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Foreword 

This Adverse Outcome Pathway (AOP) on Cyp2E1 Activation Leading to Liver Cancer, 

has been developed under the auspices of the OECD AOP Development Programme, 

overseen by the Extended Advisory Group on Molecular Screening and Toxicogenomics 

(EAGMST), which is an advisory group under the Working Party of the National 

Coordinators of the Test Guidelines Programme (WNT). The AOP has been reviewed 

internally by the EAGMST, externally by experts nominated by the WNT, and has been 

endorsed by the WNT and the Working Party on Hazard Assessment (WPHA) on XXX.  

Through endorsement of this AOP, the WNT and the WPHA express confidence in the 

scientific review process that the AOP has undergone and accept the recommendation of 

the EAGMST that the AOP be disseminated publicly. Endorsement does not necessarily 

indicate that the AOP is now considered a tool for direct regulatory application. 

The OECD's Chemicals and Biotechnology Committee agreed to declassification of this 

AOP on XXX. 

This document is being published under the responsibility of the OECD's Chemicals and 

Biotechnology Committee. 

The outcome of the internal and external reviews are publicly available respectively in the 

AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the following links: 

[internal review] [external review].  
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Abstract 

 

Cyp2E1 is a cytochrome P450 mono-oxygenase that bioactivates over 85 substrates, 

thereby creating electrophilic metabolites and oxidative stress. Substrates are low 

molecular weight compounds that include acetone, acetaminophen, ethanol, chloroform, 

carbon tetrachloride, furan and molecular oxygen. Mono-oxygenation of these substrates 

to their reactive metabolites, and the accompanying oxidative stress produced during 

metabolism, pose health risks because they lead to hepatotoxicity and, often, to liver cancer. 

Here we describe the AOP for the prolonged activation of Cyp2E1 (MIE) leading to liver 

cancer (AO). The intervening KEs are oxidative stress (KE1), hepatocytotoxicity (KE2), 

and sustained/persistent cellular proliferation (KE3). These events occur in the liver, which 

is the primary site of xenobiotic metabolism in the body. Briefly, the MIE occurs when 

Cyp2E1 binds a substrate. The Cyp2E1 catalytic cycle is prone to decoupling (adjacent 

KER1, non-adjacent KER1), which produces oxidative stress (KE1), and mono-oxidation 

of substrates produces reactive metabolites. Both reactive oxygen species and metabolites 

cause cytotoxicity (KE2). However, following injury, the liver is able to regenerate itself 

through an increase in cellular proliferation (KE3). Under conditions of chronic activation 

of Cyp2E1, excessive chronic increases in levels of reactive oxygen species and cell death, 

and subsequent dysregulated cellular proliferation, leads to tumour formation (AO). We 

evaluate the essentiality of the KEs and the biological plausibility of and empirical support 

for the KERs and report that most are well supported by a large body of scientific literature. 

Here, we’ve focused on data generated in rodent studies using the Cyp2E1 substrates 

carbon tetrachloride, chloroform, ethanol and furan. These compounds are all liver 

carcinogens, but generate negative or equivocal results in short-term genotoxicity tests. In 

fact, they are widely thought to cause cancer through a cytotoxicity and regenerative 

proliferation mode of action. We expect that the data and information summarized here will 

be useful to scientists and regulators that are investigating chemical carcinogens that act 

through this mechanism. Given the importance of oxidative stress and cytotoxicity in a 

broad array of toxicological effects, the KE(R)s described should be broadly useful for 

development of other AOPs. Finally, this AOP describes an important widely 

acknowledged pathway to toxicity and thus should have many regulatory applications. 

Further development of the quantitative aspects of this AOP will enable the development 

of more predictive models of effects resulting from oxidative stress. 

 



 

1  

Contents 

Background ............................................................................................................................................. 3 

Graphical Representation ....................................................................................................................... 4 

Summary of the AOP ............................................................................................................................. 4 

Events ............................................................................................................................................... 4 
Key Event Relationships .................................................................................................................... 4 

Overall Assessment of the AOP .............................................................................................................. 5 

Domain of Applicability ......................................................................................................................... 7 
Essentiality of the Key Events ................................................................................................................ 8 
Weight of Evidence Summary ................................................................................................................ 8 
Quantitative Consideration ................................................................................................................... 14 

Considerations for Potential Applications of the AOP (optional) ......................................................... 15 

Appendix 1- MIE, KEs and AO .......................................................................................................... 21 

List of MIEs in this AOP .................................................................................................................... 21 
Event: 1391: Activation of Cyp2E1 (https://aopwiki.org/events/1391) ....................................................... 21 

Evidence for Perturbation by Stressor .................................................................................................. 21 
Domain of Applicability ..................................................................................................................... 21 
Key Event Description ....................................................................................................................... 22 
How it is Measured or Detected .......................................................................................................... 22 

List of Key Events in the AOP ............................................................................................................. 25 
Event: 1392: Oxidative Stress (https://aopwiki.org/events/1392) ............................................................... 25 

Domain of Applicability ..................................................................................................................... 26 
Key Event Description ....................................................................................................................... 26 
How it is Measured or Detected .......................................................................................................... 26 

Event: 1393: Hepatocytotoxicity (https://aopwiki.org/events/1393) ............................................................ 28 
Domain of Applicability ..................................................................................................................... 28 
Key Event Description ....................................................................................................................... 29 
How it is Measured or Detected ........................................................................................................ 29 

Event: 1394: Induction, persistant proliferation/sustained proliferation (https://aopwiki.org/events/1394) ...... 31 
Domain of Applicability ..................................................................................................................... 31 
Key Event Description ....................................................................................................................... 32 
How it is Measured or Detected .......................................................................................................... 33 

List of Adverse Outcomes in this AOP .............................................................................................. 35 
Event: 1395: Liver Cancer (https://aopwiki.org/events/1395) .................................................................... 35 

Evidence for Perturbation by Stressor ............................................................................................... 36 
Domain of Applicability ................................................................................................................... 36 
Key Event Description ....................................................................................................................... 36 
How it is Measured or Detected .......................................................................................................... 36 
Regulatory Significance of the AO ...................................................................................................... 37 

Appendix 2: List of Key Event Relationships in the AOP ................................................................... 38 

List of Adjacent Key Event Relationships ............................................................................................. 38 
Relationship: 1512: Activation of Cyp2E1 leads to Oxidative Stress (https://aopwiki.org/relationships/1512) . 38 

Evidence Supporting Applicability of this Relationship ......................................................................... 38 
Key Event Relationship Description .................................................................................................... 38 
Evidence Supporting this KER ........................................................................................................ 38 

Relationship: 1513: Oxidative Stress leads to Hepatocytotoxicity (https://aopwiki.org/relationships/1513) .... 41 
Key Event Relationship Description .................................................................................................... 41 



 

2  

Evidence Supporting this KER ........................................................................................................... 41 
Relationship: 1514: Hepatocytotoxicity leads to Sustained proliferation (https://aopwiki.org/relationships/1514)43 

Evidence Supporting Applicability of this Relationship ......................................................................... 43 
Key Event Relationship Description .................................................................................................... 43 
Evidence Supporting this KER .......................................................................................................... 44 

List of Non Adjacent Key Event Relationships ..................................................................................... 46 
Relationship: 1515: Activation of Cyp2E1 leads to Hepatocytotoxicity (https://aopwiki.org/relationships/1515)46 

Evidence Supporting Applicability of this Relationship ......................................................................... 46 
Key Event Relationship Description .................................................................................................... 46 
Evidence Supporting this KER ........................................................................................................... 47 

Relationship: 1516: Oxidative Stress leads to Liver Cancer (https://aopwiki.org/relationships/1516) ............. 48 
Key Event Relationship Description .................................................................................................... 48 
Evidence Supporting this KER ........................................................................................................... 49 

Relationship: 1517: Hepatocytotoxicity leads to Liver Cancer (https://aopwiki.org/relationships/1517) ......... 53 
Key Event Relationship Description .................................................................................................... 53 
Evidence Supporting this KER ........................................................................................................... 53 

Relationship: 1518: Sustained proliferation leads to Liver Cancer (https://aopwiki.org/relationships/1518) .... 55 
Key Event Relationship Description .................................................................................................... 56 
Evidence Supporting this KER ........................................................................................................... 56 

 
  



 

3  

Background 

The subject of this AOP is xenobiotic metabolism by Cyp2E1 (MIE) during prolonged exposures, 
leading to liver cancer (AO). The intervening KEs are chronic oxidative stress, cytotoxicity, and 
regenerative proliferation. The setting for these events is the liver, which is the body’s primary venue 
for chemical detoxification. 

Xenobiotic metabolism typically occurs in three phases: (I) the chemical substrate is enzymatically 
bio-activated to its primary metabolite; (II) the metabolite(s) produced is (are) made less reactive 
through conjugation; and (III) the modified chemical(s) is (are) excreted. Cyp2E1 is a phase I P450 
monooxygenase that bio-activates its substrates through the addition of an oxygen, thereby producing 
an electrophilic metabolite. Acting as an electrophile following metabolic activation is a key 
characteristic of a carcinogen (Smith, et al. 2015). While this reactive species often undergoes 
conjugation (phase II metabolism), sometimes it will react with cellular nucleophiles (e.g., proteins or 
DNA), which results in formation of adducts that produce cytotoxicity in extreme cases. Another 
feature of Cyp2E1 is that its catalytic cycle is prone to uncoupling, which leads to the production of 
reactive oxygen species (ROS). ROS are an important source of cytotoxicity (e.g., via lipid 
peroxidation) and are a source of oxidative lesions to DNA (which may be a source of cancer-causing 
mutations) (Caro and Cederbaum 2004). Redox-sensitive proteins are modified by oxidation; 
importantly, changes in gene expression are carried out by the redox-sensitive transcription factor 
Nrf2. Nrf2 increases the expression of genes that encode cyto-protective products, such as anti-
oxidants and phase II conjugating enzymes (Furfaro, et al. 2016, Ma and He 2012, Sporn and Liby 
2012, Tkachev, et al. 2011). At the same time, dying cells release pro-inflammatory signals and, 
together, these signals encourage regenerative proliferation of hepatocytes (Brenner, et al. 2013, 
Luedde, et al. 2014). However, when chronically activated, these molecular signals can produce 
dysregulated cellular proliferation in which the cytoprotective cellular mechanisms that are intended 
to promote tissue repair instead may lead to pre-malignant and malignant lesions. 

This AOP explores these mechanisms in greater detail. Because exposure to Cyp2E1substrates is 
relatively common, this AOP will be an important tool for understanding the adverse health impacts 
of these potentially harmful substances. Cyp2E1 is well studied and is involved in the metabolism of a 
large number of substrates (Lieber 1997, Tanaka, et al. 2000), so it is impossible to summarize all of 
the evidence. Therefore, we report illustrative studies that support each KE and KER. In addition, 
because no single study has looked at each key event, supporting evidence is gathered from many 
studies that have used a variety of in vitro and in vivo systems, as well as a collection of Cyp2E1 
substrates. We focus on evidence gathered from: furan (a group 2B carcinogen), ethanol (group 1), 
chloroform (group 2B), and carbon tetrachloride (group 2B). These compounds are established 
Cyp2E1 substrates that are known to be rodent carcinogens and are (group 1) or are suspected (group 
2B) human carcinogens based on their International Agency for Research on Carcinogens (IARC) 
evaluations. 
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Graphical Representation 

 
 
 

Summary of the AOP 

Events 

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO) 
 

Sequenc
e 

Type Event 
ID 

Title Short name 

1 MIE 1391 Activation of Cyp2E1 (https://aopwiki.org/events/1391) Activation of 
Cyp2E1 

     
2 KE 1392 Oxidative Stress (https://aopwiki.org/events/1392) Oxidative Stress 
3 KE 1393 Hepatocytotoxicity (https://aopwiki.org/events/1393) Hepatocytotoxicity 
4 KE 1394 Induction, persistant proliferation/sustained proliferation 

(https://aopwiki.org/events/1394) 
Sustained 
proliferation 

     
5 AO 1395 Liver Cancer (https://aopwiki.org/events/1395) Liver Cancer 

Key Event Relationships 

 
 
 
Upstream Event 

Relation
ship 
Type 

 
 
Downstream Event 

 
 
Evid
ence 

Quantitative 
Understandin
g 

Activation of Cyp2E1 
(https://aopwiki.org/relationships/1512) 

adjacent Oxidative Stress High Not Specified 

Oxidative Stress 
(https://aopwiki.org/relationships/1513) 

adjacent Hepatocytotoxicity High Not Specified 

Hepatocytotoxicity 
(https://aopwiki.org/relationships/1514) 

adjacent Induction, persistant 
proliferation/sustained 
proliferation 

High Not Specified 

https://aopwiki.org/events/1391
https://aopwiki.org/events/1392
https://aopwiki.org/events/1393
https://aopwiki.org/events/1394
https://aopwiki.org/events/1394
https://aopwiki.org/events/1395
https://aopwiki.org/relationships/1512
https://aopwiki.org/relationships/1512
https://aopwiki.org/relationships/1513
https://aopwiki.org/relationships/1513
https://aopwiki.org/relationships/1514
https://aopwiki.org/relationships/1514
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Activation of Cyp2E1 
(https://aopwiki.org/relationships/1515) 

non-
adjacent 

Hepatocytotoxicity High Not Specified 

Oxidative Stress 
(https://aopwiki.org/relationships/1516) 

non-
adjacent 

Liver Cancer Mode
rate 

Not Specified 

Hepatocytotoxicity 
(https://aopwiki.org/relationships/1517) 

non-
adjacent 

Liver Cancer Mode
rate 

Not Specified 

Induction, persistant proliferation/sustained 
proliferation 
(https://aopwiki.org/relationships/1518) 

non-
adjacent 

Liver Cancer Mode
rate 

Not Specified 

Stressors 
 

Name Evidence 
>85 known Cyp2E1 substrates High 

>85 known Cyp2E1 substrates: 
Low molecular weight compounds, including: molecular oxygen, acetone, acetaminophen, carbon tetrachloride, 
pyrazole, vinyl chloride, furan, chloroform, ethanol, benzene, acrylonitrile, trichloroethylene, aniline, N- 
nitrosodimethylamine, N-nitrosodiethylamine, diethylnitrosamine, thioacetamide, and toluene. A variety of 
substrates have been described (Lieber 1997, Tanaka, et al. 2000). 

