), for the AO, “Population trajectory, decrease” no Cellular or 

Organ context is defined because this is a population-level event and the Context is fully 

captured by the Life Stage/Sex/Taxonomic Applicability fields. The Action term 

‘Decreased’ modifies ‘population growth rate’ (PCO_0000008), describing a decreased rate 

of population growth.

Case Example 2: Chronic binding of antagonist to N-methyl-D-aspartate receptors 
(NMDARs) during brain development induces impairment of learning and memory abilities

A summary diagram of the annotated AOP is presented in Figure 4 (Supplementary Table 3); 

current information on this AOP is available online at https://aopwiki.org/aops/13 (44, 45).

Annotation of this AOP highlights multiple points for consideration. First, the MIE 

"NMDARs, Binding of Antagonist" and the first KE "Inhibition of NMDARs" initially 

resulted in identical Process terms, with ‘signaling’ (GO:0023052) encompassing both of the 

text terms "inhibition" and "binding." Although Event Components within an AOP may have 

shared Process terms, identical Event Components shouldn't occur for two different KEs 

within a single AOP. Discussion with AOP authors resulted in a changed annotation for these 

KEs, and the resultant Process terms ‘NMDA glutamate receptor activity’ (GO:0004972) 

and ‘signaling’(GO:0023052) for the MIE and first KE, respectively. These annotations were 

completed by the search of Object terms able to adequately describe the event Processes. A 

search query for 'NMDA receptors' retrieved several results from various ontologies: 

‘NMDA selective glutamate receptor complex’ (GO:0017146), 'Receptors, N-Methyl-D-

Aspartate' (MeSH_D016194), and ‘glutamate receptor ionotropic, NMDA 1’ (PR:

000008245). In this case, the author did not specify a particular subunit, so the term 

descriptive of the complex (GO:0017146) was preferred. Where possible, GO terms were 

preferred to MeSH terms because GO is an ontology, while MeSH is a controlled 

vocabulary, so ‘NMDA selective glutamate receptor complex’ (GO:0017146) was preferred 

to 'Receptors, N-Methyl-D-Aspartate' (MeSH_D016194). Finally, in accordance with 

convention (4), the term ‘NMDA selective glutamate receptor complex’ (GO:0017146) was 

selected for the Object term of the MIE as well as for the Object of the first KE. Illustrating 

convention (6), for the MIE, the action term ‘arrested’ was selected to modify the Process 

term ‘NMDA glutamate receptor activity’ (GO:0004972), describing arrested receptor 

activity. For the first KE, the action term ‘arrested’ was also chosen to modify ‘signaling’ 

(GO:0023052).

Secondly, this AOP brings up a discussion regarding the selection of terms for inter- and 

intracellular transport. GO defines ‘transport’ (GO:0006816) as "The directed movement of 

substances into, out of or within a cell, or between cells, or within a multicellular organism 

by means of some agent such as a transporter or pore." Illustrating convention (4), ‘calcium 

ion transport’ is a subclass of ‘ion transport,’ and both are children of the parent class 

‘transport.’ In order to ensure specificity of this Process term, the more specific class 

‘calcium ion transport’ was chosen along with the Object term ‘calcium ion’ (CHEBI:

39124) from ChEBI.

For the KE "Release of BDNF, Reduced," the text describes the transcription and release of 

BDNF from glutamatergic neurons. This was another instance in which an exception was 
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made in order to more accurately capture the AOP author’s intent. According to convention 

(4), the most specific descriptive class should be ‘brain-derived neurotrophic factor receptor 

activated activity’ (GO:0060175); however, this example illustrates a case in which a higher-

order term, ‘gene expression’ (GO:0010467) was chosen. ‘Gene expression’ (GO:0010467) 

is a parent class for ‘transcription, DNA-templated’ (GO:0006351) and for ‘translation’ 

(GO:0006412), so the subsuming class was chosen. Illustrating convention (1), a second 

Event Component used the term ‘secretion’ (GO:0046903) as the Process term to describe 

release of the protein. The KE "Dendritic morphology, Aberrant" illustrates the choice of 

Action terms following convention (6), and ‘abnormal’ was the chosen modifier for the 

Process term ‘dendrite morphogenesis’ (GO:0048813). ‘Dendrite’ (GO:0030425) was the 

chosen Object of the morphological change.

