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As industry develops in modern society, many chemicals are being used. The safety of chemicals is an important issue because humans 
are constantly exposed to chemicals throughout their daily life. Through a risk assessment, the hazardous human effects of chemicals 
can be identified. Recently, the adverse outcome pathway (AOP) framework has been used to predict the adverse effects of chemicals. 
As a conceptual framework for organizing existing biological knowledge, the AOP consists of a molecular initiating event, key events, 
and an adverse outcome. These independent elements represent biological responses and are connected by key event relationships. This 
AOP framework provides intuitive hazard identification that can be helpful for carcinogenic risk assessment of chemicals. In this review, 
we introduce the application of the AOP framework to risk assessment for predicting carcinogenicity of chemicals and illustrate the utility 
of this approach for cancer prevention.
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INTRODUCTION

As technology develops in modern society, numerous chemicals 

are being used. Globally, more than 15 million chemicals are 

commercially available.1 Humans are exposed to chemicals in 

everyday life through everyday use or accident. Despite their 

widespread use, the effects of many chemicals on human health 

are not well known. Commensurate with the growing interest in 

the safety of chemicals, the formal safety evaluation of chemicals 

is becoming an important issue. Given the extensive use and 

diversity of chemicals, there are also many risks associated with 

chemical accidents. The chemical accidents reported worldwide 

between 1970 and 1998 resulted in more than 100,000 casualties.1 

Due to insufficient management or natural disaster, chemical 

accidents have occurred through leakage, fire, and explosion.2,3 

Because chemicals are stored in huge reservoirs, factories, and 

transport vehicles,2 if a chemical accident occurs, the scale and 

extent of damage can be considerable. To manage chemicals and 

chemical accidents, governments and other relevant institutions 

need to know the human health effects of chemicals. 

Chemical properties are typically classified as flammability, 

corrosivity, reactivity, and toxicity.4 Due to these chemical properties, 

chemicals can affect the human body and the environment 

acutely or chronically. Flammable, corrosive, and reactive 

chemicals pose a primary threat to victims who are near the site 

of a chemical accident, through high temperature and pH. In 
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Figure 1. The 4 steps of the risk as-
sessment process. The risk assess-
ment consists of hazard identific-
ation, dose-response assessment, ex-
posure assessment, and risk charac-
terization. The text and figure are 
adopted from the United States Envir-
onmental Protection Agency (https:// 
www.epa.gov/risk/human-health-risk- 
assessment).

addition to these primary threats, toxicity can be considered as a 

secondary threat. Chemical toxicities can not only cause 

immediate damage to our bodies but also cause delayed, invisible 

adverse effects, such as DNA damage and mutation. Ultimately, 

these long-term effects of chemical toxicity can increase the 

probability of carcinogenesis.5,6 Risk assessment is considered to 

be an important means of evaluating the overall hazardous 

human impact of chemicals.

Risk assessment of a chemical involves understanding the 

nature, magnitude, and probability of its potential adverse health 

or environmental effects.7 Risk assessment can be used to assess 

chemical safety and establish relevant regulations, by identifying 

how dangerous a chemical may be at certain concentrations and 

how it ultimately affects the human body. However, many risk 

assessors have faced the problem that traditional methods to 

evaluate chemical toxicity are not adequate for the ever-increasing 

number of chemicals.8 Recently, the adverse outcome pathway 

(AOP) concept has been applied as a pragmatic tool in toxicology 

to determine the human effects of chemicals.9 

The AOP is a conceptual construct for description on a 

biological level relevant to risk assessment.10 In 2007, the 

National Research Council suggested a vision for the future of 

toxicity testing in ‘Toxicity Testing in the 21st Century’.11 This 

report emphasizes the need to develop a rapid and accurate 

toxicity assessment while maximizing the use of existing 

knowledge. In keeping with this trend, the AOP has emerged to 

fill the need for an efficient, predictive toxicity assessment 

method applicable to numerous chemicals that can reduce animal 

testing and save time and cost.8 Because AOPs can provide an 

intuitive understanding of the hazardous effects of chemicals, 

they can be helpful for risk assessment. In this review, we 

introduce the application of AOPs to risk assessment of 

chemicals, especially carcinogenic risk assessment. We expect 

that the AOP will be adopted as a future-oriented method that 

ultimately predicts and prevents cancer, as an apical endpoint of 

the adverse effect of chemicals.