 

Overall Assessment of the AOP 

Biological plausibility: 
 
Biological plausibility is based on fundamental understanding of the structural or functional relationship between 
the key events in the normal biological state. In general, there is high biological plausibility and coherence for the 
direct and (some of) the indirect relationships in this AOP. It is established that Cyp2E1 is stabilized upon 
substrate binding and generates ROS during metabolism. The link between ROS-induced lipid and DNA damage 
has been carefully mapped out, with a broad understanding of the spectrum of damage induced by ROS in a cell, 
and the signalling cascades induced that lead to cell death. There is extensive understanding that the liver 
regenerates following injury and cytotoxicity. Chronic toxicity would cause the liver to be undergoing increased 
cellular proliferation over a prolonged period of time in this tissue that, under normal circumstances, would have a 
relatively low mitotic index. There is a strong association, with some defined intervening steps, between liver 
regeneration and the probability of developing hepatocellular carcinoma, which is likely due to increased 
probability of incurring cancer-driver mutations with more DNA replication [e.g., tissues undergoing more 
cellular division have higher incidences of cancer (Tomasetti and Vogelstein 2015, Wu, et al. 2016)]. Moreover, 
chronic inflammation caused by increased and sustained levels of hepatotoxicity also contributes to increased 
probability of developing hepatocellular carcinoma. It is important to emphasize that the adverse effects observed 
are the product of chronic activation of Cyp2E1, which leads to sustained production of ROS, cytotoxicity and 
regenerative proliferation. A case study of this mode of action is presented in Meek et al (2003) using chloroform 
as an example. The case study describes ‘sustained cytotoxicity and regenerative cell proliferation’ as key events 
for a range of animal tumors, including for chloroform leading to liver tumours in mice. Thus, the overall 
biological plausibility for this AOP, especially in rodent models, is strong. 

  

https://aopwiki.org/relationships/1515
https://aopwiki.org/relationships/1515
https://aopwiki.org/relationships/1516
https://aopwiki.org/relationships/1516
https://aopwiki.org/relationships/1517
https://aopwiki.org/relationships/1517
https://aopwiki.org/relationships/1518
https://aopwiki.org/relationships/1518
https://aopwiki.org/relationships/1518
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Time- and dose-response concordance: 

Time- and dose-response concordance evaluation considers the available empirical data to determine if upstream 
events occur before downstream, and at lower or the same doses. A major assumption is that all KEs can be 
measured with equal precision and sensitivity. Overall, there is an extensive database of studies on Cyp2E1 
substrates (furan, carbon tetrachloride, ethanol, etc.) that supports that the events occur in the correct order 
temporally, and that the upstream events occur at lower doses than the downstream events. Within each of the 
KERs, the example of furan is mapped out in detail, demonstrating the ability to measure increased levels of ROS 
and hepatotoxicity at lower doses than those causes liver regeneration and cancer. 

 

Essentiality: 

Essentiality refers to evidence that supports the idea that if a given KE is blocked or prevented, the downstream 
events in the sequence represented in the AOP will not occur (unless impacted by another pathway sharing those 
events). In this AOP, there is strong evidence of essentiality of activation of Cyp2E1, with knock-out studies 
demonstrating that the downstream key events do not occur in the absence of this. For example, hydrogen 
peroxide production and lipid peroxidation are blocked in rat microsomes following inhibition of Cyp2E1 with 
anti-Cyp2E1 IgG (Ekstrom and Ingelman-Sundberg 1989). Cyp2E1 over-expressing HepG2-E47 cells have higher 
baseline levels of oxidative stress than wildtype HepG2 cells that do not express Cyp2E1. Ethanol-dependent lipid 
peroxidation can be prevented by treatment with Cyp2E1 inhibitors (Wu and Cederbaum 2005). Cyp2E1-null mice 
exposed to chloroform do not present with either hepatotoxicity or regenerative proliferation (Constan, et al. 
1999). Chloroform-dependent hepatotoxicity and regenerative proliferation do not occur in Cyp2E1-null mice 
(Constan, et al. 1999). Blocking Cyp2E1 gene transcription (using the drug Bortezomib) blocks acetaminophen-, 
carbon tetrachloride-, and thioacetamide-dependent hepatotoxicity in a dose and time dependent manner (Park, et 
al. 2016). 

Treatment with anti-oxidants to reduce oxidative stress reduces cytotoxicity and removal of antioxidants has the 
opposite effect. Key evidence to support the link between oxidative stress and cell death involves glutathione 
levels. Severity of cytotoxicity and levels of glutathione are inversely related (Smith, et al. 1979). Cyp2E1 over-
expressing HepG2-E47 cells have higher baseline levels of oxidative stress than wildtype HepG2 cells that do not 
express Cyp2E1. For example, increasing cellular ROS through the depletion of thioredoxin or glutathione, or the 
addition of pro-oxidants in Cyp2E1-over-expressing E47 cells results in cell death (Cederbaum, et al. 2012, Yang, 
et al. 2011)(Wu and Cederbaum 2008). Ethanol-dependent hepatotoxicity in rats can be prevented by treatment 
with OTC (a prodrug that maintains glutathione levels and thus reduces ROS) (Iimuro, et al. 2000). Ethanol-
dependent lipid peroxidation can be prevented by treatment with antioxidants (Wu and Cederbaum 2005). Non-
induced or phenobarbital-induced, glutathione-depleted mice treated with 0.5 ml/kg carbon tetrachloride exhibited 
increases in liver lipid peroxidation and significant elevation of liver-specific serum enzyme activities (Younes and 
Siegers 1985). Pre-treatment with the iron-chelating agent desferrioxamine (DFO) suppressed lipid peroxidation 
and inhibited hepatotoxicity; whereas, depletion of glutathione exacerbated it (Younes and Siegers 1985). Primary 
rat hepatocytes exhibit a dose-dependent increase in TBARS and increased cytotoxicity following exposure to 
FB1 (Abel and Gelderblom 1998). However, addition of the antioxidant alpha-tocopherol significantly decreases 
cytotoxicity and decreases TBARS to basal levels, supporting the essentiality of lipid peroxidation. Carbon 
tetrachloride is converted by Cyp2E1 to the trichloromethyl radical, which reacts with oxygen to form the 
trichloromethyl peroxy radical. The latter initiates lipid peroxidation, which is the main cause of carbon 
tetrachloride-dependent cytotoxicity (Kadiiska, et al. 2005, Manibusan, et al. 2007, Weber, et al. 2003). Lipid 
peroxidation has been shown to occur before liver injury and necrosis (Hartley, et al. 1999). Inhibition of lipid 
peroxidation (using desferrioxamine, an iron chelator) prevents the associated hepatotoxicity; whereas, depletion 
of glutathione exacerbates it (Younes and Siegers 1985). Another study that tested both carbon tetrachloride and 
chloroform found that cytotoxicity only occurred at doses at which glutathione was depleted (Beddowes, et al. 
2003). Male Wistar rats exposed for one month to 35% ethanol had abasic sites, Ogg1-sensitive sites, and 
increased expression of BER genes in liver DNA; this ROS-dependent DNA damage occurs at earlier time points 
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than the corresponding carcinogenesis. Importantly, when this experiment was repeated in wild type, humanized 
Cyp2E1 (hCyp2E1), and Cyp2E1-null mice, wild type and hCyp2E1 mice had similar responses to ethanol: 
increased Cyp2E1 protein levels, increased expression of BER genes, and an increase in abasic sites; whereas, 
Cyp2E1-null mice had no oxidative or DNA damage phenotype (Bradford, et al. 2005). 

Cytototoxicity is known (and needs) to occur before regenerative proliferation. Molecular signals that are released 
from dying cells trigger regenerative proliferation of existing cells. AP-1 (particularly the c-Jun monomer) and NF-
kappaB are important transcription factors for this signaling pathway. Both are up-regulated following partial 
hepatectomy and are required for hepatic regeneration. Rodents lacking either of these transcription factors display 
impaired liver regeneration, often leading to death (Behrens, et al. 2002, Schrum, et al. 2000). C-Jun and NF-
kappaB have also been shown to be required for normal liver development and loss of function in either molecule 
is embryonic lethal due to impaired liver development (Hilberg, et al. 1993, Jochum, et al. 2001, Rudolph, et al. 
2000). 

Wild type and humanized Cype2E1 knock-in mice have dose-dependent increases in Cyp2E1 protein and activity 
levels when exposed to ethanol, whereas Cyp2E1 knock-out mice do not. Further, the humanized mice show the 
largest increases in necrosis, inflammation, AST, ALT and TBARS, and the largest decrease in GSH levels of all 
three groups (Lu, et al. 2010). 

 

Uncertainties, inconsistencies, and data gaps: 

The current major uncertainty in this AOP is the mechanistic link between liver regeneration and cancer. There 
are also agents that are substrates of Cyp2E1 that do not cause liver cancer. For example, acetaminophen is a 
Cyp2E1 substrate that does not cause cancer (IARC group 3). However, it is a very strong hepatocytotoxicant and 
oxidant (Hinson, et al. 2010). The extreme cytotoxicity caused by high levels of acetaminophen leads to liver 
failure and death, which preclude liver regeneration or tumour development. 

 

Domain of Applicability 

Life Stage Applicability 
Life Stage Evidence 
All life stages  

 
Taxonomic Applicability 

 
Term Scientific 

Term 
Evidenc
e 

Links 

rodents rodents High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=0) 

Homo 
sapiens 

Homo sapiens Moderat
e 

NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=9606) 

 
Sex Applicability 
Sex Evidence 
Mixed High 

 

This AOP is relevant to animals exposed chronically to chemicals that activate Cyp2E1. Thus, it is relevant during 
development and through to adulthood. In addition, cancer induced by chemicals thought to operate via this 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
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pathway affect both sexes. Studies to support it were conducted primarily in mouse, rat, rabbit, hamster, and 
immortalized human hepatoma cells. 

While this AOP appears to be relevant in both sexes (the Moser et al. 2009 was done in female mice and the NTP 
1993 cancer bioassay was done in both genders), a recent study has suggested that male mice might be more 
sensitive to the Cyp2E1-dependent oxidative stress causing cancer mode of action (Wang, et al. 2015). The ability 
of estrogen to inhibit IL-6 has been identified as an important factor (Naugler, et al. 2007). Gender differences in 
furan- dependent gene expression were also reported in furan-exposed rats (Dong, et al. 2015). 

The evidence for this AOP is primarily derived from rodent models. Human cells in culture were also used in 
some investigations, demonstrating a link between ROS, cytotoxicity and genotoxicity. Humanized Cyp2E1 
(hCyp2E1) mice have been used to demonstrate relevance to humans for progression from MIE and oxidative 
stress (Bradford, et al. 2005). There is an association between ROS and liver cancer in humans (Poungpairoj, et al. 
2015, Wang, et al. 2016a). A variety of lines of evidence support the relationship between oxidative stress with 
the development and progression of hepatocellular carcinoma. For example, reduced superoxide dismutase 2 (an 
antioxidant gene) mRNA and protein expression is associated with mortality of hepatocellular carcinoma patients 
in a mutant p53-dependent manner (Wang, et al. 2016a). This decrease in expression is accompanied by decreased 
copy number of the gene in tumours, supporting a genetic basis for the molecular phenotype. Plasma protein 
carbonyl content (biomarker of oxidative stress) is significantly higher, whereas plasma TAC (biomarker of 
antioxidant capacity) is significantly lower in HCC patients than healthy controls (Poungpairoj, et al. 2015). 

 

Essentiality of the Key Events 

Studies in Cyp2E1 knockout mice include: carbon tetrachloride (Wong, et al. 1998), acetone (Bondoc, et al. 
1999), benzene (Powley and Carlson 2001), thioacetamide (Chilakapati, et al. 2007), trichloroethylene (Kim and 
Ghanayem 2006), acrylonitrile (El Hadri, et al. 2005), urethane (Hoffler, et al. 2003, Hoffler and Ghanayem 
2005), acetaminophen (Lee, et al. 1996, Zaher, et al. 1998), and ethanol (Bardag-Gorce, et al. 2000). 

Cyp2E1 constitutive activation and inhibition in Sprague-Dawley rat liver in the context of diethylnitrosamine-
induced hepatocarcinogenesis (DEN) exposure is described by Gao et al. (2018a, 2018b). 

 

The effects of ethanol exposure on the liver are well studied. The role of chronic alcohol exposure leading to 
inflammation, oxidative stress and DNA damage, and cancer is reviewed by Song et al. (2019). The role of 
Cyp2E1 in ethanol metabolism leading to the production of ROS, which contribute to carcinogenesis, is explored 
in Seitz and Mueller (2019). The associated etheno DNA adducts are described in Mueller et al. (2018) and 
Peccerella et al. (2018). 

 

Weight of Evidence Summary 

Extent of Biological Plausibility of each KER 

Defining question: Is there a mechanistic (e.g., structural or functional) relationship between KE-up and KE-down 
consistent with established biological knowledge? 
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Strong: Extensive 
understanding of the KER 
based on extensive 
previous documentation 
and broad acceptance (e.g., 
mutations leads to 
tumours); Established 
mechanistic basis 

Moderate: The KER is 
plausible based on analogy 
to accepted biological 
relationships, but scientific 
understanding is not 
completely 
established 

Weak: there is empirical support for a statistical 
association between KEs, but the structural or 
functional relationship between them is not 
understood. 

 
 
Table 1: Support for biological plausibility of KERs 

 
 
 
Adjacent KER1 

MIE-->KE1: 
Activation of 
Cyp2E1 leading 
to oxidative 
stress 

 
Level of Support: Strong 
 
Mechanism: It is well known that uncoupling of Cyp2E1 catalytic cycle 
results in the release of harmful reactive oxygen species in the cell. 

 
 
Adjacent KER2 

 
KE1-->KE2: 
Oxidative stress 
leading to 
cytotoxicity 

Level of Support: Strong. 
 
Mechanism: Cellular oxidative damage, especially by lipid peroxidation, 
leads to cell death. The mechanisms linking these events are well defined. 

 
Adjacent KER3 

KE2-->KE3: 
Hepatotoxicity 
leading to 
regenerative 
proliferation 

Level of Support: Strong. 
 
Mechanism: The liver is well known to regenerate itself following chemical 
or surgical injury. 

 
Non- adjacent 
KER1 

MIE-->KE2: 
Activation of 
Cyp2E1 leading 
to hepatotoxicity 

Level of Support: Strong. 
 
Mechanism: Metabolite-dependent toxicity is a well known side-effect of 
cytochrome P450 mono-oxygenase metabolism of xenobiotics in the liver. 

 
 
 
Non- adjacent 
KER2 

 
 
KE1-->AO: 
Oxidative stress 
leading to liver 
cancer 

Level of Support: Moderate. 
 
Mechanism: ROS-dependent DNA damage causing harmful mutations is 
known to occur. It is also well known that DNA mutations can lead to 
cancer. However, the mechanism by which the specific mutations generated 
in this context promote malignant transformation is incompletely 
understood. 

 
 
 
Non- adjacent 
KER3 

 
 
KE2-->AO: 
Hepatotoxicity 
leading to liver 
cancer 

Level of Support: Moderate. 
 
Mechanism: Cell death by necrosis and necroptosis produces DAMPs that 
trigger inflammation. Inflammation is widely considered to be an important 
risk factor that sets the stage for malignant transformation; however, 
mechanistically, it is unclear how it does so. 