The annotation of KEs relating to synaptic function highlights convention (4). For the KE 

"Presynaptic release of glutamate, Reduced," it was determined that ‘glutamate secretion, 

neurotransmission’ (GO:0061535) was the most applicable process. In GO, ‘glutamate 

secretion, neurotransmission’ is a subclass of ‘Neurotransmitter secretion’ (GO:0010554), 

and it was appropriate to specify neurotransmitters in order to include ‘Glutamate’ (CHEBI:

14321) as the Object term, as defined by convention (3). For the KE "Synaptogenesis, 

Decreased," ‘synapse assembly’ (GO:0007416), which is a subclass of ‘cellular component 

assembly’ (GO:0022607), was chosen as the Process from a query for "synaptogenesis." 

Conversely, in the case of the event "Neuronal network function, Decreased," the query term 

"neuronal network communication" did not have an exact match in GO, but from the KE 

description the Process term was determined to be ‘synaptic signaling’ (GO:0099536).

The AO, “Learning and memory, Impairment” was initially annotated with the Process term 

‘learning or memory’ (GO:0007611), defined as "The acquisition and processing of 

information and/or the storage and retrieval of this information over time." As ‘learning or 

memory’ (GO:0007611) is a higher-order term, with subclasses ‘learning’ (GO:0007612) 

and ‘memory’ (GO:0007613), two Event Components were constructed in order to specify 

these two processes individually according to convention (4).

Case Example 3: PPAR-alpha activation in utero leading to impaired fertility in males

Peroxisome Proliferator Activated Receptor α (PPARα) is a ligand-activated transcription 

factor which belongs to the family of nuclear receptors and acts as key regulator of lipid 

metabolism. The linkage between the activation of PPARα and the impairment of 

steroidogenesis leading to effects on reproduction is supported by evidence in both rodent 

and human studies and described in an AOP currently under review (https://aopwiki.org/

aops/18) (46, 47). A summary diagram of the annotated AOP is presented in Figure 5 

(Supplementary Table 3).

The Process underlying the MIE, "PPARα, activation," was initially annotated with the term 

‘signaling’ (GO:0023052) defined as, "The entirety of a process in which information is 

transmitted within a biological system. This process begins with an active signal and ends 

when a cellular response has been triggered." In order to describe the underlying molecular 

process in its entirety, from the ligand-mediated activation of the transcription factor to its 

following translocation to the nucleus, the class ‘peroxisome proliferator activated receptor 
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signaling pathway’ (GO:0035357), a subclass of ‘signal transduction’ (GO:0023033) was 

chosen in accordance with convention (4). The directionality of the Process is defined by the 

Action term ‘increased,’ as illustrated by convention (6) and the Cell Context term 

‘eukaryotic cell’ (CL:0000255) was used to represent the wide range of PPARα expression 

(46, 47).

For the KE, "Testosterone level, Reduction," the text describes the reduction of circulating 

testosterone in the bloodstream (46, 47). As a whole, annotation of this KE combines 

different conventions. At first, the Object term ‘abnormal circulating hormone level’ (MP:

0005418) was chosen to capture the imbalance of hormone levels in the blood. After 

considering similar events across multiple AOPs, it was decided that annotation of this KE 

with the Object term ‘testosterone’(CHEBI:17347) and the Action term ‘decreased’ was 

sufficient to describe reduced levels of circulating testosterone. Illustrating convention (2), 

the Process term of this KE was left blank. The Organ Context, ‘blood’ (UBERON:

0000178) represents the biological context in which this KE occurs, illustrating convention 

(7).

The revision of this annotation following discussion with authors showcases that there are 

multiple ways that a KE could be described using terms from the ontologies in the minimum 

list.