OVERVIEW OF RISK ASSESSMENT 
FOR PREDICTING CARCINOGENICITY 

OF CHEMICALS 

The purpose of risk assessment is to evaluate qualitative and 

quantitative information about hazards.12 For a given substance 

or element that can cause harm, a hazard is the source of risk, that 

is, the combination of the probability and magnitude of an 

adverse effect.13 Chemicals are continually being made and used, 

and because any of them could be a potential hazard, many 

international organizations disseminate extensive information 

about chemicals such as their properties, structure, safety, 

toxicity, and usage in risk assessment databases (e.g., PubChem, 

TOXNET, and INCHEM). Nonetheless, this information remains 

insufficient to fully assess the safety of many chemicals.14 

Generally, risk assessment is conducted through four processes: 

hazard identification, dose-response assessment, exposure 

assessment, and risk characterization. The United States 

Environmental Protection Agency (US EPA) defines these four 

steps (Fig. 1).15 First, hazard identification is the process that 

examines whether chemicals have harmful effects on humans or 

ecosystems in certain situations. Key components of hazard 

identification involve analyzing the mode of action (MOA) and 

evaluating the weight of evidence (WOE). Dose-response 

assessment examines the mathematical relationship between 

exposure degree and toxic effect. Typically, as the dose increases, 

so does the measured response. In a non-linear dose–response 

that has a threshold value for the response, values such as 

no-observed-adverse-effect level, lowest-observed-adverse-effect 

level, benchmark dose, and reference dose are mathematically 

calculated. In a linear dose-response that has no threshold, cancer 

risk and slope factor are considered. Exposure assessment 

examines the frequency, duration, and levels of exposure to the 

chemical. Considering the range of exposure, this process 

quantifies the exposure. Lastly, risk characterization derives 

conclusions about the chemical’s risk, by integrating previous 
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Figure 2. Schematic adverse outcome pathway (AOP) framework. (A) The AOP consist of a molecular initiating event (MIE), key event (KE), 
key event relationship (KER), and an adverse outcome (AO). Arrows indicate KERs and a dotted arrow is the naKER, that is, the non-adjacent 
(indirect) KER. Basically, a KER is the relationship between the two adjacent KEs, but the relationship between non-adjacent KEs is also possible.
One AOP has one MIE and AO, and there is no limit to the number of KE and KER. (B) Since each component of an AOP exists independently, 
even different AOPs can contain the same component. Arrows also mean KER and the indication is omitted for convenience. 

processes and provides a basis for policy-making for relevant 

chemicals. Chemical risk assessment is also based on mathematical 

and statistical models concerning biochemical and physiological 

factors, such as physiologically-based toxicokinetic modeling 

with Absorption, Distribution, Metabolism, and Excretion data 

generated by in vitro and in vivo experiments and quantitative 

structure–activity relationship tools.16,17

Human health effects caused by hazardous chemicals are 

diverse, depending on the exposure conditions.18 Except for 

chemical accidents that occur with low probability, though of 

course important, we focus on the effects of continuous exposure 

to chemicals in our daily life. Humans are exposed to chemicals in 

the environment through inhalation, ingestion, and dermal 

contact.14 For example, from atmospheric pollutants, tobacco 

smoke, fine dust, workplace exposure, contaminated water, 

crops exposed to pesticides, drugs, cosmetics, and other sources, 

humans are chronically exposed to chemicals. Chronic exposure 

to chemicals can induce chronic toxicity, which may have a 

delayed adverse effect.19 Accumulation of delayed adverse effects 

in the body over a long time can induce genotoxic or non- 

genotoxic damage, by increasing genetic instability which 

increases the likelihood of developing cancer as an endpoint.5,6,20,21 

Various cellular abnormalities resulting from genetic or epigenetic 

alterations can occur in the carcinogenesis process.5 Because of 

this, the substances or stressors that can cause cancer are termed 

carcinogens.22 Several international organizations determine and 

classify carcinogens. For example, the International Agency for 

Research on Cancer classifies carcinogens into 5 stages23: Group 1 

substances are carcinogenic to humans, Group 2A substances are 

probably carcinogenic to humans, Group 2B substances are 

possibly carcinogenic to humans, and the remaining groups 

relatively do not imply the carcinogenicity. As of the last update, 

120 substances were classified as “carcinogenic to humans” (30 

July 2018). Importantly, it should be understood that carcinogens 

may not cause cancer in all cases because the risk of cancer varies 

from substance to substance and depends on the exposure 

duration and intensity, and on each person’s genetic makeup.22,24 

For years, many researchers have studied the concentration 

and other aspects of chemical exposure that cause adverse effects 

in the human body.25,26 Numerous risk assessment animal and 

epidemiology studies about chemical exposure dose–response 

have been reported.27-29 To economize time and cost along with 

the social atmosphere that sublates animal experiments, 

researchers have tried to improve chemical risk assessment 

methods and models.