 
 
Non- adjacent 
KER4 

KE3-->AO: 
Sustained 
proliferation 
leading to liver 
cancer 

Level of Support: Strong. 
 
Mechanism: Highly dividing cells are at greater risk of obtaining and fixing 
a mutation. If appropriately placed in the genome, such a mutation can 
facilitate the malignant transformation of the cell. 
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Extent of Support for the Essentiality of each KE 
 
Defining question: Are downstream KEs and/or the AO prevented is an upstream KE is blocked? 
 
Strong: Direct 
evidence from 
specifically designed 
experimental studies 
illustrating essentiality 
for at least one of the 
important KEs (e.g., 
stop/reversibility 
studies, antagonism, 
knock out models, etc.) 

Moderate: Indirect 
evidence that sufficient 
modification of an expected 
modulating factor 
attenuates or augments a 
KE (e.g., augmentation of 
proliferative response 
(KEup) leading to increase 
in KEdown or AO). 

Weak: No or contradictory experimental evidence of the 
essentiality of any of the KEs. 

 
Table 2: Support for essentiality of KEs. 

 

MIE: Activation of Cyp2E1. Strong. Refs. 

MIE-->KE1: Hydrogen peroxide production and lipid peroxidation are 
blocked in rat microsomes following inhibition of Cyp2E1 with an anti-
Cyp2E1 antibody. 

(Ekstrom and 
Ingelman- Sundberg 
1989) 

MIE-->KE1,KE2,KE3 (furan): ROS increase following furan exposure, 
which can be inhibited in a dose-dependent way by apigenin. Mouse 
lymphoma cells can tolerate exposure to furan at extremely high doses (up 
to 3100 uM) without experiencing cytotoxicity; however, cells experiences 
50% mortality at much lower concentrations (50 uM) of furan’s primary 
metabolite, BDA. Therefore, cytotoxicity observed following exposure to furan 
is caused by BDA (not furan), which is produced by Cyp2E1. In addition, in 
vivo hepatotoxicity and regenerative proliferation following furan exposure 
can be prevented by treatment with a cytochrome P450 inhibitor (ABT). 

(Fransson- Steen, et al. 
1997, Kellert, et al. 
2008, Wang, et al. 
2014) 

MIE-->KE1, KE2 (carbon tetrachloride): Cytotoxicity and lipid 
peroxidation are prevented in rats and mice by pre-treatment with 
cytochrome P450 inhibitors (colchicine or SKF-525A). Cytotoxicity is 
exacerbated in cell lines that over-express Cyp2E1. Wild-type mice exposed 
to carbon tetrachloride experience increases in hepatotoxicity and associated 
liver pathologies; these do not occur in Cyp2E1-null mice. 

(Bechtold, et al. 1982, 
Letteron, et al. 1990, 
Martinez, et al. 1995, 
Mourelle, et al. 1989, 
Takahashi, et al. 
2002) 

MIE-->KE2, KE3 (chloroform): Cyp2E1-null mice do not experience 
chloroform-dependent hepatotoxicity or regenerative proliferation. 

(Constan, et al. 1999) 

KE1: Oxidative stress. Strong.  

KE1-->KE2 (carbon tetrachloride): Treatment of mice with an anti-oxidant 
(silymarin) prevents lipid peroxidation. Depletion of glutathione (by dithyl 
maleate, DEM) leads to an increase in lipid peroxidation in carbon 
tetrachloride fed rats. 

(Bechtold, et al. 1982, 
Letteron, et al. 1990) 
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KE1-->KE2, AO (ethanol): Levels of glutathione, ROS and lipid 
peroxidation are higher in HepG2 cells that stably over-express Cyp2E1 
compared to wild-type HepG2 cells (that do not express Cyp2E1); 
glutathione depletion (using BSO), thioredoxin knock-down, or ethanol 
exposure in E47 cells results in elevated cytotoxicity, which does not occur in 
wild-type HepG2 cells. Apoptotic phenotype in ethanol treated HepG2-
Cyp2E1 cells can be rescued by treatment with 4-MP (a cyp2e1 inhibitor), 
trolox (an antioxidant), or a caspase inhibitor. Rats exposed to ethanol 
present with time-dependent increases in cytotoxicity and inflammation, 
which can be blocked by treatment with OTC (a compound that sustains 
glutathione levels). Wild type and hCyp2E1 mice present with oxidative 
DNA adducts, which do not occur in Cyp2E1-null mice. 

(Bradford, et al. 2005, 
Iimuro, et al. 2000, 
Wu and Cederbaum 
1996, Yang, et al. 
2011) 

KE1-->KE2 (chloroform): A study in rats showed that cytotoxicity only 
occurs at doses that are sufficient to deplete glutathione. 

(Beddowes, et al. 
2003) 

KE2: Hepatotoxicity  

Weak. We are not aware of any experiments that have specifically blocked 
cytotoxicity following chemical exposure. 

 

KE3: Regenerative Proliferation  

Moderate. It is well understood that cellular proliferation is a precursor to 
cancer; however, a better understanding of the molecular signals involved is 
required to experimentally demonstrate this using knock-down or knock-
out models. 

 

Rodents lacking AP-1 or NF-kappaB display impaired liver regeneration, 
often leading to death.  

In TNF receptor type 1 knockout mice and JNK-1 knockout mice, 
regenerative proliferation was impaired, accompanying by decreased liver 
carcinogenesis (Knight et al., 2000; Hui et al., 2008). In the JNK-1 
knockout mice, genetic inactivation of p21 restored hepatocyte 
proliferation and also liver carcinogenesis (Hui et al. 2008). Conversely, the 
evidence against the essentiality of KE3 also exists, such as Melnick and 
Huff (1993). 

(Behrens, et al. 2002, 
Schrum, et al. 2000) 

 
 
(Knight et al., 2000; 
Hui et al., 2008; 
Melnick and Huff, 1993). 

 
 
Extent of Empirical Support for each KER 

 
Defining question 1: Does the empirical evidence support that a change in KE-up leads to an appropriate change 
in KE-down? Does KE-up occur at a lower dose and earlier time-point than KE-down? Is the incidence of KE-up 
> than KE-down? 

 
Defining question 2: Are there inconsistencies in the empirical support across taxa, species, and stressors that 
don’t align with the expected pattern for hypothesized AOP? 
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Strong: multiple 
studies showing 
dependent change in 
both events following 
exposure to a wide 
range of specific 
stressors (extensive 
evidence for temporal, 
dose- response, and 
incidence concordance) 
and or few critical data 
gaps or conflicting data 

Moderate: Demonstrated 
dependent change in both events 
following exposure to a small 
number of specific stressors and 
some evidence inconsistent with 
expected pattern that can be 
explained by factors such as 
experimental design, technical 
considerations, differences among 
labs, etc. 

Weak: limited or no studies reporting 
dependent change in both events following 
exposure to a specific stressor (ie, endpoints 
never measured in the same study or not at 
all); and/or significant inconsistencies in 
empirical support across taxa and species that 
don’t align with expected pattern for 
hypothesized AOP 

 
 
Table 3: Empirical support for KERs. 

 
 
 
 
 
 
Adjacent KER1 

 
 
MIE-->KE1: 
Activation of Cyp2E1 leading to 
oxidative stress 

Level of Support: Strong. 
Defining question 1: There is extensive 
evidence in hepatic cell lines and rodent 
models that demonstrates that when Cyp2E1 is 
active there is an increase in oxidative stress, 
particularly lipid peroxidation. The doses at 
which the effects are measured are concordant. 
Further, when Cyp2E1 substrate is present, 
Cyp2E1 protein levels increase. 
Defining question 2: There are no 
contradictions to the ‘defining question1’ in 
the literature. 

  Level of Support: Strong. 
 
 
 
 
Adjacent KER2 

 
 
KE1-->KE2: 
Oxidative stress leading to 
hepatotoxicity 

Defining question 1: It is clear that oxidative 
stress and cytotoxicity are downstream of 
Cyp2E1 activation (occur later and at higher 
doses). It is also known that oxidative stress is 
harmful to cells and, in extreme cases, causes 
loss of cell viability. 

  Defining question 2: There are no 
contradictions to the ‘defining question 1’ in 
the literature. 

  Level of Support: Strong. 
 
 
 
 
Adjacent KER3 

 
 
 
KE2-->KE3: 
Hepatotoxicity leading to regenerative 
proliferation 

Defining question 1: That hepatotoxicity 
leads to regenerative proliferation has been 
demonstrated for a number of liver toxicants 
(as well as surgical resection of the liver). 
Increased regenerative proliferation occurs 
following toxicity, and at higher doses than 
the cytotoxicity. 

  Defining question 2: We are not aware of 
any instance in which an injured liver (that is 
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genetically normal) will not regenerate itself. 

  Level of Support: Strong. 
 
 
 
 
 
Non- adjacent KER1 

 
 
 
 
MIE-->KE2: 
Activation of Cyp2E1 leading to 
hepatotoxicity 

Defining question 1: There is a large amount 
of published data that demonstrate the cytotoxic 
effects of Cyp2E1 substrates following 
metabolic activation. 

Defining question 2: While the prevailing 
opinion in the literature is that the toxicity of 
these metabolites is the result of non- genotoxic 
mechanisms, there are studies that argue in 
favour of direct genotoxic effects. It is widely 
thought that any observed genotoxicity is 
actually ‘indirect’ and is the product of 
oxidative stress. 

  Level of Support: Weak. 
 
 
 
 
 
Non- adjacent KER2 

 
 
 
 
KE1-->AO: 
Oxidative stress leading to liver cancer 

Defining question 1: Carcinogens that cause 
cancer by ‘cytotoxicity and regenerative 
proliferation’ are generally accepted to be 
indirectly genotoxic. The most realistic source 
of indirect genotoxicity for these compounds 
are reactive oxygen species. 

Defining question 2: An alternative 
mechanism—that is not mutually exclusive to the 
‘defining question 1’—is that the 
transcriptional actions of chronic Nrf2 
activation provide a molecular environment that 
promotes malignant transformation. 

  Level of Support: Moderate. 
  Defining question 1: Published studies 

support the idea that inflammation (caused by 
cellular necrosis and necroptosis) proceeds and 
somehow facilitates malignant transformation. 

  Defining question 2: 
 
Non- adjacent KER3 

KE2-->AO: 
Cytotoxicity leading to liver cancer 

>That inflammation precedes liver cancer 
appears to be consistent across studies. The 
contradictory nature of NF-kappaB’s role in 
carcinogenesis remains under active 
investigation. 

  >This relationship appears to be valid for 
toxicants that produce moderate levels of 
cytotoxicity. Acetaminophen is a Cyp2E1 
substrate that produces extremely high levels of 
hepatotoxicity. Acetaminophen does not cause 
liver cancer because death by liver failure 
occurs before cancer can develop. 
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  Level of Support: Moderate 
 
 
 
 
Non- adjacent KER4 

 
 
 
KE3-->AO: 
Sustained 
proliferation 
leading to liver 
cancer 

Defining question 1: That an increase in cellular proliferation precedes 
tumour formation is a universal occurrence. 

Defining question 2: Not all cases of regenerative proliferation produce 
tumours (some simply regenerate the liver to its healthy form). Therefore, 
it is clear that malignant transformation is accompanied by some sort of 
abnormal cellular signaling or impaired homeostasis. 

 

Quantitative Consideration 

Degree of Quantitative Understanding of each KER 
 
Dose-response, temporal and incidence concordance for furan in mouse (unless otherwise specified). 

 MIE KE1 KE2 KE3 AO 

Dose (mkd)           

In vitro 
Studies in mouse, 
rat and human 
hepatocytes d,e 

        

0.5     
- 

(3 weeks) a 

- 

(3 weeks) a 
  

1     
+ 

(3 weeks) a 

- 

(3 weeks) a 

- 

(2 years) a 

2     
+ 

(3 weeks) a 

- 

(3 weeks) a 

- 

(2 years) a 

4   

+ 

(4 days) g 

(rat) 

++ 

(3 weeks) a 

- 

(3 weeks) a 

+ 

(2 years) a 

8   

++ 

(4 days) g 

(rat) 

--------- 

+ 

(7 days) c 

+++ 

(3 weeks) a 

+ 

(3 weeks) a 

------------ 

+++ 

(2 years) b 

++ b 

+++ a 

(2 years 

12   

++ 

(4 days) g 

(rat) 

      

15   

++ 

(4 days) g 

(rat; 16 mkd) 

+ 

(90 days) b 

----- 

+++ 

- 

(90 days) b 

----- 

+++ 

+++ 

(2 years) b 



 

15  

(2 years) b (2 years) b 

30 

++ 

(8hr, 1day) f 

(rat) 

++ 

(8hr) f 

(rat) 

30 

++ 

(8hr, 1day) f 

(rat) 

++ 

(8hr) f 

(rat) 

60     
+++ 

(90 days) b 

+++ 

(90 days) b 
  

Studies: a (Moser, et al. 2009); b (NTP 1993); c (Wang, et al. 2014); d (Kedderis, et al. 1993); e (Kedderis and Held 
1996); f (Hickling, et al. 2010); g (Ding, et al. 2012). 
 

Considerations for Potential Applications of the AOP (optional) 

The events described in this AOP will be useful to scientists and regulators who are interested in non- or indirectly 
genotoxic compounds that cause liver cancer through the cytotoxicity and regenerative proliferation mode of 
action. This group of compounds is challenging to assess because they produce negative or equivocal results in 
short-term genotoxicity tests, which are typically used as a first-pass screen for carcinogenicity. Therefore, an 
AOP describing these KEs and KERs might be used as a screening tool for compounds that act via this mode of 
action. HCC has been used as an adverse endpoint in many hazard assessments that can be used as input to risk 
management decisions. The U.S. EPA Integrated Risk Information System (IRIS database) contains 111 instances 
wherein HCC has been considered in hazard assessment of environmental contaminants. For example, HCC in 
rats formed part of the weight of evidence in categorizing polychlorinated biphenyls as probable human 
carcinogens. These tumours, combined with other liver tumours, also formed the basis for quantitative dose-
response assessment for cancer induced by polychlorinated biphenyls by the oral route (USEPA, 2014). 
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Appendix 1- MIE, KEs and AO 

List of MIEs in this AOP 

Event: 1391: Activation of Cyp2E1 (https://aopwiki.org/events/1391) 

Short Name: Activation of Cyp2E1 
 
AOPs Including This Key Event 

 
AOP ID and Name Event Type 
Aop:220 - Cyp2E1 Activation Leading to Liver Cancer (https://aopwiki.org/aops/220) Molecular Initiating 

Event 
 
Stressors 

 
Name 
Chloroform 
Acetaminophen 
furan 
Ethanol 
acetone 

 
Biological Context 

 
Level of Biological Organization 
Molecular 

 

Evidence for Perturbation by Stressor 
 
Overview for Molecular Initiating Event 
A variety of substrates have been described (Lieber 1997, Tanaka, et al. 2000). There are >85 known Cyp2E1 
substrates. They are low molecular weight compounds, including: molecular oxygen, acetone (Bondoc, et al. 
1999), acetaminophen (Lee, et al. 1996, Zaher, et al. 1998), carbon tetrachloride (Wong, et al. 1998), pyrazole, 
vinyl chloride, furan, chloroform, ethanol (Bardag-Gorce, et al. 2000), benzene (Powley and Carlson 2001), 
acrylonitrile (El Hadri, et al. 2005), trichloroethylene (Kim and Ghanayem 2006), aniline, N-
nitrosodimethylamine, N-nitrosodiethylamine, diethylnitrosamine, thioacetamide (Chilakapati, et al. 2007), 
urethane (Hoffler, et al. 2003, Hoffler and Ghanayem 2005), and toluene. 

