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Background

Legislation aimed at decreasing the risk of  toxic effects to humans and the environment 

by exposure to chemicals in the environment has recently been implemented in the 

European Union (EC, 2007) and is being implemented or contemplated elsewhere (CIRS, 

2012; Lautenberg, 2011; Republic of  Korea, undated). In particular, the Registration, 

Evaluation, Authorisation and Restriction of  Chemicals (REACH) regulation in the EU 

has resulted in a vast increase in the amount of  information required for chemicals 

manufactured or imported into the EU in excess of  1 tonne per year.  

To generate the information necessary for a large regulatory programme such as REACH 

and to better satisfy increased information demands in other countries, as well as to 

understand the consequences of  cumulative exposures and to better design ‘green’, less 

toxic alternative chemicals, it is necessary to rethink the traditional approach to hazard 

and risk assessment, which has generally relied on an extensive array of  empirical 

animal test data (Bradbury et al., 2004). One such approach is transparent, hypothesis-

driven, and based on an organised foundation of  understanding of  both normal biology 

and the consequences of  perturbing that biology. The framework that has evolved out 

of  this approach has become known as the ‘adverse outcome pathway’ (AOP) approach 

(Ankley et al., 2010; Schultz et al., 2011; US EPA, 2006; Watanabe et al., 2011).

The AOP approach is based on the concept that toxicity results from the chemical 

exposure and molecular interaction with a biomolecule (e.g., a protein, receptor, 

etc.)—the ‘initiating event’—followed by a description of  the sequential progression 

of  events through to the eventual toxicological effect or ‘adverse outcome’, which is 

at the individual level for most human health endpoints or at the population level for 

environmental endpoints (Figure 1). The AOP framework allows for the integration of  

all types of  information at different levels of  biological organisation, from molecular 

to population level, to provide a rational, biologically-based argument (or series of  

hypotheses) to predict the outcome of  an initiating event. 
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The AOP concept is not altogether new; it 

has evolved directly from mode of  action 

frameworks, such as that developed by the 

World Health Organisation’s International 

Programme on Chemical Safety to 

determine human relevance of  various 

pathways leading to tumor development in 

animals (Boobis et al., 2008), and mode-

of-action pathways commonly used in drug 

development. As described by Ankley et 

al. (2010), an AOP is a flexible framework 

that can include linking relationships that 

are “causal, mechanistic, inferential, or 

correlation based, and the information on 

which they are based may derive from in 

vitro, in vivo, or computational systems” 

and can encompass both mechanism and 

mode of  action.  

The usefulness of  the AOP concept 

in building a predictive toxicological 

framework manifests in several ways.  In 

the near-term, AOPs can inform chemical 

grouping or categories and structure-

activity relationships; they can aid in 

increasing certainty of  interpretation of  

both existing and new information; and 

they can be used to structure integrated 

testing strategies that maximise useful 

information gained from minimal testing 

(OECD, 2012a). In the longer-term, AOPs 

can be used to identify key events for 

which non-animal tests can be developed, 

thereby facilitating transparent, 

mechanism-based, predictive toxicological 

assessments with low uncertainty and high 

human relevance, and ultimately without 

the use of  animals. 

Case Examples of  AOPs in  
Development & Use

Skin Senstisation

Skin sensitisation is a relatively simple 

biological process, yet involves several 

Figure 1. An Adverse Outcome Pathway is a biological map from the molecular initiating event 
through the resulting adverse outcome that describes both mechanism and mode of  action. From: 
Ankley et al. (2010). 
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cell types and tissues and is a good 

demonstration of  AOP development and 

use in constructing an integrated testing 

strategy (Figure 2).  Sensitisation occurs 

in two phases: the first, ‘induction’ 

phase, is a result of  initial contact with 

an allergen and primes the system; the 

second, ‘elicitation’ phase, is in response 

to a subsequent exposure and results in 

an allergic response. As with the Local 

Lymph Node Assay, the sensitisation AOP 

focuses on the initiation phase, which 

both precedes and is required for the 

sensitisation response.  

The induction phase involves initial contact 

and penetration of  the outer dermis of  the 

skin by a potential sensitiser. Metabolism 

in the skin can either activate or deactivate 

the chemical (or have no effect); chemicals 

that are electrophilic after penetrating 

the skin are more potent sensitisers than 

non-electrophiles.  The electrophile then 

interacts irreversibly with nucleophilic 

sites in proteins (e.g., cysteine and lysine 

residues) to form a hapten-protein complex 

in the epidermis—this is the sensitisation 

molecular initiating event. In dendritic 

cells, the presence of  a hapten-protein 

complex triggers release of  cytokines and 

migration of  dendritic cell to the lymph 

node. In keratinocytes, the hapten-protein 

complex causes production of  cytokines 

that in turn stimulate the dendritic cells 

to migrate and the activation of  T cells 

in the lymph nodes. In the lymph node, 

hapten-protein fragments are presented in 

complex with MHC molecules by dendritic 

cells to immature T cells causing the 

maturation of  memory T cells and the 

acquisition of  sensitivity—this is the key 

physiologic response of  the initiation 

phase. 