DEFINITION OF ADVERSE 
OUTCOME PATHWAY

An AOP consists of a molecular initiating event (MIE), key 

events (KEs), key event relationships (KERs), and an adverse 

outcome (AO) (Fig. 2A). The MIE is an initial point of the AOP, 

representing the chemical interaction at the molecular level, such 

as ligand–receptor binding or DNA binding. KEs are biological 

changes triggered by the MIE at diverse levels of biological 

organization (cell, tissue level, or higher). As a specialized type of 

KE, the AO represents a typical endpoint of biologic perturbation 

resulting from the MIE and is considered in risk assessment or 

regulatory decision-making. MIE, KEs, and AO are connected by a 

unidirectional arrow called the KER. The KER means the causal or 

predictive interaction between upstream and downstream KEs, 

and thereby facilitates inference or extrapolation of the state of 

downstream KEs from upstream KEs.30 Each element of the AOP 

should be based on the WOE meeting the Bradford Hill 

criteria.31,32 WOE is the concept of using information from 

independent sources to provide evidence to meet the information 
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Table 1. Components of AOP 46

Component Description

MIE Formation of pro-mutagenic DNA adducts
KE1 Insufficient repair or mis-repair of pro-mutagenic DNA adducts
KE2 Induced mutation in cancer critical genes
KE3 Cellular proliferation, clonal expansion of mutant cells, and progression to form AHF
AO Hepatocellular carcinoma
pre-MIEa Metabolism of AFB1 leads to formation of pro-mutagenic DNA adducts
KER1 pro-mutagenic DNA adducts lead to insufficient repair or mis-repair of pro-mutagenic DNA adducts
KER2 Insufficient repair or mis-repair of pro-mutagenic DNA adducts leads to induced mutation in cancer critical gene
KER3 Induced mutation in cancer critical gene leads to cell proliferation and clonal expansion to form AHF
KER4 Cell proliferation and clonal expansion to form AHF lead to HCC
naKER1 (MIE to KE2) Formation of pro-mutagenic DNA adducts leads to induced mutation in cancer critical gene
naKER2 (MIE to KE3) Formation of pro-mutagenic DNA adducts leads to cell proliferation and clonal expansion to form AHF
naKER3 (MIE to AO) Formation of pro-mutagenic DNA adducts leads to HCC
naKER4 (KE2 to AO) Induced mutation in cancer critical gene leads to HCC

AOP, adverse outcome pathway; MIE, molecular initiating event; KE, key event; AO, adverse outcome; KER, key event relationship; AHF, 
Altered Hepatic Foci; AFB1, aflatoxin B1; HCC, hepatocellular carcinoma. apre-MIE is a term we use randomly. There is no term to describe 
the relationship between the stressor and induction of a MIE because the first KER is defined as the relationship between the MIE and 
KE1.

requirements.33 One AOP should have one MIE and one AO, but 

there is no limitation to the number of KEs that are intermediate 

steps; also, each KE can be included in other AOPs (Fig. 2B). 