Domain of Applicability 
Taxonomic Applicability 
 
Term Scientific 

Term 
Evidenc
e 

Links 

rodents rodents High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=0) 

Homo 
sapiens 

Homo sapiens High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i

https://aopwiki.org/events/1391
https://aopwiki.org/aops/220
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
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d=9606) 
 
Life Stage Applicability 
Life Stage Evidence 
All life stages High 

 
Sex Applicability 
Sex Evidence 
Mixed High 

 

Taxonomic applicability: The Cyp2E1 gene is present across a variety of taxa including humans and primates, 
mice and rats. AceView (http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.html) indicates high levels of 
Cyp2E1 expression from RNA-seq experiments in liver across primate species. Cype2E1 is also present in frogs 
(Fort, et al. 2003, Saito, et al. 1997) and fish (Howarth, et al. 2011). 

Life stages: Studies are primarily on adult liver tissues. 

 

Sex applicability: Cyp2E1 is expressed in both males and females. 
 
 

Key Event Description 
Cyp2E1 is a membrane-bound monooxygenase that is primarily located in zone 3 hepatocytes (Ingelman-
Sundberg, et al. 1988, Tsutsumi, et al. 1989). Although it is also expressed in other tissues 
(http://www.genecards.org/cgi- bin/carddisp.pl?gene=CYP2E1), the body of literature on CYP2E1 is focussed on 
measurement in liver. CYP2E1 is primarily located in the endoplasmic reticulum, but can also be present in the 
mitochondria. It is a phase I metabolism enzyme that catalyzes the oxidation of low molecular weight substrates. 
Unlike most cytochrome P450 enzymes, Cyp2E1 is constitutively expressed (i.e., its expression is not 
transcriptionally controlled by substrate-bound nuclear receptors). Alternatively, exposure to a substrate increases 
its activity through post-translational stabilization of the molecule. Thus, the presence of substrate significantly 
increases the half-life of the Cyp2E1 enzyme thereby allowing it to be active for a longer period of time (Gonzalez 
2007, Song, et al. 1989). The sustained activation of Cyp2E1 due to the presence of the chemical substrate is 
required for this MIE to produce downstream adverse effects. 

Cyp2E1 is also regulated by the ubiquitin-proteasome pathway and the involvement of hsp-based chaperone 
(Morishima et al. 2005); however, this mechanism of regulation is not discussed further herein. 

 

How it is Measured or Detected 
• Mixed function oxidase catalytic activity. These assays have been thoroughly reviewed by Cederbaum 

(2014). The paper describes preparation of microsomes from both liver homogenates and cell cultures for 
testing Cyp2E1 activity. Briefly, the ratio of 6-hydroxychlorzoxazone/chlorzoxazone can be used to 
estimate levels of CYP2E1 in humans (Girre, et al. 1994). In addition, the oxidation of para-nitrophenol 
(PNP) to para nitrocatechol is an efficient and relatively specific assay to determine catalytic activity 
dependent on CYP2E1 [e.g., (Koop 1986, Koop, et al. 1989, Reinke and Moyer 1985)]. Other assays are 
described within the review article by Cederbaum. 

• Western blot or Immunohistochemistry. Following chemical treatment, Cyp2E1 protein levels should 
increase if it is involved in the metabolism of that substrate. Western blot (of protein extracted from liver 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.html)
http://www.genecards.org/cgi-
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or cultured cells) or immunohistochemistry (of fixed liver or cultured cells) using anti-Cyp2E1 antibodies is 
the most straightforward approach for directly measuring increased levels of Cyp2E1. 

• HepG2 cells. A compound’s Cyp2E1-dependence can be determined by comparing toxic effects in HepG2 
versus HepG2-E47 cells. HepG2 cells are immortalized human hepatoma cells that do not express Cyp2E1; 
whereas, HepG2-E47 cells over-express Cyp2E1 (by recombinant retroviral infection). Chemicals that are 
metabolically activated by Cyp2E1 will cause cytotoxicity and oxidative stress in the E47 cells only. 
Toxicity can be blocked by treatment with antioxidants or Cyp2E1 inhibitors. Toxicity is exacerbated when 
glutathione is depleted (Wu and Cederbaum 2005) (e.g., ethanol (Cederbaum, et al. 2001, Chen and 
Cederbaum 1998, Chen, et al. 1998, Dai, et al. 1993). 

• Measurement of chemical oxidation by Cyp2E1 in liver microsomes; described in the methodology review 
by Cederbaum (Cederbaum 2014). Reactions use specific probes to confirm that the compound undergoes 
oxidation, and that this oxidation reaction is catalyzed by Cyp2E1. See also: (Koop 1986, Koop, et al. 
1989, Reinke and Moyer 1985). 

• Cyp2E1 knock-out mouse. Chemical exposures in knockout mice are conducted and the production of the 
anticipated metabolites is measured. Lack of metabolite production indicates that Cyp2E1 is required for 
the chemical’s metabolism. Effects in knock-out mice are always measured in reference to wild-type 
(control) mice, which allows investigators to attribute the altered phenotype to gene product that has been 
knocked-out. Studies in Cyp2E1 knockout mice indicate the following chemicals interact with it: carbon 
tetrachloride (Wong, et al. 1998), acetone (Bondoc, et al. 1999), benzene (Powley and Carlson 2001), 
thioacetamide (Chilakapati, et al. 2007), trichloroethylene (Kim and Ghanayem 2006), acrylonitrile (El 
Hadri, et al. 2005), urethane (Hoffler, et al. 2003, Hoffler and Ghanayem 2005), acetaminophen (Lee, et al. 
1996, Zaher, et al. 1998), and ethanol (Bardag-Gorce, et al. 2000). 

• Humanized Cyp2E1 mice. Two transgenic mice with human Cyp2E1 have been created. The first mouse 
reproduces and develops normally, and demonstrates Cyp2E1-dependent toxicity (Morgan, et al. 2002). 
However, these mice express human and endogenous Cyp2E1, which is not ideal. A true ‘humanized’ 
Cyp2E1 transgenic mouse was produced by the Gonzalez lab in which the endogenous Cyp2E1 gene was 
replaced with the human Cyp2E1 gene (Cheung, et al. 2005, Cheung and Gonzalez 2008). Studies in these 
mice are conducted in order to provide evidence that the Cyp2E1-dependent effects observed in 
experimental animals will also occur in humans. 

• 2-Piperidone. Z-Piperidone is a newly proposed biomarker of Cyp2E1 activity that is detected in urine 
(Cheng, et al. 2013). 
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List of Key Events in the AOP 

Event: 1392: Oxidative Stress (https://aopwiki.org/events/1392) 

Short Name: Oxidative Stress 
 
AOPs Including This Key Event 

 
 
 
AOP ID and Name 

Event 
Type 

Aop:220 - Cyp2E1 Activation Leading to Liver Cancer (https://aopwiki.org/aops/220) KeyEvent 
Aop:17 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-proteins 
involved in protection against oxidative stress during brain development leads to impairment of 
learning and memory (https://aopwiki.org/aops/17) 

KeyEvent 

Aop:284 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-proteins 
involved in protection against oxidative stress leads to chronic kidney disease 
(https://aopwiki.org/aops/284) 

KeyEvent 

 
Stressors 

 
Name 
Acetaminophen 
Chloroform 
furan 

 
Biological Context 
 

Level of Biological Organization 
Molecular 

 
  

https://aopwiki.org/events/1392
https://aopwiki.org/aops/220
https://aopwiki.org/aops/17
https://aopwiki.org/aops/17
https://aopwiki.org/aops/17
https://aopwiki.org/aops/284
https://aopwiki.org/aops/284
https://aopwiki.org/aops/284
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Domain of Applicability 
Taxonomic Applicability 
Term Scientific 

Term 
Evidenc
e 

Links 

rodents rodents High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=0) 

Homo 
sapiens 

Homo sapiens High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=9606) 

 
Life Stage Applicability 
Life Stage Evidence 
All life stages High 

 
Sex Applicability 
Sex Evidence 
Mixed High 

 
Oxidative stress is produced in, and can occur in, any species from bacteria through to humans. 

 

Key Event Description 
Oxidative stress is defined as an imbalance in the production of reactive oxygen species (ROS) and antioxidant 
defenses. High levels of oxidizing free radicals can be very damaging to cells and molecules within the cell. As a 
result, the cell has important defense mechanisms to protect itself from ROS. For example, Nrf2 is a transcription 
factor and master regulator of the oxidative stress response. During periods of oxidative stress, Nrf2-dependent 
changes in gene expression are important in regaining cellular homeostasis (Nguyen, et al. 2009) and can be 
used as indicators of the presence of oxidative stress in the cell. 

In addition to the directly damaging actions of ROS, cellular oxidative stress also changes cellular activities on a 
molecular level. Redox sensitive proteins have altered physiology in the presence and absence of ROS, which is 
caused by the oxidation of sulfhydryls to disulfides (2SH àSS) on neighboring amino acids (Antelmann and 
Helmann 2011). Importantly Keap1, the negative regulator of Nrf2, is regulated in this manner (Itoh, et al. 
2010). 

The brain possesses several key physiological features, such as high O2 utilization, high polyunsaturated fatty 
acids content, presence of autooxidable neurotransmitters, and low antioxidant defenses as compared to other 
organs, that make it highly susceptible to oxidative stress (Halliwell, 2006; Emerit and al., 2004; Frauenberger 
et al., 2016). 

 
 

How it is Measured or Detected 
Oxidative Stress. Direct measurement of ROS is difficult because ROS are unstable. The presence 
of ROS can be assayed indirectly by measurement of cellular antioxidants, or by ROS-dependent 
cellular damage: 

- Detection of ROS by chemiluminescence 
(https://www.sciencedirect.com/science/article/abs/pii/S0165993606001683) 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.sciencedirect.com/science/article/abs/pii/S0165993606001683)
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- Glutathione (GSH) depletion. GSH can be measured by assaying the ratio of reduced to oxidized glutathione 
(GSH:GSSG) using a commercially available kit (e.g., http://www.abcam.com/gshgssg-ratio-detection-assay-kit- 
fluorometric-green-ab138881.html) 

- TBARS. Oxidative damage to lipids can be measured by assaying for lipid peroxidation using TBARS 
(thiobarbituric acid reactive substances) using a commercially available kit. 

- 8-oxo-dG. Oxidative damage to nucleic acids can be assayed by measuring 8-oxo-dG adducts (for which there are 
a number of ELISA based commercially available kits),or HPLC, described in Chepelev et al. (Chepelev, et al. 
2015). 
 

Molecular Biology: Nrf2. Nrf2’s transcriptional activity is controlled post-translationally by 
oxidation of Keap1. Assay for Nrf2 activity include: 

- Immunohistochemistry for increases in Nrf2 protein levels and translocation into the nucleus; 
- Western blot for increased Nrf2 protein levels; 
- Western blot of cytoplasmic and nuclear fractions to observe translocation of Nrf2 protein from the cytoplasm to 

the nucleus; 
- qPCR of Nrf2 target genes (e.g., Nqo1, Hmox-1, Gcl, Gst, Prx, TrxR, Srxn), or by commercially available 

pathway-based qPCR array (e.g., oxidative stress array from SABiosciences) 
- Whole transcriptome profiling by microarray or RNA-seq followed by pathway analysis (in IPA, DAVID, 

metacore, etc.) for enrichment of the Nrf2 oxidative stress response pathway (e.g., Jackson et al. 2014). 
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Event: 1393: Hepatocytotoxicity (https://aopwiki.org/events/1393) 

Short Name: Hepatocytotoxicity 
 
AOPs Including This Key Event 

 
AOP ID and Name Event Type 
Aop:220 - Cyp2E1 Activation Leading to Liver Cancer (https://aopwiki.org/aops/220) KeyEvent 

 
Stressors 

 
Name 
Ethanol 
acetone 
Chloroform 
Acetaminophen 
furan 

 
Biological Context 

 
Level of Biological Organization 
Cellular 

 
Cell term 

 
Cell term 
hepatocyte 

 
Organ term 

 
Organ term 
liver 

 

Domain of Applicability 
 
Taxonomic Applicability 
Term Scientific 

Term 
Evidenc
e 

Links 

rodents rodents High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=0) 

Homo 
sapiens 

Homo sapiens High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=9606) 

 
Life Stage Applicability 
Life Stage Evidence 
All life stages High 

 
Sex Applicability 
Sex Evidence 

https://aopwiki.org/events/1393
https://aopwiki.org/aops/220
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
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Mixed High 
 
Cytotoxicity can occur in any species from bacteria through to humans. Hepatocytotoxicity can occur in any species 
with a liver. 

 
 

Key Event Description 
Taxonomic Applicability: Hepatotoxicity can occur in any species that has a liver. 

Sex applicability: It can occur in both sexes 

How it works: Hepatotoxicity occurs through three main mechanisms: apoptosis, necrosis, and necroptosis. (1) 
During programmed cell death, apoptotic cells are ‘disassembled’ and cellular components ‘bleb’ off as large 
vacuoles, which can be eliminated by phagocytosis. Apoptosis is activated via the extrinsic pathway (mediated 
through a death receptor, TNFR) or intrinsic pathway (mediated through the mitochondria), each of which activate 
the caspase cascade (Riedl and Shi 2004). (2) Necrosis is an unregulated, accidental form of cell death that occurs 
when severe damage to cellular components causes the cell to die abruptly and spill its contents into the 
extracellular space. 

Released cellular components include damage-associated molecular patterns (DAMPs) that trigger an 
inflammatory response. (3) The third type of cell death is necroptosis, or programmed necrosis, which uses the 
same death receptor that is upstream to the extrinsic pathway of apoptosis, but signaling results in a necrotic 
outcome. The decision for TNFR to signal for apoptosis or necroptosis is thought to depend on the receptor protein 
kinases 1 and 3 (RIP1, RIP3), which are part of the protein complex that forms on the intra-cellular portion of the 
TNFR. Activation of caspase-8 cleaves the RIP1-RIP3 complex and favours apoptosis, whereas inhibition of 
caspase-8 favours the RIP1- RIP3 complex (called the ‘necrosome’). As per standard necrosis, necroptosis results 
in DAMP release, which triggers inflammation. Necroptosis has been reviewed (Vandenabeele, et al. 2010). Cell 
death mechanisms in the liver and in liver disease have also been reviewed (Eguchi, et al. 2014, Luedde, et al. 
2014). 