The two AOs were annotated without a Process term, as shown by convention (2). The AO 

"Male reproductive tract, Malformation," was described by using 'male reproductive organ' 

(UBERON:0003135) as the Object term together with the Action modifier ‘morphological 

change’. For this AO, which is at the Organ level of organization, the Organ Context was 

specified as indicated by convention (7) by ‘Male reproductive system' (UBERON:

0000079). To represent the AO "Fertility, impaired," the term 'fertility' (MeSH_D005298) 

was selected as the Object along with the Action 'decreased.' In this case, since the AO is at 

the individual level of biological organization, the context is not captured through ontology 

terms but is captured elsewhere in the AOP by the sex, taxonomic, and life stage 

applicability fields.

Case Example 4: Inhibition of Thyroperoxidase and Subsequent Adverse 
Neurodevelopmental Outcomes in Mammals

A summary diagram of the annotated AOP is presented in Figure 6 (Supplementary Table 3); 

current information on this AOP is available online at https://aopwiki.org/aops/42 (48). The 

MIE, "Thyroperoxidase, Inhibition," is described by the Process term 'iodide peroxidase 

activity' (GO:0004447), Object term 'thyroid peroxidase' (PR:000016584), and the Action 

term 'decreased.' Selection of 'thyroid peroxidase' (PR:000016584) illustrates convention (5), 

as taxonomic applicability for the MIE includes multiple taxons and species orthology was 

assumed in the choice of terms. ‘Thyroid peroxidase’ (PR:000016584) is defined as “A 

protein that is a translation product of the human TPO gene or a 1:1 ortholog thereof” (31). 

'Thyroid follicle,' (UBERON:0005305) represents the Organ context in which catalysis of 

thyroperoxidase was occurring, according to convention (7).
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The KE "Thyroid hormone Synthesis, Decreased," initiated a discussion about the Process 

term. A query of GO terms resulted in two possible options, 'hormone metabolic process' 

(GO:0042445) and its subclass, 'thyroid hormone generation' (GO:0006590). 

Ultimately, ’thyroid hormone generation’ (GO:0006590) was chosen in order to specify the 

formation of thyroid hormone in accordance with convention (4).

The next KEs, "Thyroxine (T4) in serum, decreased," and "Thyroxine (T4) in neuronal 

tissue, decreased," were the subject of further discussion with authors. Initially, this KE was 

described using the MP terms, 'abnormal circulating hormone level' (MP:0005418), and 

'abnormal hormone level' (MP:0003953) for Process. However, the authors didn't think the 

use of phenotypes to describe this KE was intuitive, and suggested deprecation of MP terms. 

The Object term ‘thyroxine’ (CHEBI:30660) and the Action term ‘decreased’ were 

sufficient to describe the KE in both cases, without the need for a Process term, following 

convention (2).

Secondly, this KE illustrates convention (7); the Organ Context terms, 'serum' (UBERON:

0001977), and 'brain' (UBERON:0000955), specify the location in which these KEs occur.

The following KE, "Hippocampal Gene Expression, Altered," illustrates the point brought 

up in Case Example 1 regarding the description of gene expression and protein translation. 

In this situation, the Process term, 'regulation of gene expression' (GO:0010468), defined as 

"Any process that modulates the frequency, rate or extent of gene expression," was used to 

specify upregulation of genes in the developing brain. The Object term 'hippocampal 

formation' (UBERON:0002421) was used to denote the object of gene expression.

The KE, "Hippocampal Anatomy, Altered," illustrates convention (6). The Action term, 

'morphological change,' is used to describe a structural change in the hippocampus. In the 

following KE, "Hippocampal Function, Decreased," the Action term 'abnormal’ denotes 

altered synaptic function in the hippocampus.

The AO, "Cognitive Function, Decreased," illustrates convention (1), having two Event 

Components in order to accurately portray changes in both Processes 'learning or memory' 

(GO:0007611) and 'cognition' (GO:0050890) as portrayed by the KE description in the 

AOP-Wiki. Unlike annotation of the KE “Learning and memory, Impairment” in Case 

Example 2, the more generic term ‘learning or memory’ (GO:0007611) was chosen, since 

the author didn’t specify ‘learning’ (GO:0007612) or ‘memory’ (GO:0007613). Since the 

AO is at the Individual level of biological organization, it did not have a Context term, 

illustrating convention (7).

