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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 chronic
activation of Cyp2E1 (MIE) leading to liver cancer (AO). The intervening KEs are oxidative stress (KE1), cytotoxicity (KE2), and regenerative
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, 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.

Background

The subject of this AOP is xenobiotic metabolism by Cyp2E1 (MIE) during chronic 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 (Ill) the modified chemical(s) is (are) excreted. Cyp2E1 is a
phase | 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 Il 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 Il
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
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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 Cyp2E 1substrates 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.

Summary of the AOP

Stressors
Name Evidence
>85 known Cyp2E1 substrates Strong

>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).

Molecular Initiating Event

Title Short name

Activation of Cyp2E1 in the liver (https://aopwiki.org/events/1391) Activation of Cyp2E1 in the liver
1391: Activation of Cyp2E1 in the liver (https://aopwiki.org/events/1391)

Short Name: Activation of Cyp2E1 in the liver
AOPs Including This Key Event

AOP ID and Name Event Type

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

Biological Organization
Level of Biological Organization

Molecular

Evidence for Perturbation by Stressor

Overview for Molecular Initiating Event

There are >85 known Cyp2E1 substrates. They are 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, diethyInitrosamine, thioacetamide, and toluene. A variety of substrates have been described (Lieber 1997, Tanaka, et al.
2000).

Evidence Supporting Applicability of this Event
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The Cyp2E1 gene is present across a variety of taxa including humans and primates, mice and rats. AceView
(http://www.ncbi.nim.nih.gov/IEB/Research/Acembly/index.html) indicates high levels of Cyp2E1 expression from RNA-seq experiments in liver
across primate species.

How this Key Event Works

Cyp2E1 is a membrane-bound monooxygenase that is primarily located in zone 3 hepatocytes (Ingelman-Sundberg, et al. 1988, Tsutsumi, et al.
1989). CYP2E1 is primarily located in the endoplasmic reticulum, but can also be present in the mitochondria. It is a phase | metabolism enzyme
that catalyzes the oxidation of low molecular weight substrates. Exposure to a substrate activates Cyp2E1, which leads to its stabilization, and
thus significantly increases the half-life of the Cyp2E1 enzyme (Gonzalez 2007, Song, et al. 1989).

How it is Measured or Detected

o 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.

e Western blot or Inmunohistochemistry. 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 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.

e 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).

e 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).

e 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 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).

e 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.

e 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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Key Events
Title Short name
Oxidative Stress (https://aopwiki.org/events/1392) Oxidative Stress
Hepatocytotoxicity (https://aopwiki.org/events/1393) Hepatocytotoxicity
Hepatocellular Regenerative Proliferation (https://aopwiki.org/events/1394) Hepatocellular Regenerative Proliferation

1392: Oxidative Stress (https://aopwiki.org/events/1392)
Short Name: Oxidative Stress
AOPs Including This Key Event

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

17: Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-proteins during brain development KeyEvent
leads to impairment of learning and memory (https://aopwiki.org/aops/17)

Biological Organization
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Level of Biological Organization

Molecular

Evidence Supporting Applicability of this Event

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

How this Key Event Works

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 aSS) on neighboring amino acids (Antelmann and Helmann 2011). Importantly Keap1, the negative regulator of Nrf2, is regulated in this
manner (Itoh, et al. 2010).

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:

- 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-ox0-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;

- gPCR of Nrf2 target genes (e.g., Ngo1, Hmox-1, Gcl, Gst, Prx, TrxR, Srxn), or by commercially available pathway-based gPCR 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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13983: Hepatocytotoxicity (https://aopwiki.org/events/1393)
Short Name: Hepatocytotoxicity
AOPs Including This Key Event

AOP ID and Name Event Type

220: Chronic Cyp2E1 Activation Leading to Liver Cancer (https://aopwiki.org/aops/220) KeyEvent
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Biological Organization
Level of Biological Organization

Cellular

Evidence Supporting Applicability of this Event

Cytotoxicity can occur in any species from bacteria through to humans.

How this Key Event Works

Cytotoxicity 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):

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

e 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.

e 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).

e 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:

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

e 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);

e Inthe 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);

e Trypan blue assay: non —viable cells take-up trypan blue, whereas viable cells remain colourless (Strober 2015).
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1394: Hepatocellular Regenerative Proliferation (https:/aopwiki.org/events/1394)
Short Name: Hepatocellular Regenerative Proliferation
AOPs Including This Key Event

AOP ID and Name Event Type

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

Biological Organization
Level of Biological Organization

Cellular

Evidence Supporting Applicability of this Event

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).

How this Key Event Works

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).

How it is Measured or Detected

e 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.

e 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)

e 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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Adverse Outcomes
Title Short name

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

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

AOPs Including This Key Event
AOP ID and Name Event Type

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

Biological Organization
Level of Biological Organization

Organ

Evidence Supporting Applicability of this Event
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Hepatocellular carcinoma occurs in many vertebrate species including birds, fish, and mammals such as humans.

How this Key Event Works

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

e 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).

e 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).
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Scientific evidence supporting the linkages in the AOP

Upstream Event

Activation of Cyp2E1 in the liver

Oxidative Stress

Hepatocytotoxicity

Activation of Cyp2E1 in the liver

Oxidative Stress

Hepatocytotoxicity

Hepatocellular Regenerative

Proliferation

Activation of Cyp2E1 in the liver leads to Oxidative Stress (https://aopwiki.org/relationships/1512)
AOPs Referencing Relationship

Relationship
Type

directly leads to
directly leads to

directly leads to

indirectly leads
to

indirectly leads
to

indirectly leads
to

indirectly leads
to

Downstream Event
Oxidative Stress
Hepatocytotoxicity

Hepatocellular Regenerative

Proliferation

Hepatocytotoxicity

Liver Cancer

Liver Cancer

Liver Cancer

Evidence
Strong
Strong

Strong

Strong

Moderate

Moderate

Moderate

Quantitative
Understanding

Not Specified
Not Specified

Not Specified

Not Specified

Not Specified

Not Specified

Not Specified
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Weight of Quantitative
AOP Name Directness Evidence Understanding
Chronic Cyp2E1 Activation Leading to Liver Cancer directly Strong Not Specified

(https://aopwiki.org/aops/220) leads to

How Does This Key Event Relationship Work

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).

Weight of Evidence

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 (H202) 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 sources and effects of ROS, as well as the corresponding enzymes and antioxidants are reviewed in:. (Nakazawa, et
al. 1996).

Empirical Support for Linkage
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, Naniji, 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-depende