The mitochondrial permeability transition (MPT) is an important process that leads to necrosis or apoptosis. When 
the mitogen activated protein kinase (MAPK) cascade is triggered (ASK1MKK4JNK), Bax is recruited to the 
outer mitochondrial membrane (Youle and Strasser 2008). Bax triggers the opening of the mitochondrial 
permeability transition pore (MTP), through which cytochrome c is released, which triggers the caspase cascade 
and apoptosis. Alternatively, when the MTP opens across the inner and outer mitochondrial membranes, 
mitochondrial swelling and decoupling of oxidative phosphorylation (i.e., loss of ATP generation) leads to cell 
death by necrosis (Pessayre, et al. 2010, Rasola and Bernardi 2007). 

 

How it is Measured or Detected 
In vivo (liver): 

• H&E stained liver sections can be examined by a pathologist for the presence of cytotoxicity; 

• Serum levels of alanine aminotransferase (ALT) can be used as an indicator of hepatotoxicity. Serum levels of 
aspartate aminotransferase (AST) can also be used; however, AST is considered to be less ‘liver specific’ than 
ALT. Therefore, an AST/ALT ratio is often used. ALT and AST are typically measured using a commercial 
kit (e.g., from Sigma Aldrich or Roche); protocol: www.bio-protocol.org/e931. 

• Additional serum biomarkers of liver cell death have been reviewed in: (Eguchi, et al. 2014), and include: 
miRNAs (including mir-122), soluble death receptors (sTNFR, sTRAIL, sFas), microparticles (small vesicles 
released from dying cells), and other soluble proteins (including High mobility group box 1, HMGB1, and 
cleaved keratin 18, K18). 

http://www.bio-protocol.org/e931
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• Lactate dehydrogenase (LDH) leakage. LDH leakage is a measure of necrotic cell death. Method described 
here: (Chan, et al. 2013). 

 

In vivo or in vitro: 

• Trypan Blue Exclusion. Trypan blue is a commercially available dye that only stains dead cells; 

• Apoptosis can be assayed by measuring caspase activation. There are a number of commercially available 
caspase assay kits. The TUNEL assay is commonly used to measure DNA fragmentation that results from 
apoptotic signaling cascades (Lozano, et al. 2009); 

• In the MTT assay in which viable cells (with active metabolism) convert MTT into a purple compound 
(formazan), whereas dead cells remain colourless (Riss, et al. 2004); Trypan blue assay: non –viable cells 
take-up trypan blue, whereas viable cells remain colourless (Strober 2015). 
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Event: 1394: Induction, persistant proliferation/sustained proliferation (https://aopwiki.org/events/1394) 

Short Name: Sustained proliferation 
 
Key Event Component 
 

Process Object Action 
cellular response to oxidative stress  increased 
macrophage activation involved in immune response macrophage increased 
hypoxia hypoxia-inducible factor 1-alpha decreased 
hypoxia von Hippel-Lindau disease tumor suppressor decreased 

 
AOPs Including This Key Event 

 
AOP ID and Name Event Type 
Aop:220 - Cyp2E1 Activation Leading to Liver Cancer (https://aopwiki.org/aops/220) KeyEvent 

 
Stressors 
 

Name 
Acetaminophen 
Chloroform 
Ethanol 
furan 

 
Biological Context 

 
Level of Biological Organization 
Cellular 

 

Domain of Applicability 
 
Taxonomic Applicability 
Term Scientific 

Term 
Evidenc
e 

Links 

rodents rodents High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=0) 

Homo 
sapiens 

Homo sapiens High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&i
d=9606) 

 
Life Stage Applicability 
Life Stage Evidence 
All life stages High 

 
Sex Applicability 
Sex Evidence 
Mixed High 

 

https://aopwiki.org/events/1394
https://aopwiki.org/aops/220
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
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Liver regeneration has been well studied in mice, rats (Taub 2004), and zebrafish (Cox and Goessling 2015, 
Goessling and Sadler 2015), which are all systems that are thought to work in a similar way to human liver 
regeneration (Kwon, et al. 2015). 

 

Key Event Description 
The liver has two modes of regeneration: (1) the liver can regenerate via cellular hypertrophy and division of 
existing cells; or (2) the liver can regenerate via proliferation of a population of facultative stem cells, called 
biliary epithelial cells (BECs), located at the Canals of Hering (in zone 1 where canaliculi join and drain into the 
main bile duct). Facultative stem cells are functional, differentiated cells that will dedifferentiate in response to 
tissue damage, thereby becoming a population of progenitor cells that can redifferentiate to replace multiple lost 
cell types.In a process known as ductal expansion, BECs dedifferentiate into oval cells, which then redifferentiate 
into hepatocytes or BECs in order to regenerate damaged liver tissue. Liver regeneration has been reviewed (Mao, 
et al. 2014, Stanger 2015, Yanger and Stanger 2011). 

At the molecular level, two dimeric transcription factors, AP-1 (particularly the c-Jun monomer) and NF-kappaB, 
are key players during liver regeneration. While neither is expressed in normal liver tissue, they are upregulated 
during normal hepatic regeneration, and are required for regeneration (Alcorn, et al. 1990, Cressman, et al. 1994, 
FitzGerald, et al. 1995). Indeed, rodents lacking AP-1 or NF-kappaB display impaired liver regeneration, often 
leading to death (Behrens, et al. 2002, Schrum, et al. 2000). Both NF-kappaB and c-Jun (AP-1) are required for 
embryonic liver development, and a loss of either one is embryonic lethal due to widespread cell death and liver 
degeneration (Behrens, et al. 2002, Eferl, et al. 1999, Jochum, et al. 2001, Li, et al. 1999, Rudolph, et al. 2000). 

A causal network for regerative proliferation in liver can also occur via WNT signaling and the following 
pathways: the network begins with oxidative stress or other mechanisms causing liver tissue injury which in turn 
causes (2) activation of macrophages and wound repair (Boulter et al., 2012), (3) increased hypoxia through 
diminished blood supply or activity of reactive oxygen species (Ju et al., 2016, Gonzalez et al., 2018) and (4) 
increased expression of Wnt ligands (Okabe et al., 2016). The activation of macrophages causes (5) activation of 
Wnt proteins and Wnt signaling (Boulter et al., 2012, Vanella and Wynn 2017). The activation and/or increased 
expression of Wnt signaling ligands causes (6) binding of the Wnt ligand to the co-receptors Frizzled (FZD 
family) and (7) Low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) which then (8) recruit and 
phosphorylate Dishevelled (DVL1) and the scaffold protein Axin (Takigawa and Brown 2008). 

The phosphorylation and recruitment of Axin (AXIN1, AXIN2), (33) inhibits formation of the beta-catenin 
destruction complex, composed of AXIN1 or AXIN2, adenomatosis polyposis coli (APC), beta-catenin 
(CTNNB1) and glycogen synthase kinase 3 (GSK3), which (10) targets beta-catenin for degradation. Inhibiting 
formation of the destruction complex increases the amount of available beta-catenin to (11) interact and complex 
with the transcription factor 7 and lymphoid enhancer-binding factor (TCF/LEF) family of transcription factors 
(TF7, TCF7L1, TCF7L2, LEF1; Takigawa and Brown 2008). The TCF/LEF:beta-catenin complex then (12) 
activates transcription of MYC proto-oncogene (MYC) and (13) cyclin D1 or CCND1 (Schuijers et al 
2014;Katoh 2017). Activation of Wnt signaling (14) inhibits GSK3 phosphorylation activity which then (15) 
represses forkhead box M1 (FOXM1) activity, (34) causes increased turnover of CCND1 and (35) increases 
proteolysis of MYC (Katoh 2017). Activation of Wnt signaling (14) inhibits GSK3 phosphorylation activity 
which (15) represses forkhead box M1 (FOXM1), (34) causes increased turnover of CCND1 and (35) increased 
proteolysis of MYC (Gregory et al., 2003). 

FOXM1 activates (16) transcription of MYC and (17) transcription of MAPK8, the mitogen-activated protein 
kinase (also known as JNK1; Wierstra and Alves 2007; Wang et al., 2008). Transcriptional activation of MAPK8 
then leads to (36) transcriptional activation of CCND1 (Wang et al., 2008). Transcriptional activation of MYC 
causes (18) transcription of cyclin-dependent kinase 4 (CDK4) which leads to (19, 20) formation of a CDK4 and 
CCND1 complex (Wang et al 2011). The cyclin-CDK complex then (21) inhibits activity of the retinoblastoma 
(RB1) transcriptional corepressor 1 which (22) negatively regulates the cell cycle (Burkhart and Sage 2008). 
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Dysregulation of G1/S transition by inhibition of RB1 and/or FOXM1 (23) leads to cell proliferation (Wierstra 
and Alves 2007; Burkhart and Sage 2008). 

MYC can also be activated via hypoxia signaling where an increase in hypoxia (24) decreases the activity of 
oxygen sensor hypoxia-inducible factor 1 alpha inhibitor (HIF1AN) thereby reducing the ability of HIF1AN to 
(25) hydroxylate and inhibit hypoxia-inducible factor 1 alpha (HIF1A) activity (Whyte et al., 2012; Mahon et al., 
2001). Hypoxia also can (26) inhibit activity of the von Hippel-Lindau (VHL) tumor suppressor protein which has 
been shown to (27) hydroxylate HIF1A in an O2 dependent manner marking HIF1A for degradation and 
inactivation in addition to inhibiting expression of HIF1A (Mahon et al., 2001). In stem cells, activated HIF1A 
(28) increases expression of TCF/LEF leading to increased expression of genes including MYC (Whyte et al., 
2012; Tiburcio et al., 2014). 

The long noncoding RNA WSPAR is often highly expressed in hepatocellular carcinoma cells and has been found 
to (29) activate expression of members of the TCF/LEF family (Zhan et al 2017). TCF/LEF transcription factors 
(30) increase transcription of AXIN2 and increase destruction of beta-catenin in a Wnt signaling negative feedback 
loop (Jho et al., 2002). TCF/LEF transcription factors form a negative feedback loop that inhibits Wnt signaling 
by (31) activating transcription of the dickkopf Wnt signaling pathway inhibitor 1 (DKK1) which then (32) binds 
to the LRP co-receptor (Takigawa and Brown 2008). Finally, cellular G1/S transition can also be dysregulated by 
(35) phosphorylation of RB1 by the 26S proteasome non-ATPase regulatory subunit 10 (PSMD10) which results 
in an increase in proteosomal degradation of RB1 (Higashitsuji et al., 2005). 

 

How it is Measured or Detected 
• Proliferation. In vivo or in vitro cellular proliferation can be measured following a multiday 5-bromo-2'-

deoxyuridine (BrdU) exposure and quantification of BrdU incorporation in DNA by immunohistochemistry. 
Alternatively, cells or tissue sections may be stained for Ki-67 or proliferating cell nuclear antigen (PCNA) for 
a snapshot of cellular proliferation. Use of BrdU, Ki-67, and PCNA in risk assessment has been described in 
detail (Wood, et al. 2015). A variety of commercial kits exist for this assay. 

• Regeneration. Liver regeneration can be observed following partial hepatectomy. Method for 2/3 partial 
hepatectomy have been described (Mitchell and Willenbring 2008, Mitchell and Willenbring 2014) 

• Gene expression analysis can be conducted to demonstrate increased expression of AP-1 or NF-kappaB 
monomers, or decreased expression of negative regulators, which can be used as an indicator that there is 
increased cellular proliferation in the liver. 
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List of Adverse Outcomes in this AOP 

Event: 1395: Liver Cancer (https://aopwiki.org/events/1395) 

Short Name: Liver Cancer 
 
AOPs Including This Key Event 
 

AOP ID and Name Event Type 
Aop:220 - Cyp2E1 Activation Leading to Liver Cancer (https://aopwiki.org/aops/220) AdverseOutcome 

 
Stressors 

 
Name 
Chloroform 
furan 
too many stressors to list 

 
Biological Context 

 
Level of Biological Organization 
Organ 

 
Organ term 

 
Organ term 
liver 

 

https://aopwiki.org/events/1395
https://aopwiki.org/aops/220
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Evidence for Perturbation by Stressor 

Too many stressors to list. 
There are many chemicals and substances that have been tested in the two year cancer bioassay and have been 
demonstrated to cause liver cancer. The results of two year cancer bioassay data can be reviewed in Lhasa's 
carcinogenicity potency database: https://carcdb.lhasalimited.org/carcdb-frontend/  

 
 

Domain of Applicability 
 
Taxonomic Applicability 
Term Scientific 

Term 
Evidence Links 

rodents rodents High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=
0) 

 
Life Stage Applicability 
Life Stage Evidence 
All life stages High 

 
Sex Applicability 
Sex Evidence 
Mixed High 

 

Hepatocellular carcinoma occurs in many vertebrate species including birds, fish, and mammals such as humans. 

 

Key Event Description 
Liver cancer is among the most common forms of cancer and the second leading cause of cancer death. It is more 
prevalent in males than females; however, prevalence has been increasing in both genders over the last two 
decades (Ellison, L.F., Wilkins, K. 2012). Hepatocellular carcinoma (HCC) is a primary cancer of the hepatocytes 
that is typically a progression from the benign hepatocellular adenoma (HCA). The most common risk factor for 
developing hepatocellular carcinoma is chronic liver injury and inflammation (caused by persistent infection, fatty 
liver disease, or chemical exposure). This disease is almost always lethal in the absence of extreme intervention 
measures (e.g., surgery, liver transplant). 

 

How it is Measured or Detected 
• In animal models, the presence of HCA and HCC are measured histologically following the two-year rodent 

bioassay, which is conducted according to OECD Test Guideline 451 (OECD 2009). 

• In humans, liver cancer is detected by abdominal CT scan followed by biopsy and pathological examination. 
Symptoms of liver cancer include: jaundice, abdominal pain, nausea, and liver dysfunction. Liver cancer is 
more common in patients with risk factors that include: viral hepatitis, non-viral hepatitis, chronic alcoholism, 
obesity leading to steatohepatitis, cirrhosis, and liver fluke infection (Bonder and Afdhal 2012, Paradis 2013, 
Venkatesh, et al. 2014). 