The AOP describes the causal relationship of the cascade of 

biological responses at various biological levels caused by a 

stressor, leading to the AO.9,10,34 Any type of information 

associated with a biological reaction can be applied to the AOP 

(e.g., in vivo data, in vitro data, -omics data, and biomarkers).31 

Therefore, the AOP is not static; it is a living document because 

existing information can become more accurate and change as the 

techniques used to observe biological reactions develop.34 Since 

the AOP is represented by a simple frame, it is intuitively easy to 

understand the adverse effects of chemicals. The AOP concept is 

not revolutionary; rather, it is the evolution of previously 

scattered concepts associated with toxic mechanisms.10,35

CURRENT STATE OF THE ADVERSE 
OUTCOME PATHWAY

Since the first AOP concept was proposed by Ankley et al.10 in 

2010, there have been 243 AOPs and 1800 KEs registered as of 

August 2018. This AOP information is accessed freely in the 

Adverse Outcome Pathway-Knowledge Base (AOP-KB), which is 

the main AOP database managed by the Organization for 

Economic Co-operation and Development (OECD). To develop 

AOPs and to share and discuss related information among AOP 

developers, the OECD launched AOP-KB with collaboration from 

the US EPA, the European Commission’s Joint Research Center, 

and the US Army Engineer Research and Development Center.36

The AOP-KB consists of AOP-Wiki, Effectopedia, Intermediate 

Effects DB, and AOP Xplorer.36 AOP-Wiki provides a system that 

organizes the available knowledge and published research 

information about each of the AOPs, KEs, KERs, and Stressors. 

Effectopedia is a modeling platform designed for development 

and application of AOPs. It provides quantitative information on 

AOP elements using experimental data. Currently, a beta version 

of Effectopedia is available. The Intermediate Effects DB treats 

chemical data and informs the process by which chemicals cause 

MIE or KEs. AOP Xplorer is a computational tool for graphical 

representation of AOPs. The Intermediate Effects DB and AOP 

Xplorer are currently being developed. All four systems share 

information via the AOP-KB Hub. Since each element in the 

AOP-KB is arranged separately and independently, the AOP-KB is 

useful for the development of AOPs and their application in 

diverse studies.34 

The OECD provides comprehensive management for AOP 

development and evaluation.30 The development of AOPs is 

overseen by the OECD Extended Advisory Group on Molecular 

Screening and Toxicogenomics (EAGMST), and AOP Wiki is 

managed by the Society for the Advancement of Adverse 

Outcome Pathways, under the guidance of the EAGMST.37 Since 

the first AOP titled “The Adverse Outcome Pathway for Skin 

Sensitisation Initiated by Covalent Binding to Proteins” was 

presented by the OECD, several reports and guidelines about AOP 

have been published. The OECD provides eight AOP-related 

publications and lists 60 projects in its AOPs development 
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Figure 3. Carcinogenic adverse outcome pathway (AOP) examples. (A) The graphical representation of AOP 46 is adopted from the AOP-Wiki
(https://aopwiki.org/aops/46). This AOP illustrates the process by which aflatoxin B1 (AFB1) causes hepatocellular carcinoma at various levels 
of biological organization. (B) The graphical representation of AOP 220 is adopted from the AOP-Wiki (https://aopwiki.org/aops/220). This AOP
illustrates the process of liver cancer caused by the chronic activation of CYP2E1 at various levels of biological organization. MIE, molecular 
initiating event; KER, key event relationship; KE, key event; AO, adverse outcome; AHF, Altered Hepatic Foci.

programme workplan as of August 2018.38

PREDICTION OF 
CARCINOGENICITY USING THE 
ADVERSE OUTCOME PATHWAY

In this part, to illustrate carcinogenic risk assessment using 

AOP, we describe the AOPs related to carcinogenesis that are 

currently developed or under development in the AOP-KB. The 

two examples of AOP are AOP 46 and AOP 220. These two AOPs 

have definitive MIE and carcinoma as AO. These are under 

EAGMST review status and are open for citation and comment. 

Predicting the adverse effects induced by carcinogens using AOP 

presents important points for prevention and treatment of cancer.

1. Example 1: AOP 4639-41

AOP 46 is titled “Mutagenic Mode-of-Action leading to 

Hepatocellular Carcinoma (HCC)”. This AOP presents the 

mutagenic MOA for cancer by aflatoxin B1 (AFB1). AFB1 is 

considered to have a mutagenic MOA for HCC. The mutagenic 

MOA involves chemicals that induce mutation in a critical cancer 

gene, which is distinct from other MOAs for cancer.42,43 In this 

case, the mutation in the critical cancer gene is a consequence of 

pro-mutagenic DNA adducts induced by AFB1. AFB1 produces 

metabolites, one of which is the exo-8,9-epoxide that is an 

important reactive metabolite forming pro-mutagenic DNA 

adducts by binding to nuclear DNA. The most definitive evidence 

that a chemical has a mutagenic MOA is the demonstration that 
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Table 2. Components of AOP 220