Case Example 5: Protein Alkylation leading to Liver Fibrosis

The development of liver fibrosis is the result of a complex process involving many hepatic 

cell types, receptors and signaling pathways (49, 50). A summary illustration of the 

annotated AOP is presented in Figure 7 (Supplementary Table 3); further information on this 

AOP to date is available online at https://aopwiki.org/aops/38.

Annotation of the KE, "Cell injury/death," illustrates convention (2). The term "cell death" 

(GO:0008219) was selected for Process in the absence of an exact match for the query, "cell 
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injury," and also in accordance with the KE text description, which focuses on mechanisms 

of apoptosis and necrosis (49, 50). The context is described by 'eukaryotic cell' (CL:

0000255), according to convention (7).

According to convention (4), for the KE, “TGFbeta1 expression, Up Regulation,” the 

Process, ‘transforming growth factor beta1 production’ (GO:0032905), was chosen to 

represent the expression of TGFbeta1. Unlike in Case Example 2, which had two Event 

Components to describe the separate processes “gene expression” and “secretion” according 

to convention (1) one Event Component was adequate to describe this KE.

The KEs, "Activation and Recruitment of Hepatic macrophages (Kupffer Cells), Increased," 

and, "Stellate cells, Activation," both describe cellular activation. According to convention 

(4), they were annotated similarly using the Process terms, ‘macrophage activation’ (GO:

0042116) and ‘hepatic stellate cell activation’ (GO:0035733), both sub-classes of 'cell 

activation' (GO:0001775), defined as, "A change in the morphology or behavior of a cell 

resulting from exposure to an activating factor such as a cellular or soluble ligand" (32). 

"Kupffer cell" (CL:0000091) and, "hepatic stellate cell" (CL:0000632), respectively, were 

designated as both the Object term and the cellular context for these two events.

To describe the development of the AO, “Liver fibrosis,” 'liver fibrosis' (MP:0003333) was 

chosen as the Process term with the Object term ‘liver’ (UBERON:0002107). This 

annotation was completed by the Action term, ‘occurrence’, and the Context term, ‘liver’ 

(UBERON:0002107) according to convention (7), since this AO is an organ level event. In 

this case our object term matches the context term because the object is in fact the organ. 

Both terms are important, however, because we want to support queries/reasoners that are 

focused on one term or the other.

Discussion

Hundreds of ontologies and controlled vocabularies representing disparate domains are 

publicly available on the web. A comprehensive review (Supplementary Table 1) of them to 

inform the AOP framework at various levels of biological organization led to the selection of 

a minimum list (Table 1) of ontologies and vocabularies, from which individual terms 

(classes) were queried. The minimum list was dynamic, as ontologies that were not used 

were discarded and ontologies that were needed were added. Ontologies such as Population 

and Community Ontology (PCO) (51), and Protein-protein interaction (MI) (52) that were 

minimally used in the mapping, will be reconsidered in future to see if identical classes from 

other ontologies can adequately describe these KEs. In this way, the number of ontologies in 

the minimum list would be reduced, making parsing of terms more efficient. It is also likely 

that future AOPs may fall outside the scope of the minimum list, requiring the addition of 

new ontologies to represent these domains. Further discussion with authors brought up the 

need to consider including ontologies such as Cell Behavior Ontology (53), representing 

existential behaviors of cells, and eNanoMapper (54) ontology, representing common 

vocabulary terms used in nanosafety research, in the minimum list.
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The triplicate Event Component model consisting of a Process, Object, and an Action; and 

the Context entity for mapping KEs to ontology classes was effective for the majority of 

AOPs examined. However, there were a few KEs for which a suitable set of terms could not 

be found in the minimum list. For example, for the KE, "Skin, sensitization" (55), the 

annotation curators and the AOP authors were not able to come to a consensus, as no 

representative Process term was found in the minimum list of ontologies. AOP authors 

suggested the term, 'skin sensitization' (ENM:0000034), from the eNanoMapper ontology 

(54). The focus for this initial round of annotation was to describe normal biological 

processes and their perturbation by exogenous stressors. Still to be considered is whether a 

separate effort should be made to explicitly define the aberrant phenotype using ontological 

terms, or whether these should be included in the biological description of the KE. There are 

several ontologies that would be suitable for this purpose.