 

https://nam02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fcarcdb.lhasalimited.org%2Fcarcdb-frontend%2F&data=02%7C01%7Cfrank.simutis%40bms.com%7C74540dae861d43159ff008d7a4165055%7C71e34cb83a564fd5a2594acadab6e4ac%7C0%7C0%7C637158288072518794&sdata=XERNn2dxdXLxfzYrqS5aTW7lmZgJlU5gexMUYBseLL4%3D&reserved=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Regulatory Significance of the AO 
Any cancer endpoint is considered to be adverse from a regulatory perspective. Substances causing cancer are 
regulated such that the general population is not exposed to levels that exceed the carcinogenic dose. The standard 
assay for carcinogens is the two-year rodent bioassay, which is conducted by the National Toxicology Program in 
the U.S.A. (https://ntp.niehs.nih.gov/). The International Agency on Research on Cancer (IARC; 
https://www.iarc.fr/) categorizes substances based on available evidence pointing to their ability to cause cancer in 
humans and/or animals. 
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Appendix 2: List of Key Event Relationships in the AOP 

List of Adjacent Key Event Relationships 

Relationship: 1512: Activation of Cyp2E1 leads to Oxidative Stress 
(https://aopwiki.org/relationships/1512)  

AOPs Referencing Relationship 

AOP Name Adjacen
cy 

Weight of 
Evidence 

Quantitative 
Understanding 

Cyp2E1 Activation Leading to Liver Cancer 
(https://aopwiki.org/aops/220) 

adjacent High Not Specified 

 

Evidence Supporting Applicability of this Relationship 
 
Sex Applicability 
Sex Evidence 
Mixed High 

 

Key Event Relationship Description 
Cyp2E1 activation has two major outcomes: (1) the production of reactive, electrophilic metabolites, and (2) a 
significant increase in the half-life of the Cyp2E1 enzyme (Gonzalez 2007, Song, et al. 1989). The former is 
important because metabolites can go on to produce cellular damage by reacting with cellular nucleophiles. The 
latter is important because the Cyp2E1 catalytic cycle is prone to uncoupling (i.e., instead of incorporating an 
oxygen atom in to the substrate, the catalytic cycle is interrupted because a superoxide radical is released), which 
results in the release of reactive oxygen species (ROS) and an increase in cellular oxidative stress (Lieber 1999). 

 

Evidence Supporting this KER 
Biological Plausibility 

It is well known that uncoupling of Cyp2E1 catalytic cycle results in the release of harmful reactive oxygen 
species in the cell (Lieber 1999). 

Oxidative stress is produced during chronic activation (and uncoupling) of the Cyp2E1 catalytic cycle. The 
cytochrome P-450 catalytic cycle is known to undergo uncoupling leading to the production of ROS (Gorsky, et 
al. 1984, Loida and Sligar 1993, Meunier, et al. 2004). If this uncoupling occurs, a molecule of superoxide radical 
is released, which has the effect of interrupting the P450 catalytic cycle and releasing harmful ROS into the cell. 
Typically superoxide is converted to hydrogen peroxide (H2O2) by superoxide dismutase (SOD), which is further 
reduced into the hydroxyl radical (OH•), and then to water. Other relevant cellular antioxidants include 
glutathione, thioredoxin, and peroxiredoxins. However, it is also possible for these ROS to scavenge electrons 
from cellular macromolecules (proteins, lipids, nucleic acids). Because Cyp2E1 is membrane-bound, ROS most 
commonly react with lipids and initiate lipid peroxidation. Further, Cyp2E1 can undergo NADPH-dependent 
‘futile cycling’, which produces ROS and contributes to the occurrence of lipid peroxidation (Ekstrom and 
Ingelman-Sundberg 1989). Persistent oxidative stress also creates opportunities for oxidative damage to DNA, 
which is important because DNA damage is required for the initiation phase of carcinogenesis. The cellular 

https://aopwiki.org/relationships/1512
https://aopwiki.org/relationships/1512
https://aopwiki.org/aops/220
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sources and effects of ROS, as well as the corresponding enzymes and antioxidants are have been thoroughly 
reviewed (Nakazawa, et al. 1996). 

 

Empirical Evidence 

Empirical data collected from different experiments strongly supports that oxidative stress and cytotoxicity are 
downstream of Cyp2E1 activation. Evidence of both temporal and dose-response concordance are available for a 
variety of chemical exposures. 

Cyp2E1 protein levels increase when its substrate is present in a tissue. Therefore, prolonged exposure to substrate 
leads to prolonged activation of Cyp2E1, which is related to a substantial increase in cellular oxidative stress. For 
example: 

- Treatment with acetone or ethanol in male Sprague-Dawley rats results in an increase in Cyp2E1 protein levels in 
the liver. Increasing Cyp2E1 levels are linearly correlated to concomitant increases in NADPH oxidase, 
superoxide radical, hydrogen peroxide, and lipid peroxidation (TBARS). 

- Both hydrogen peroxide production and lipid peroxidation are blocked in rat microsomes following inhibition of 
Cyp2E1 with anti-Cyp2E1 IgG (Ekstrom and Ingelman-Sundberg 1989). 

- Ethanol treatment leads to correlated increases in both Cyp2E1 protein and lipid peroxidation in male Wister rats, 
C57BL/129SV mice, and superoxide dismutase (Sod) knockout mice (Kessova, et al. 2003, Nanji, et al. 1994). 

- Wild type and humanized Cype2E1 knock-in mice have dose-dependent increases in Cyp2E1 protein and activity 
levels when exposed to ethanol, whereas Cyp2E1 knock-out mice do not. Further, the humanized mice show the 
largest increases in necrosis, inflammation, AST, ALT and TBARS, and the largest decrease in GSH levels of all 
three groups (Lu, et al. 2010). 

- Exposure of male Sprague-Dawley rats to 95% oxygen results in a time-dependent increase in Cyp2E1 protein 
levels, superoxide radical production, and lipid peroxidation (TBARS) (various time-points over 78 hours). 

- Lipid peroxidation is further increased following treatment of rat microsomes with carbon tetrachloride, or co-
treatment of rats with oxygen, acetone and/or carbon tetrachloride (Tindberg and Ingelman-Sundberg 1989), 
established Cyp2E1 substrates. 

- Cyp2E1 expressing HepG2 cells (called E47 cells) have higher baseline expression of anti-oxidant molecules 
thioredoxin and glutathione compared to non-Cyp2E1 expressing HepG2 cells (called C34 cells); they also have 
higher levels of ROS and lipid peroxidation (Yang, et al. 2011). 

- Studies of ethanol- and Cyp2E1-dependent oxidative injury in HepG2 E47 and C34 cells, and in the liver, have 
been reviewed previously (Caro and Cederbaum 2004, Lu and Cederbaum 2008). 

- At the molecular level, global gene expression profiling of mice exposed to a carcinogenic dose of furan (a 
Cyp2E1 substrate) demonstrated that the most perturbed molecular pathway was the Nrf2 Oxidative Stress 
Response pathway (Jackson, et al. 2014). 

 

Uncertainties and Inconsistencies 

None.  
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Relationship: 1513: Oxidative Stress leads to Hepatocytotoxicity (https://aopwiki.org/relationships/1513)  

AOPs Referencing Relationship 
AOP Name Adjacen

cy 
Weight of 
Evidence 

Quantitative 
Understanding 

Cyp2E1 Activation Leading to Liver Cancer 
(https://aopwiki.org/aops/220) 

adjacent High Not Specified 

 

Key Event Relationship Description 
Oxidative stress leads directly to hepatotoxicity through lipid peroxidation. Lipid peroxidation occurs when ROS 
scavenge electrons from poly-unsaturated fatty acids (PUFA), including membrane phospholipids. Lipid 
peroxidation occurs in three steps: initiation (in which the PUFA radical is produced), propagation (in which 
PUFA radicals react with molecular oxygen and a non-radical molecule to produce a lipid peroxide and lipid 
radical), and termination (in which two radicals combine to form a non-radical). Left unchecked, the propagation 
chain reaction is highly damaging to cellular membranes. Lipid peroxidation of mitochondrial membranes has 
been shown to result in both necrosis and apoptosis. The former occurs due to decreased mitochondrial membrane 
potential leading to decreased ATP production. The latter is a result of mitochondrial permeability transition 
(MPT). The mitochondrial permeability transition (MPT) is a process that can lead to necrosis or apoptosis. It is 
an important cell death mechanism because it is sensitive to redox. Accumulation of ROS and depletion of 
glutathione trigger the mitogen activated protein kinase (MAPK) cascade (ASK1-->MKK4-->JNK), which recruits 
Bax to the outer mitochondrial membrane (Youle and Strasser 2008). Bax triggers the opening of mitochondrial 
permeability transition pore (MTP), through which cytochrome c is released, which triggers the caspase cascade 
and apoptosis. Alternatively, when the MTP opens across the inner and outer mitochondrial membranes, 
mitochondrial swelling and decoupling of oxidative phosphorylation (i.e., loss of ATP generation) leads to cell 
death by necrosis (Pessayre, et al. 2010, Rasola and Bernardi 2007). 

In parallel, oxidative stress triggers cytotoxicity indirectly by modifying redox sensitive cellular molecules. 
Proteins with neighboring cysteine residues sense ROS through the oxidation of adjacent thiol groups (2SH, 
reduced; S=S, oxidized). Examples of this include: (1) the cellular anti-oxidant glutathione (GSH), which acts to 
‘mop up’ ROS (GSH oxidized to GS=SG), and its depletion is associated with elevated cytotoxicity because ROS 
levels remain elevated or increase; (2) the cellular anti-oxidant thioredoxin, which inhibits the apoptosis signaling 
kinase 1 (Ask1) in its reduced form, but not in its oxidized form (Liu, et al. 2000, Saitoh, et al. 1998); and, (3) the 
mitochondrial permeability transition pore, which opens when oxidized (Petronilli, et al. 1994). Oxidative stress 
can also produce cell death through the production of oxidative damage to DNA, which can lead to apoptosis 
through p53 signalling. Examples of types of oxidative DNA damage include: (Sharma, et al. 2012, Shukla, et al. 
2013, Skipper, et al. 2016). 

 

Evidence Supporting this KER 
Biological Plausibility 

Strong. It is well known that cellular oxidative damage, especially by lipid peroxidation, is cytotoxic. 

 

Empirical Evidence 

Strong. This is an extremely data-rich KER. A large number of studies have taken measures of both oxidative 
stress and cytotoxicity within the same study. Below, we summarize a few examples, in vitro and in vivo, to 
demonstrate some empirical data that provides strong support for this KER. 
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For example, exposure of HepG2 cells to the pesticide malathion demonstrates a relationship between ROS and 
cytotoxicity at higher levels of exposure (Moore, et al. 2010). After 48 h of exposure to 0, 6, 12, 18, and 24 mM 
malathion, lipid peroxidation increases from the first concentration, whereas cytoxicity (MTT assay) does not 
significantly increase until 18 and 24 mM. 

Similarly, treatment of cultured premonocytic U937 cells with increasing concentrations of lipid peroxidation-
inducing agents (tert-butylhydroperoxide and 2,2’-azobis (2-amindinopropane) hydrochloride) results in increased 
lipid peroxidation within 30 min, and subsequent declines in relative survival (trypan blue assay) six hours post-
exposure (Park, et al. 2002). In parallel, the major anti-oxidant enzymes catalase, SOD, G6PD, and GPx are 
deactivated in a dose-dependent fashion that is concordant with declines in relative survival. 

Studies on primary rat hepatocytes show that a dose-dependent increase in TBARS is associated with a 
concomitant increase in cytotoxicity following exposure to fumonisin B1 (FB1) (Abel and Gelderblom 1998). 
Moreover, addition of the antioxidant alpha-tocopherol significantly decreases cytotoxicity and decreases TBARS 
to basal levels, supporting that lipid peroxidation contributes to the cytotoxic effects of FB1. 

In female Wistar rat hepatocyte cultures, exposure to chloroform causes a small dose-dependent increase in 
M(1)dG adducts (a marker of lipid perodixation; occurs at 4 mM and above), DNA strand breakage (8 mM and 
above) and lipid peroxidation (at 4 mM and above). GSH depletion occurs in association with cytotoxicity (20 
mM; lactate dehydrogenase release). Carbon tetrachloride (1 and 4 mM) exposure produces a small elevation in 
M(1)dG adducts and increases in 8-oxodG occur at the threshold of, and concomitant with, cytotoxicity (4 mM). 
(Beddowes, et al. 2003). 

Similarly, exposure of 12-week old male Long Evans rats to increasing doses of cadmium (Cd) (i.p. injection) 
reveals that lipid peroxidation (TBARS) occurs in liver at low to medium doses, below those inducing tissue 
necrosis (Manca, et al. 1991). In this study, liver injury occurred above 125 ug Cd/kg (increased serum ALT and 
SDH). Levels of TBARS were similar in both the 125 and the 250 ug/doses, though only reached statistical 
significance relative to controls at 250 ug/kg in the liver. However, subsequent time-series analysis revealed 
increased liver TBARS after 2 h exposure to both 25 and 500 ug Cd/kg, prior to any changes in serum ALT, SDH, 
and tissue ALP (at the low dose, ALP was the only marker that was slightly increased at 6 hour). Therefore, lipid 
peroxidation precedes liver damage in this study. 

 

Uncertainties and Inconsistencies 

There exist some examples where measures of cytotoxicity could be observed below doses where assays for 
endpoints of oxidative stress were measured. However, it is difficult to compare endpoints measured using assays 
with different specificities and sensitivities. Quite generally, there is a high degree of association between 
measures of oxidative stress and cytotoxicity across tissues and species. 
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Relationship: 1514: Hepatocytotoxicity leads to Sustained proliferation (https://aopwiki.org/relationships/1514)  

AOPs Referencing Relationship 

AOP Name Adjacen
cy 

Weight of 
Evidence 

Quantitative 
Understanding 

Cyp2E1 Activation Leading to Liver Cancer 
(https://aopwiki.org/aops/220) 

adjacent High Not Specified 

 

Evidence Supporting Applicability of this Relationship 
 
Sex Applicability 
Sex Evidence 
Mixed Moderate 

 

Key Event Relationship Description 
Hepatocytes are typically quiescent, with only about 1-2% turnover. However, following surgical resection or 
chemically induced injury, the liver is able to activate cell division and regenerate itself. 

On a cellular level, the liver has two modes of regeneration: (1) the liver can regenerate via cellular hypertrophy 
and division of existing cells; or (2) the liver can regenerate via proliferation of a population of facultative stem 
cells, called biliary epithelial cells (BECs), located at the Canals of Hering (in zone 1 where canaliculi join and 

https://aopwiki.org/relationships/1514
https://aopwiki.org/aops/220
https://aopwiki.org/aops/220


 

44  

drain into the main bile duct). Facultative stem cells are functional, differentiated cells that will dedifferentiate in 
response to tissue damage, thereby becoming a population of progenitor cells that can redifferentiate to replace 
multiple lost cell types. In a process known as ductal expansion, BECs dedifferentiate into oval cells, which then 
redifferentiate into hepatocytes or BECs in order to regenerate damaged liver tissue. Liver regeneration has been 
reviewed (Mao, et al. 2014, Stanger 2015, Yanger and Stanger 2011). 