Component Description

MIE Activation of CYP2E1 in the liver
KE1 Oxidative stress
KE2 Hepatocytotoxicity
KE3 Hepatocellular regenerative proliferation
AO Liver cancer
KER1 Activation of CYP2E1 in the liver leads to 

oxidative stress
KER2 Oxidative stress leads to 

hepatocytotoxicity
KER3 Hepatocytotoxicity leads to hepatocellular 

regenerative proliferation
KER4 Hepatocellular regenerative proliferation 

leads to liver cancer
naKER1 (MIE to KE2) Activation of CYP2E1 in the liver leads to 

hepatocytotoxicity
naKER2 (KE1 to AO) Oxidative stress leads to liver cancer
naKER3 (KE2 to AO) Hepatocytotoxicity leads to liver cancer

AOP, adverse outcome pathway; MIE, molecular initiating event; 
KE, key event; AO, adverse outcome; KER, key event relationship.

the chemical can induce a specific gene mutation frequently 

observed in a particular cancer.44 A specific mutation of codon 249 

in the p53 gene is often seen in AFB1-induced human HCC. This 

mutation is considered an important KE in AFB1-induced human 

HCC and provides a high correlation of AFB1 with HCC. Several 

factors associated with HCC include AFB1 exposure, infection of 

hepatitis B virus or hepatitis C virus, and alcohol use.45 A common 

feature of HCC is the oxidative damage in the liver, regardless of 

etiology.46 HCC is considered an adverse effect endpoint in many 

hazard identifications. For example, the US EPA provides 111 

cases of hazard identification associated with HCC. This AOP 

includes a series of components (Table 1),39 and is graphically 

represented in Figure 3A.

2. Example 2: AOP 22047

AOP 220 is titled “Chronic CYP2E1 Activation Leading to Liver 

Cancer”. This AOP presents the process of liver cancer caused by 

chronic CYP2E1 activation. CYP2E1 is a member of the 

cytochrome P450 monooxygenases that catalyzes the oxidation of 

numerous low-molecular-weight xenobiotics, resulting in oxidative 

stress. Monooxygenation and the accompanying oxidative stress 

caused by CYP2E1 activation can induce hepatotoxicity, leading to 

liver cancer. CYP2E1 activates its substrates, generating electrophilic 

metabolites that are characteristic of carcinogens48 and produces 

reactive oxygen species that are important sources of cytotoxicity 

and oxidative lesions of DNA.49 Although the liver has a 

regenerative capacity through cellular proliferation that is 

protective against injury, under chronic CYP2E1 activation, 

uncontrolled cellular proliferation causes carcinogenesis. In this 

AOP, carbon tetrachloride, chloroform, and furan were used as 

liver carcinogens, to profile the effect of chronic CYP2E1 

activation. Because there are more than 80 CYP2E1 substrates 

known, exposure to these substances can be relatively common. 

CYP2E1 is well-studied and it is related to the metabolism of 

many substrates, so this AOP provides broadly-applicable 

information about the harmful effect of these substrates. This 

AOP includes a series of components (Table 2),47 and is graphically 

represented in Figure 3B.

Through these two examples of AOP, we illustrate the 

importance of understanding the early stages of the AOP when 

the MIE, and first few KEs occur. A major difference caused by a 

specific chemical/stressor may be the action about the MIE, 

because, in the end, harmful effects in the body will converge to 

some similar KEs that generate a tumor via cellular abnormalities. 

Hence, understanding the target chemical’s structure, properties, 

and in vivo (similar) mechanism should be preferentially 

considered in the AOP, for assessment and prevention of risk and 

further therapeutic application.

CONCLUSION

As a conceptual framework, the AOP describes the intuitive 

understanding about the adverse effects of chemicals. The goal of 

the AOP is to accurately predict AOs caused by stressors. The AOP 

approach has emerged as a future-oriented alternative to the 

existing paradigms in the field of risk assessment. Although the 

AOP approach was first introduced for ecotoxicology risk 

assessment, it is continuously being developed for wide use in 

the overall risk assessment field. With concerted efforts to 

understand the effects of chronic toxic chemical exposure that 

can lead to cancer, the AOP applied to chemical carcinogenic risk 

assessment will be a very useful tool to predict carcinogenicity. 

Ultimately, based on these predictions, it could provide a 

breakthrough in cancer prevention.
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