The minimum list adequately characterized the biological space currently represented by 

KEs. In this annotation, the most representative ontology for the Process term was GO, 

representing the majority of Process terms at all levels of organization, but especially at the 

molecular and cellular levels. The most representative ontologies for Object terms were 

ChEBI and PR, representing chemical entities and proteins respectively.

The subset of eleven action terms (Table 2) was chosen based on the definition of the Action 

entity to provide the most comprehensible term selection for AOP-Wiki users, and can be 

expanded in future if needed. The original set of PATO classes chosen describes qualities 

(26), and it was thought that these terms would be confusing to users. In addition, using a 

short list of well-defined terms should increase the consistency of term usage by different 

authors, which is extremely important when using these objects for computational reasoning 

applications.

As KEs were annotated, the need became apparent for a set of conventions to define their 

annotation. Case examples showcased the application of these conventions, and other 

specific issues that came up during manual curation. One concern brought up in discussion 

with experts was the need to ensure that these conventions were defined in such a way that 

two people mapping KE terms to ontology classes are most likely to arrive at an identical 

annotation. Convention (4) was implemented in order to clarify the choice of terms based on 

specificity and compliance with semantic principles. As described in the Case Examples, 

there were a few instances where the annotation curators were not able to choose the most 

specific term possible because author-provided descriptions of KEs are usually in more 

general terms.

The annotated KEs can easily be translated later onto post-composed ontology classes using 

commonly adopted Entity-Quality (EQ) statement syntax (56). Based on the EQ model, Web 

Ontology Language (OWL) has been used for the formalization of phenotype descriptions, 

as a means to represent complex phenotypes by a combination of a quality and one or more 

entities (57). From there, conversion to post-composed ontology classes should be 

straightforward. MeSH was an exception; as a controlled vocabulary, it does not subscribe to 

OWL semantics (57), but it was included in the minimum list in order to represent disease-

related terminology that wasn’t otherwise available from ontologies in the minimum list. For 
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the purposes of the Wiki, MeSH terms were used interchangeably with ontologies; however, 

consideration would need to be given were MeSH to be integrated in an extension of the 

original AOP-Ontology (23). In the future, if the set of ontologies chosen for this project are 

to be integrated into a unique ontology, and for better integration with the existing AOPO 

(23), the Ontology for General Medical Science (OGMS) (58) and other ontologies such as 

SNOMED CT (59) and ICD-11 (60) should be considered both as replacements or 

extensions to our biological descriptions and as more formal descriptions of the associated 

measurements.

The Event Component information described herein was incorporated in the AOP-Wiki on 

September 9, 2017 (39). In the future, authors will be encouraged to annotate new AOPs 

using the best practices defined here and the controlled terminology based on terms from the 

selected ontologies. As bioinformatics approaches supporting the AOP development process 

mature (14, 61), the inclusion of explicit ontology terms in the description of KEs should 

become automatic. The Event Component model has direct application in informing users of 

capabilities in the AOP-Wiki through improving query of existing KEs, and by providing 

more flexibility for authors in creating new KEs. By separating Event Component entities 

into the Process, Object, and Action terms for use in searching, authors can create a new KE 

when a very similar one exists to account for cases where slight differences in the 

perturbation of the same part of the biological system can result in disparate AOPs. 

Currently, the AOP-Wiki contains ontology terms from the minimum list (Table 1), allowing 

AOP authors to choose Event Component entities for annotation of newly created KEs.