On a molecular level, how liver regeneration occurs is less completely understood. Molecular signals that are 
released from dying cells trigger regenerative proliferation of existing cells. Important players include the 
transcription factors AP-1 (particularly the c-Jun monomer) and NF-kappaB, both of which are not normally 
expressed in adult liver, but are up-regulated following partial hepatectomy and are required for hepatic 
regeneration. 

Liver regeneration has been well studied in mice, rats, and zebrafish (Cox and Goessling 2015, Goessling and 
Sadler 2015), which are all systems that are thought to work in a similar way to human liver regeneration (Kwon, 
et al. 2015). Liver regeneration can be observed following partial hepatectomy. Method for 2/3 partial 
hepatectomy have been described (Mitchell and Willenbring 2008, Mitchell and Willenbring 2014). 

 

Evidence Supporting this KER 
Biological Plausibility 

Strong. The liver is well known to regenerate itself following chemical or surgical injury. It is widely accepted that 
significant cytotoxicity to the liver leads to regenerative proliferation (Forbes and Newsome 2016). 

 

Empirical Evidence 

Strong. That hepatotoxicity leads to regenerative proliferation has been widely reported for a number of liver 
toxicants (as well as surgical resection of the liver). This is a very data-rich field. Below we summarize a few 
examples of the empirical data supporting this relationship. 

Furan is a rodent hepatocarcinogenic chemical that is proposed to operate through a mode of action involving 
cytotoxicity followed by regenerative proliferation (Fransson-Steen, et al. 1997, Moser, et al. 2009). In support of 
the relationship between hepatotoxicity and regenerative proliferation, mice and rats exposed to dose ranges of 
furan present with cytotoxicity at lower doses than the doses at which they present regenerative proliferation. Mice 
exposed to a dose range of 0, 0.5, 1, 2, 4, 8 mkd had significant levels of liver cytotoxicity (measured by serum 
ALT) beginning at 1 mkd, and significant levels of cellular proliferation (measured by BrdU incorporation) at 8 
mkd (Moser, et al. 2009). F344 rats exposed to 0-16 mkd furan showed significant increases in cell death starting 
at 2-4 mkd, and proliferation at 8-16 mkd (Ding, et al. 2012). Cytotoxicity also begins at earlier time points than 
regenerative proliferation. Cell death and proliferation were also measured in male Sprague-Dawley rats exposed 
to 30 mkd furan over a three month time course. Apoptosis was detected after one day, whereas proliferation 
began to occur after three days (Hickling, et al. 2010). 

Male Wistar rats treated with a single, necrogenic dose of thioacetamide had serum AST levels of approximately: 
500, 2250, 1900 and 500 at 12, 24 (peak), 48 and 72 hours post-exposure; levels were restored to normal after 96 
hours. Levels of regenerative cellular proliferation followed closely after, and peaked at 48 hours; thereby 
demonstrating a temporal concordance between cytotoxicity and regenerative proliferation (Bautista, et al. 2010). 
Rats exposed to thioacetamide presented with hepatotoxicity (increased ALT) beginning at 24 hours post-exposure 
followed by increased regenerative proliferation at 36 hours post-exposure (samples were taken over the following 
time-course: 6, 12, 24, 36, 48, 72 and 96 hours); thereby demonstrating a temporal concordance between 
cytotoxicity and regenerative proliferation (Mangipudy, et al. 1995). 

B6C3F1 mice were exposed to 0, 34, 90, 138, or 277 mg/kg/day of chloroform for 4 days or for 5 days/week for 3 
weeks. Hepatic necrosis was observed to be elevated above control in all dose groups at both time points. Cellular 
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proliferation (by labelling index, BrdU incorporation) in the liver increased in a dose-dependent manner at both 
time points (4 days and 3 weeks), but were first significantly increased above control levels at 34 mg/kg bw (4 day 
group) or 138 mg/kg bw (3 week group). These data demonstrate the temporal concordance between cytotoxicity 
and regenerative proliferation of hepatocytes; the trend is particularly clear at the 3 week time-point (Larson, et al. 
1994). 

The temporal concordance between cytotoxicity and cellular proliferation (regeneration) has also been well 
documented following exposure to carbon tetrachloride (Benson and Springer 1999, Doolittle, et al. 1987, 
Eschenbrenner and Miller 1946, Lee, et al. 1998, Nakata, et al. 1985). 

 

Uncertainties and Inconsistencies 

We are not aware of any instance in which significant amounts of hepatotoxicity (in genetically normal livers) 
would not lead to regenerative cellular proliferation. 
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Relationship: 1515: Activation of Cyp2E1 leads to Hepatocytotoxicity 
(https://aopwiki.org/relationships/1515)  

AOPs Referencing Relationship 
AOP Name Adjacency Weight of 

Evidence 
Quantitative 
Understanding 

Cyp2E1 Activation Leading to Liver Cancer 
(https://aopwiki.org/aops/220) 

non-
adjacent 

High Not Specified 

 

Evidence Supporting Applicability of this Relationship 
Taxonomic Applicability 
Term Scientific 

Term 
Evidenc
e 

Links 

Rodentia 
sp. 

Rodentia sp. High NCBI 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id
=69158) 

 
Life Stage Applicability 
Life Stage Evidence 
All life stages High 

 
Sex Applicability 
Sex Evidence 
Mixed High 

 

Key Event Relationship Description 
Metabolism of xenobiotics by cytochrome P450 mono-oxygenases produces reactive metabolites. Under normal 
circumstances, these metabolites immediately become conjugated to molecules like glutathione or glucuronic acid, 
which facilitates their excretion. However, these metabolites can react with off-target cellular molecules, which in 
extreme cases (e.g., at toxic doses or following glutathione depletion during periods of oxidative stress) cause 
damage that results in hepatotoxicity. Typically, the unmetabolised Cyp2E1 substrates are inert, whereas their 
metabolites are highly cytotoxic; e.g., furan and its metabolite cis-2-butene-1,4-dial (BDA); ethanol (EtOH) and 
acetaldehyde; carbon tetrachloride and trichloromethyl radical (which forms the trichloromethyl peroxy radical); 
and, chloroform and phosgene. Lipid peroxidation in the context of Cyp2E1 has been reviewed (Caro and 
Cederbaum 2004). Moreover, chronic exposure to Cyp2E1 agonists depletes of conjugating enzymes and 
diminishes capacity to deal with reactive metabolites in the cell. 
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Evidence Supporting this KER 
Biological Plausibility 

Strong. Metabolite-dependent toxicity and adduct formation are well known side-effects of cytochrome P450 
mono-oxygenase metabolism of xenobiotics in the liver. Because primary metabolites are more reactive than the 
parent compound, they often create adducts to cellular proteins or DNA. In both cases, this prevents the normal 
functioning of the molecules. In extreme cases this will lead to hepatocytotoxicity due to: (1) the large number of 
adducts, (2) the loss of function of important cellular proteins and the related cellular processes, and (3) the loss of 
function of important genes due to DNA damage and mutation. 

Empirical Evidence 

Strong. There is a large amount of published data that demonstrate the cytotoxic effects of Cyp2E1 substrates 
following metabolic activation. 

Cyp2E1 converts furan to BDA. While furan can be tolerated by cells at extremely high doses, BDA is cytotoxic 
at much lower doses (Kellert, et al. 2008). Furan treatment causes dose-dependent increases in hepatotoxicity in 
mice (Moser, et al. 2009), which can be prevented by co-treatment with a Cyp2E1 inhibitor (Fransson-Steen, et al. 
1997). 

Cyp2E1 converts carbon tetrachloride to the trichloromethyl radical. Trichloromethyl radical reacts with oxygen to 
form the trichloromethyl peroxy radical. Carbon tetrachloride-dependent cytotoxicity is preventable by pre-
treatment with cytochrome P450 inhibitors (Bechtold, et al. 1982, Letteron, et al. 1990, Martinez, et al. 1995), and 
is exacerbated in cells that over-express Cyp2E1 (Takahashi, et al. 2002). Carbon tetrachloride produces 
hepatotoxicity in wild-type mice, but not in Cyp2E1-null mice (Wong, et al. 1998). 

Cyp2E1 converts chloroform to phosgene. Phosgene protein adducts are co-localized to regions of chloroform-
dependent cytotoxicity (Fabrizi, et al. 2001, Ilett, et al. 1973) and protein adducts occur prior to hepatotoxicity 
(Stevens and Anders 1981). Chloroform-dependent hepatotoxicity increases with dose (Larson, et al. 1994) and 
levels of cytotoxicity are related to the rate of chloroform biotransformation by Cyp2E1 (Brown, et al. 1974). 

Blocking Cyp2E1 gene transcription (using the drug Bortezomib) blocks acetaminophen-, carbon tetrachloride-, 
and thioacetamide-dependent hepatotoxicity in a dose and time dependent manner (Park, et al. 2016). 

 

Uncertainties and Inconsistencies 

While the prevailing opinion in the literature is that the toxicity of these metabolites is the result of non-genotoxic 
mechanisms, there are studies that argue in favour of direct genotoxic effects. It is widely thought that any 
observed genotoxicity is actually ‘indirect’ and is the product of oxidative stress. 
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Relationship: 1516: Oxidative Stress leads to Liver Cancer (https://aopwiki.org/relationships/1516)  

AOPs Referencing Relationship 

AOP Name Adjacency Weight of 
Evidence 

Quantitative 
Understanding 

Cyp2E1 Activation Leading to Liver Cancer 
(https://aopwiki.org/aops/220) 

non-
adjacent 

Moderate Not Specified 

 

Key Event Relationship Description 
There are a variety of ways in which oxidative stress can lead indirectly to cancer. The main routes involve: (a) 
reactive oxygen species (ROS) that cause cytotoxicity, followed by regenerative proliferation leading to cancer; 
(b) ROS- induced DNA damage leading to mutations in cancer-driver genes and subsequently cancer; and (c) 
oncogenic effects of the up-regulation of NRF2. The focus of this iKER is on (b) and (c), as the details of (a) are 
mapped out elsewhere. 
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Evidence Supporting this KER 
Biological Plausibility 

Moderate. 

The types of genotoxic oxidative DNA damage that may occur following exposure to ROS have been extensively 
reviewed previously (Dizdaroglu 2012, Dizdaroglu 2015). Briefly, ROS can react with nitrogenous bases to 
produce various adducts that may be converted into a mutation following DNA replication. Further, ROS can 
damage the sugar phosphate backbone of DNA leading to abasic sites and strand breaks. If DNA damage leads to 
mutations that increases the expression of oncogenes or decreases the expression of tumour suppressor or DNA 
damage repair genes, they will transform normal cells into malignant cells. It is generally thought that liver cancer 
results from an accumulation of mutations in key cancer-driving genes such as TP53 and CTNNB1 (Fujimoto, et 
al. 2016, Shibata and Aburatani 2014a) (http://atlasgeneticsoncology.org/Tumors/HepatoCarcinID5039.html). 

In addition to DNA damage, at the molecular level, chronic activation of the Nrf2 oxidative stress response has 
been linked to promoting malignant transformation in pre-cancerous cells. Persistent Nrf2 activation results in the 
long- term up-regulation of antioxidant genes (which protect cancer cells that are known to have elevated ROS) 
and phase II metabolism genes (which facilitate the rapid metabolism of chemotherapeutics) (Kansanen, et al. 
2013) providing a favourable environment for growth of pre-cancerous cells. The connection between chronically 
activated Nrf2 and cancer has been extensively studied and reviewed, most recently by Furfaro et al. (2016) and 
Karin and Dhar (2016). 

Further, Nrf2 control over cellular proliferation and differentiation has also been studied; reviewed most recently 
by Murakami and Motohashi (2015). 

 

Empirical Evidence 

Moderate. 

Carcinogens that cause cancer by ‘cytotoxicity and regenerative proliferation’ are generally accepted to be 
indirectly genotoxic. The most plausible source of indirect genotoxicity for these compounds are ROS. The 
following examples involve chemicals that are known rodent and/or human carcinogens. These data demonstrate 
that exposure leads to oxidative DNA damage, which may cause mutations required for malignant transformation. 
Overall, a variety of lines of evidence support the relationship between oxidative stress with the development and 
progression of hepatocellular carcinoma in humans. For example, reduced superoxide dismutase 2 (an antioxidant 
gene) mRNA and protein expression is correlated with mortality of hepatitis B virus-associated hepatocellular 
carcinoma patients in a mutant p53-dependent manner (Wang, et al. 2016b). This decrease in expression is 
accompanied by decreased copy number of the gene in tumours, supporting a genetic basis for the molecular 
phenotype. Plasma protein carbonyl content (biomarker of oxidative stress) is significantly higher, whereas plasma 
TAC (biomarker of antioxidant capacity) is significantly lower in hepatitis B virus-associated HCC patients with 
than healthy controls (Poungpairoj, et al. 2015). Exposure of human HepG2 cells to 2-Amino-9H-pyrido[2,3-
b]indole (AαC) leads to increased levels of ROS and 8- OHdG, and decreased GSH/GSSG ratio (Zhang, et al. 
2015). Subsequent investigations showed that the concentration of 8-OHdG was positively related to DNA 
damage measured by the comet assay, indicating a role for genotoxicity in cancer for this compound. 

Furan is not directly genotoxic; any observed genotoxicity following furan exposure is thought to be due to ROS-
induced DNA damage. Oxidative DNA adducts (8-oxo-dG) have been observed following a three month exposure 
to a high dose of furan (30 mkd) (Hickling, et al. 2010). These 8-oxo-dG adducts were observed together with 
high levels of Cyp2E1 expression (the potential source of the ROS), apoptosis, necrosis, and proliferation in rat 
livers. Male mice exposed to a carcinogenic dose of furan (8 mkd) presented with increased levels of 8-OHdG 
DNA adducts, which could be prevented through co-treatment with apigenin (Wang, et al. 2014); global gene 
expression analysis of mice exposed at 8 mkd have also been shown to have increased expression of the Nrf2 
oxidative stress response pathway (Jackson, et al. 2014). Rats exposed to furan (0, 2, 4, 8, 12 and 16 mkd) 

http://atlasgeneticsoncology.org/Tumors/HepatoCarcinID5039.html)
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presented with dose-dependent increases in oxidized nitrogenous bases and double strand breaks, which were 
repaired in a time-dependent manner and in conjunction with an increase in expression of DNA repair genes 
(Ding, et al. 2012). Increases in DNA oxidative lesions, and supporting evidence from measures of gene 
expression changes, occur at doses that are aligned with those causing liver cancer in the same rodent models 
(furan-dependent liver cancer occurs at 2 mkd and up in rats and 4 mkd in mice) (Moser, et al. 2009, NTP 1993). 
Further, they occur at earlier time points than the corresponding carcinogenesis. 