The sensitisation AOP can be used 

to design (or organise) an integrated 

Figure 2. Flow diagram of  the pathways associated with skin sensitisation. From: OECD (2012).
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assessment strategy that includes non-

test (e.g., QSAR), in vitro and in vivo test 

results.  Such assessment strategies are 

being developed by a number of  research 

groups (OECD, 2012b; Aeby et al., 2010; 

Bauch et al., 2011; Lambrechts et al., 

2011; Kim et al., 2012). 

Carcinogenicity

Under mode-of-action (MoA) frameworks, 

carcinogenicity has been divided into two 

general modes: DNA reactive (genotoxic) 

and non-DNA mediated (or epigenetic). 

Both of  these MoA are further subdivided 

into several specific mechanisms: DNA-re-

active chemicals can interact directly with 

DNA and cause damage, or can act indi-

rectly on other biomolecules that can then 

effect DNA damage. It is generally believed 

that there are several epigenetic MoA, but 

these can be loosely described as: cytotox-

icity-induced cell proliferation, receptor-

mediate, homeostatic disturbance, loss of  

immune surveillance, oxidative stress or 

loss of  intercellular communication.  

Even though the information is not com-

plete, development of  a carcinogenicity 

AOP can begin by outlining what informa-

tion is known (Figure 3; Veith, 2010). This 

general framework is helpful in organising 

other information that could relate to car-

cinogenicity as well as in identifying criti-

cal missing information. And even with 

missing information, this AOP could be 

used within the context of  an integrated 

strategy to inform assessment of  a chemi-

cal’s potential to cause cancer.  

A complicating factor is that, although a 

primary outcome of  DNA reactive chemi-

cals is carcinogenicity, DNA reactive chem-

icals can also affect other adverse out-

comes (Figure 4).  As more information is 

collated, it will become possible map the 

connections between primary and related 

pathways. Depending on the regulatory 

application (e.g., hazard vs. risk assess-

ment, screening vs. use in management 

decisions), the inter-relationships between 

AOPs need to be considered to greater or 

lesser degrees. 

Application of  AOP Concepts to 
REACH: Challenges & Solutions

Chemical information requirements for 

REACH are organised into by import or 

manufacture volume: increasing informa-

tion is required as tonnage of  chemical 

imported or manufactured increases, ir-

respective of  the physical, chemical or 

toxicological properties of  the substance. 

Within the legislation, the requirements 

for each tonnage class are organised 

into Annexes, and the requirements are 

cumulative (e.g., for chemicals in excess 

of  1 metric tonne per year, requirements 

are listed in Annex VII; for chemicals in 

Figure 3. Preliminary outline of  an AOP for 
carcinogenicity. Adapted from: Veith (2010).



255AXLR8-3 WORKSHOP REPORT
Progress Report 2012 & AXLR8-3 Workshop Report

excess of  10 tonnes per year, require-

ments in Annexes VII and VIII apply, etc.). 

Endpoint-specific adaptations to testing 

requirements are described in Column 2 

in each annex, and general adaptation are 

described in Annex XI. Adaptations that 

relate to the AOP concept are grouping 

by chemical class and read-across and 

weight-of-evidence arguments. The use of  

in vitro methods is currently rather limited 

and generally applied as a replacement for 

specific in vivo endpoints (e.g., skin and 

eye corrosion); an exception is the use of  

in vitro genotoxicity as part of  a weight-of-

evidence approach for genotoxic potential. 

According to Annex XI, “suitable” in vitro 

methods include those that are “sufficient-

ly well-developed according to internation-

ally agreed test development criteria (e.g., 

the European Centre for the Validation of  

Alternative Methods (ECVAM)) criteria for 

the entry of  a test into the prevalidation 

process).”  Even for these methods, neg-

ative results are to be confirmed in vivo. 

(EC, 2007). These limitations reduce the 

potential benefits of  AOPs to improve in-

tegrated strategies as applied to REACH 

information requirements.

The current REACH guidance provided by 

the European Chemicals Agency (ECHA, 

2008) is extensive and outlines integrated 

testing strategies to incorporate different 

types of  information for each endpoint. 

However, each endpoint-specific guid-

ance is fairly generic. For example, in the 

integrated strategy for sensitisation, the 

first step is to review existing information 

and QSAR predictions, then to evaluate 

whether it is possible to read across from 

existing information from related chemi-

cals (Figure 5). Next is to perform in vitro 

assays and re-evaluate whether there is 

enough information for risk assessment 

and finally perform in vivo assays if  neces-

sary.