In the broader context of the needs of the AOP-KB, O-AOP-KB provides several advantages 

over text-only descriptions of KEs. The ability to explicitly attach scientific evidence in 

support of the AOP, including assays and biomarkers linked to KEs, allows for the 

development of tools that integrate and display these data in the context of an AOP. As this 

project progresses, ontologies and controlled vocabularies representing the domains of 

experiments and ecology will perceivably be added in order to better describe measurements 

and endpoints. As high-throughput genomics becomes a major source of high-throughput 

toxicity testing results, this factor becomes increasingly important. For instance, defining 

each KE in terms of a set of Event Components allows many specific genes (mapped to the 

objects in our annotation scheme) to be associated with a single KE. This is a critical step in 

mapping genomics and proteomics information onto an AOP that is defined at a much more 

abstract level.

The greatest effort was made to match the author’s intent as revealed in the KE description 

(39), with the intention of providing associations useful for other AOP-KB modules and 

external applications in the future. For example, an associated AOP-Database application 

(AOP-DB) could use the Event Component model to provide support for relating AOPs to 

genes, chemicals, diseases, pathways, species orthology, and gene interaction information, 

via inferred associations (62). In this way, O-AOP-KB will support aggregation of data from 

high throughput screening assays and experiments to inform KEs. O-AOP-KB also 

reinforces AOP networks, which can then be used for further AOP identification and 

evaluation (14). By identifying explicit ontology classes as part of KEs, this greater 

Ives et al. Page 15

Appl In Vitro Toxicol. Author manuscript; available in PMC 2018 December 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



resolution brings in the full power of ontology-based semantic analysis to discover implicit 

connections among KEs and AOPs.

The nature of ontology enables information sharing and integration across species and 

knowledge domains computationally, which supports the evaluation of taxonomic relevance 

of KEs (14). Nodes (classes) in an ontology graph are both semantically and logically 

informative based on their positions in the hierarchy. The KEs and AOPs from various taxa, 

when annotated with ontology terms, can be semantically compared across species for 

similarities. The resultant KEs that are highly similar should be considered for 

consolidation. The AOPs that are highly similar, on the other hand, indicate common 

biology among the species involved and a wider range of applicability for such AOPs. O-

AOP-KB also facilitates qAOP development backed by computational systems models (61, 

63) by referencing explicit biological entities suitable for developing computational models 

of systems described by AOPs or AOP networks. This approach can speed up the 

development of qAOPs by providing explicit biological entities underlying the KEs and a 

better understanding of how AOPs interact with one another to form AOP networks.

In summary, application of the Event Component model to case studies of existing high-

priority AOPs within the AOP-Wiki demonstrates its applicability to these use cases. Shared 

biological, chemical, and toxicological ontologies will be useful not only to the AOP-Wiki, 

but across all modules of the AOP-KB, in promoting the development of AOP-based 

computational decision-support tools and knowledge interoperability as a whole (64). Future 

directions include the possible incorporation of explicit regulatory endpoints and mapping of 

AOs with terminology from OECD harmonized templates (65).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Table 1

List of ontologies used for annotating key events
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Table 2

List of action terms derived from PATO

Action PATO term ID

increased increased process quality PATO:0002304

increased object quality PATO:0002305

increased amount PATO:0000470

increased concentration PATO:0001162

increased duration PATO:0000498

increased behavioral activity PATO:0000760

decreased decreased process quality PATO:0002302

decreased quality PATO:0002301

decreased object quality PATO:0002303

decreased concentration PATO:0001163

decreased fecundity PATO:0001696

decreased amount PATO:0001997

decreased rate PATO:0000911

decreased thickness PATO:0000592

decreased speed PATO:0000304

morphological change deformed PATO:0001617

accumulation PATO:0002269

malformed PATO:0000646

functional change insufficient PATO:0001628

non-functional PATO:0001511

damage PATO:0001020

occurrence occurrence PATO:0000057

temporal distribution quality PATO:0002323

disrupted disrupted PATO:0001507

arrested arrested PATO:0000297

delayed delayed PATO:0000502

premature acceleration PATO:0001028

abnormal abnormal PATO:0000460

deviation(from_normal) PATO:0000069

pathological pathological PATO:0001869
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