By-products of lipid peroxidation (MDA, 4-HNE) react with DNA to form etheno-DNA adducts (particularly, 
εdA and εdC), these adducts have been observed in vitro and in human patients, and are correlated with 
hepatocarcinogenesis (Linhart, et al. 2014, Wang, et al. 2009, Winczura, et al. 2012). Male Wistar rats exposed 
for one month to 35% ethanol had abasic sites, Ogg1-sensitive sites, and increased expression of BER genes in 
liver DNA; this ROS-dependent DNA damage occurs at earlier time points than the corresponding carcinogenesis. 

Chloroform and carbon tetrachloride cause GSH depletion in human HepG2 cells, which leads to ROS and 
subsequent DNA strand breaks, 8-oxodeoxyguanosine (8-oxodG) DNA adducts, malondialde 
hydedeoxyguanosine (M1dG) DNA adducts, and lipid peroxidation (Beddowes, et al. 2003). Using cultured 
hepatocytes from female Wistar rats, the same study reported dose-dependent increases in glutathione depletion 
and lipid peroxidation (LPO) following treatment with chloroform (0, 0.8, 2.4, 4, 8, 20 mM; results reported 2 
hours following exposure) or carbon tetrachloride (0, 0.25, 1, 4 mM; results reported 2 hours following exposure). 
Further, the chloroform-exposed cells had dose-dependent increases in M1dG adducts and DNA strand breakage; 
and the carbon tetrachloride-exposed cells had dose-dependent increases in M1dG adducts, DNA strand breaks, 
and 8-oxodG adducts. Dose concordance of chloroform was demonstrated and significant changes occurred at the 
following doses: LPO (4, 8, 20 mM), decreased cell viability (20 mM), GSH depletion (20 mM), COMET (8, 20 
mM), M1dG levels (4, 8, 20 mM). Further, GSH depletion was measured over a 24 hour period and was 
significantly decreased at 4, 8 and 24 hours following exposure to chloroform. Similar results were reported for 
carbon tetrachloride; however the data was not shown. Significant changes were reported for: LPO (4mM mM), 
decreased cell viability (4 mM), COMET (1 and 4 mM), M1dG levels (1 and 4 mM), and 8-oxo-dG (4 mM) 
following exposure to carbon tetrachloride (Beddowes, et al. 2003). Carbon tetrachloride-dependent oxidative 
adducts have also been reported elsewhere (Takahashi, et al. 1998, Wacker, et al. 2001). These studies 
demonstrate that oxidative damage to DNA occurs before liver cancer. 

The transcriptional actions of chronic Nrf2 activation provide a molecular environment that promotes malignant 
transformation (Furfaro, et al. 2016, Jaramillo and Zhang 2013, Xiang, et al. 2014). Most recently, this 
relationship was outlined in an award-winning article that was published in the journal Carcinogenesis: The 2016 
Carcinogenesis Award Winners “Liver carcinogenesis: from naughty chemicals to soothing fat and the surprising 
role of NRF2” (Karin and Dhar 2016). Following the analysis of the empirical data, the authors conclude that 
NRF2 is required for hepatocellular carcinoma precursor cells (HcPC) to progress to become hepatocellular 
carcinoma cells; in fact, without NRF2 excess ROS accumulate and kill the HcPC cells. Importantly, sequencing 
of human hepatocellular carcinoma patients has demonstrated NRF2 activation (Schulze, et al. 2015, Shibata and 
Aburatani 2014b, Totoki, et al. 2014). 

Following furan exposure at carcinogenic doses (4, 8 mkd), the NRF2 oxidative stress pathway was the most 
highly implicated molecular pathway following microarray analysis of gene expression in mice exposed for three 
weeks (Jackson, et al. 2014), which demonstrates that the NRF2 oxidative stress pathway becomes active after 
chemical exposure and before the development of hepatocellular carcinoma. Further, the level of induction of the 
NRF2 pathway (i.e., the number of implicated genes) increased with dose, which demonstrates dose dependence 
of the response, which is concordant with the dose-dependent increases in hepatocellular adenoma and carcinoma. 
While the mechanistic details remain under investigation, there is clearly an important interplay between the two 
branches of this response (i.e., ROS-dependent mutations and the NRF2 oxidative stress response). 
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Uncertainties and Inconsistencies 

Not all agents that cause ROS in the liver cause liver cancer. Thus, there are additional modulating factors that 
must be considered when determining whether a ROS-producing chemical will cause liver cancer. 

 

Overall, ROS-dependent DNA damage causing harmful mutations is known to occur. However, the specific 
mechanism and the quantitative relationships by which these mutations promote malignant transformation are 
incompletely understood. 

Increase in NRF2 expression is associated with occurrence and recurrence of hepatocellular carcinoma; however, 
the mechanism is incompletely understood. 
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Relationship: 1517: Hepatocytotoxicity leads to Liver Cancer (https://aopwiki.org/relationships/1517) 

AOPs Referencing Relationship 
 

AOP Name Adjacency Weight of 
Evidence 

Quantitative 
Understanding 

Cyp2E1 Activation Leading to Liver Cancer 
(https://aopwiki.org/aops/220) 

non-
adjacent 

Moderate Not Specified 

 

Key Event Relationship Description 
Cell death by necrosis and necroptosis produces DAMPs that trigger inflammation. Inflammation is widely 
considered to be an important risk factor that sets the stage for malignant transformation; however, 
mechanistically, it is unclear how it does so. 

Evidence Supporting this KER 

Biological Plausibility 

Moderate. 

Cell death by necrosis and necroptosis produces DAMPs that trigger inflammation. Inflammation is widely 
considered to be an important risk factor that sets the stage for malignant transformation; however, 
mechanistically, it is unclear how it does so. 

 

Empirical Evidence 

Moderate. 

Empirical evidence broadly supports the notion that cytotoxicity occurs at doses lower than those that cause liver 
cancer, and at early time points. A few examples are shown below. 

F344 rats exposed for 13 weeks to furan (0-60 mkd, gavage) showed a dose dependent increase in degeneration 
and necrosis of hepatocytes beginning at 8 mkd and 15 mkd, in males and females, respectively. A second group 
of rats (exposed to 0-8 mkd furan) was studied at nine months, fifteen months, and two years. After nine months, 
degeneration and necrosis were observed in the hepatocytes of all animals in the 4 and 8 mkd groups. After fifteen 
months, these endpoints were significantly increased in all animals (male and female) of each dose group. After 
two years, rats developed hepatocellular adenomas and carcinomas beginning at 4 mkd in male and female rats 
(NTP 1993). 

Thus, cytotoxicity precedes cancer and occurs at similar doses and the empirical evidence is concordant with a 
relationship between cytotoxicity and cancer. 

In a study conducted by the NTP (1993), B6C3F1 mice (male and female) were exposed for 13 weeks to the 
hepatocarcinogen furan (0, 4, 8, 15, 30,60 mkd, gavage; n=10 per group) (nine male and four female mice 
exposed to 60 mkd died before the end of the study). Toxic lesions were seen in the liver at all doses and severity 
increased with dose, bile duct hyperplasia and cholangiofibrosis were observed at 30 and 60 mkd (NTP 1993). A 
two year study was conducted using a lower dose range (0, 4, 8, 15 mkd). Kaplan Meier survival curves showed a 
dose-dependent decrease in survivorship with increasing dose of furan. There was a dose dependent increase in 
hepatocellular adenoma and carcinoma in male and female mice (NTP 1993). 

Empirical evidence supporting an underlying mechanism relating to inflammation as a mitigating factor in this 
relationship is less clear. Inflammation in response to furan exposure occurs in mice at around the same dose as 
cytotoxicity and increases in a dose and time dependent manner (Fransson-Steen, et al. 1997, Moser, et al. 2009, 
NTP 1993). Inflammation is accompanied by an increase of circulating inflammatory markers (Wang, et al. 

https://aopwiki.org/relationships/1517
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2014), and changes in inflammation-associated gene expression (Jackson, et al. 2014). In Moser et al. (2009) mild 
inflammation arose at very low doses (0.5 mkd), was moderate at 1 mkd, and was marked at 4mkd; whereas 
hepatocellular adenomas and carcinomas were not observed until 4 and 8 mkd, respectively. 

Most recently, the relationship between chemically induced hepatocellular carcinoma and inflammation was 
outlined in an award-winning article that was published in the journal Carcinogenesis: The 2016 Carcinogenesis 
Award Winners “Liver carcinogenesis: from naughty chemicals to soothing fat and the surprising role of NRF2” 
(Karin and Dhar 2016). Studies in which diethylnitrosamine (DEN, a liver carcinogen) was given to male mice 
demonstrated that induction of hepatocellular carcinoma is dependent upon induction of inflammation. A liver 
myeloid cell-specific ablation of IKK-beta was sufficient to inhibit DEN-dependent carcinogenesis, whereas its 
deletion in hepatocytes enhanced carcinogenesis (Maeda, et al. 2005). The latter was due to an increase in cell 
death, which caused a subsequent increase of the cytokine and tumour protomtor interleukin 6 (IL-6) (Maeda, et 
al. 2009). IL-6 is known to be inhibited by estrogen, which could account for the higher prevalence of 
hepatocellular carcinoma in males (Naugler, et al. 2007). IL-6 has been described as a “wolf in sheep’s clothing” 
and is thought to be an important link between inflammation and cancer (Naugler and Karin 2008). IL1-alpha 
released from dying hepatocytes is another important promoter of hepatocellular carcinoma (Sakurai, et al. 2008). 

 

Uncertainties and Inconsistencies 

This relationship appears to be valid for toxicants that produce moderate levels of cytotoxicity. Acetaminophen is 
a Cyp2E1 substrate that produces extremely high levels of hepatotoxicity. Acetaminophen does not cause liver 
cancer because death by liver failure occurs before cancer can develop. 
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(https://aopwiki.org/aops/220) 

non-
adjacent 
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Key Event Relationship Description 
Every time a cell divides, there is a small chance that a mutation might occur. Because hepatocytes are polyploid, 
there is an increased rate of error-prone division due to multipolar mitotic spindles, which can result in aneuploidy 
in daughter cells (Stanger 2015). The risk for mutation is further increased when these cells are under stress (e.g., 
by a chemical exposure or increased oxidative stress). While it is generally understood that increased cellular 
proliferation is a predisposing factor to chemical carcinogenesis— ‘sustained proliferative signaling’ is one of the 
Hallmarks of Cancer (Hanahan and Weinberg 2000, Hanahan and Weinberg 2011) and IARC identifies altered 
cell proliferation as a key characteristic of a carcinogen (Smith, et al. 2015)—the exact mechanism for how one 
leads to the other is not altogether clear. There will be many steps in between observations of overt cellular 
proliferation leading to hepatocellular carcinoma. Thus, we describe this as an indirect KER with the hopes that 
additional empirical data to support the intervening steps will be available in the future, and that these additional 
KE(R)s can be developed at that time. 

 

Evidence Supporting this KER 
Biological Plausibility 

Strong. 

It is broadly accepted that pro-proliferative signaling is activated in an attempt to compensate for increases in cell 
death (Stanger 2015). Increased hepatocyte proliferation on a background of polyploidy, elevated cell death and 
oxidative DNA damage has the effect of increasing the likelihood of fixing harmful mutations, which are 
necessary for malignant transformation (Celton-Morizur and Desdouets 2010, Shi and Line 2014). However, the 
precise mechanistic processes defining this relationship have not been mapped out. 

 

Empirical Evidence 

Moderate. 

There are many examples of published studies demonstrating that cellular proliferation precedes tumour formation. 
For example, experiments exploring liver histopathology in rodents in parallel with the two-year rodent cancer 
bioassays for chloroform (NTP 1976), furan (Moser, et al. 2009, NTP 1993), carbon tetrachloride (NTP 1977) and 
ethanol (NTP 2004) all demonstrate an increase in regenerative proliferation prior to tumour formation in mice 
and rats. A detailed example for the chemical furan, a rodent hepatocarcinogen proposed to operate through a 
mode of action associated with cytotoxicity and increased hepatocellular proliferation, is given below. 

A three week exposure of female B6C3F1 mice to furan (0, 2, 4, 8 mkd, gavage) resulted in increased liver cell 
proliferation (by BrdU incorportation) at the highest dose (8 mkd). In the same study, a second set of animals was 
exposed for two years to furan in parallel. These animals developed hepatocellular adenoma beginning at 4 mkd 
and hepatocellular carcinoma at 8 mkd (Moser, et al. 2009). Thus, there is both temporal- and dose-concordance 
for liver cell proliferation and cancer in this experiment. F344 rats exposed for 13 weeks to furan (0-60 mkd, 
gavage) showed a dose dependent increase in hyperplasia of hepatocytes beginning at 15 mkd and 30 mkd in 
males and females, respectively (NTP 1993). A second group of rats (exposed to 0-8 mkd furan) was studied at 
nine months, fifteen months, and two years. Hyperplasia was observed in all animals of the 4 and 8 mkd groups 
by 9 months. After fifteen months, hyperplasia was significantly increased in all animals (male and female) of 
each dose group. After two years, rats developed hepatocellular adenomas and carcinomas beginning at 4 mkd in 
male and female rats. Kaplan-Meier survival curves showed a dose-dependent decrease in survivorship with 
increasing dose of furan (NTP 1993). 

Promotion of hepatocellular carcinoma can be achieved in rats with exposure to chemical carcinogens 
(diethylnitrosamine, N-methyl-N-nitrosourea, 1,2-dimethylhydrazine, or benzo(a)pyrene), which is followed by 
two weeks of dietary 2-acetylaminofluorene (2-AAF) plus partial hepatectomy (PHx), or the administration of a 
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necrogenic dose of carbon tetrachloride (CCl4) (Solt, et al. 1983). The 2-AAF+PH or CCl4 treatments were 
required for the cancer phenotype, which developed months later. These experiments demonstrate that liver injury, 
followed by organ repair by regenerative proliferation occur before carcinogenesis. 

Mdr2-/- mice have higher background levels of inflammation and genomic instability than wild type mice, which 
may lead to hepatocellular carcinoma in some cases. However, when these mice undergo PHx, which is followed 
by high levels of cellular replication, they have accelerated and increased tumorigenesis due to replication of cells 
with damaged DNA (Barash, et al. 2010). This study demonstrates that cellular proliferation occurs before 
carcinogenesis, and that carcinogenesis is facilitated by elevated inflammation and genomic instability. 

 

Uncertainties and Inconsistencies 

Not all cases of regenerative proliferation produce tumours (some simply regenerate the liver to its healthy form). 
For instance Barash et al. (2010) demonstrate that increased background levels of inflammation and genomic 
instability are required for the progression from regenerative proliferation following PHx to tumourgenesis. 
Therefore, it is clear that malignant transformation must be accompanied by some sort of abnormal cellular 
signaling or impaired homeostasis. It is well understood that ‘context’ plays an important, albeit poorly 
understood, role in malignant transformation (Bissell and Hines 2011). More work is needed in this field to 
determine the additional modifying factors that predict whether a chemical that induces hepatocellular 
proliferation will cause cancer. 
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