Within this context, there is potential, al-

Figure 4. Adverse outcomes associated with DNA reactive chemicals. From: Veith (2010).
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though limited, for the skin sensitisation 

AOP to inform the decision process (cir-

cles in Figures 5 and 6) to: i) determine 

whether the available information is ap-

propriate and sufficient; and ii) evaluate 

the appropriateness and completeness of  

in vitro assessments and 3) aid in overall 

Figure 5. Integrated testing strategy for skin sensitisation. Figure R.7.3-1 from EHCA (2008).

interpretation of  results.  As described 

above, the limitations include a lack of  

“suitable” in vitro methods that address 

critical steps in the AOP.  

The integrated strategy presented in the 

REACH guidance is more closely aligned 
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Figure 6. Integrated testing strategy for carcinogenicity. Figure R.7.7-2 from ECHA (2008).

with the AOP approach (Figure 6), but still 

limits the applicability of  the approach to 

a large extent. In this strategy, genotoxic-

ity assessment is carried out at lower an-

nexes. If  positive results are seen in vitro, 

assessment of  genotoxicity is performed 
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in vivo by default; however, if  all indica-

tions from lower-tier information is nega-

tive with respect to genotoxicity and neo-

plasia in repeat-dose studies or there is 

still not enough information for classifica-

tion and labeling or risk assessment, the 

strategy recommends in vitro cell transfor-

mation assays or further characterization 

to improve grouping and read-across, and 

short-term in vivo studies that could indi-

cate carcinogenic potential. If  sufficient 

information for C&L or risk assessment is 

still lacking, a standard rodent cancer bio-

assay may be recommended. Even though 

the AOP for carcinogenicity is incomplete, 

there is enough information to design a 

reasonable screening-level assessment for 

carcinogenicity, which would consist of  

a battery of  in vitro genotoxicity and cell 

transformation assays and, by avoiding in 

vivo genotoxicity assessment, would have 

the potential to save a large number of  

animals (Benigni, 2012).  

Unfortunately, the current structure of  

REACH does not allow for the use of  AOPs 

in screening or prioritisation—their most 

obvious short-term uses. However, there 

are other short-term applications of  AOPs 

that can be applied to REACH: AOPs can 

be used to inform chemical categories and 

improve appropriate read-across, increase 

confidence in weight-of-evidence determi-

nations, and reduce requirements for lon-

ger term, more animal-intensive testing. 

Longer-term advantages of  the AOP ap-

proach include informing cumulative risk 

assessment, and eventually replacing 

tiered testing approaches. In order for 

these longer-term advantages to be fully 

implemented within the context of  REACH, 

the spectrum of  available suitable in vitro 

tests will need to be greatly expanded.   

Annex XI would also need to be modified 

to include the ability to inform information 

requirements via hypothesis-driven AOP 

approaches.

Next Steps in AOP Development

AOPs for all toxicological endpoints, likely 

including sensitisation, need further 

development. A concerted and coordinated 

effort is required to develop consistent 

approaches to the development and use of  

AOPs, along with the necessary databases 

to support this development. Toward these 

goals, the OECD has recently agreed to 

integrate the AOP approach into the Test 

Guidelines Programme and is currently 

developing guidance for the development 

and use of  AOPs (Schultz et al., 2011; 

OECD, 2012). In order to evaluate the 

relevance, reliability, and robustness of  an 

AOP, it is critical to evaluate the empirical 

and logical premises for the AOP in a 

transparent way. The OECD approach 

suggests that each AOP be assessed with 

respect to i) the qualitative understanding 

of  the AOP, including the concordance of  

dose-response and temporal relationships 

among key events; ii) the quality and 

strength experimental evidence supporting 

the AOP including biological plausibility, 

coherence and consistency of  the 

evidence; and finally iii) the quantitative 

understanding of  linkages within the 

AOP. It is important also to consider the 

uncertainties, inconsistencies and data 

gaps in the supporting evidence. The goals 

of  this guidance are to provide consistency 
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in structure and facilitate harmonised use 

of  AOPs.

It is also critical to create a unified 

knowledge base for AOPs and their 

supporting evidence that integrates 

information from all scientific sectors, 

including toxicology, drug development, 

disease medicine and research. One such 

possibility is Effectopedia, an open-source 

“knowledge aggregation and collaboration 

tool that provides a means of  describing 

adverse outcome pathways in an 

encyclopedic manner” that was initially 

developed by the International QSAR 

Foundation and is currently curated by and 

housed at the Institute of  Biophysics and 

Biomedical Engineering at the Bulgarian 

Academy of  Sciences (IQF, 2010).     

A publically accessible, harmonised 

knowledge base that describes AOPs 

based on integrated toxicological and 

disease pathway information will allow 

greatly improved assessment strategy 

design. Assessment strategies based on 

transparent, hypothesis-driven evaluation 

of  key steps along an AOP will provide 

improved predictively (for both human and 

environmental health) and with greater 

confidence than current approaches based 

largely on empirical data from a standard 

array of  animal tests.
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