
Toxicology Research

REVIEW

Cite this: Toxicol. Res., 2017, 6, 273

Received 17th January 2017,
Accepted 13th March 2017

DOI: 10.1039/c7tx00020k

rsc.li/toxicology-research

Toxicological implications of mitochondrial
localization of CYP2E1

Jessica H. Hartman, *a Grover P. Millerb and Joel N. Meyera

Cytochrome P450 2E1 (CYP2E1) metabolizes an extensive array of pollutants, drugs, and other small

molecules, often resulting in bioactivation to reactive metabolites. Therefore, it is unsurprising that it has

been the subject of decades of research publications and reviews. However, while CYP2E1 has historically

been studied in the endoplasmic reticulum (erCYP2E1), active CYP2E1 is also present in mitochondria

(mtCYP2E1). Relatively few studies have specifically focused on mtCYP2E1, but there is growing interest in

this form of the enzyme as a driver in toxicological mechanisms given its activity and location. Many

previous studies have linked total CYP2E1 to conditions that involve mitochondrial dysfunction (fasting,

diabetes, non-alcoholic steatohepatitis, and obesity). Furthermore, a large number of reactive metabolites

that are formed by CYP2E1 through metabolism of drugs and pollutants have been demonstrated to

cause mitochondrial dysfunction. Finally, there appears to be significant inter-individual variability in

targeting to the mitochondria, which could constitute a source of variability in individual response to

exposures. This review discusses those outcomes, the biochemical properties and toxicological conse-

quences of mtCYP2E1, and highlights important knowledge gaps and future directions. Overall, we feel

that this exciting area of research is rich with new and important questions about the relationship

between mtCYP2E1, mitochondrial dysfunction, and pathology.

Introduction

Cytochrome P450 2E1 (CYP2E1) is a cytochrome
P450 monooxygenase enzyme that is best known for its role in
hepatic metabolism of ethanol in the microsomal ethanol oxi-
dizing system. However, this versatile enzyme is also respon-
sible for the metabolism of a broad range of substrates, includ-
ing endogenous molecules such as ketones and fatty acids,
and low molecular weight drugs, pollutants, and dietary com-
pounds. Furthermore, CYP2E1 is expressed in high levels in
the liver and is expressed and inducible in many extrahepatic
tissues including the brain, kidney, nasal mucosa, skin, heart,
lungs, ovary, testes, skeletal muscle, and bone marrow. Within
cells, active CYP2E1 localizes to both the endoplasmic reticu-
lum (erCYP2E1) and mitochondria (mtCYP2E1). The CYP2E1
oxidation reaction utilizes electrons from NADPH and mole-
cular oxygen to introduce one oxygen atom into the substrate,
resulting in a metabolite that is more water-soluble and easily
excreted. However, in many cases, oxidation of the molecule by
CYP2E1 results in the formation of a reactive metabolite, such
as an epoxide or aldehyde. Furthermore, in addition to the oxi-

dation of substrates, CYP2E1 undergoes “uncoupling” of its
catalytic cycle wherein electrons are consumed to generate
reactive oxygen species (ROS). These features make CYP2E1 an
important enzyme for toxicology.

The importance of CYP2E1 in toxicology is well-known and
has been reviewed extensively elsewhere.1–5 This review aims to
highlight the potential importance of mitochondria-localized
CYP2E1 in driving mitochondrial dysfunction: while mito-
chondrial CYP2E1 was discovered decades ago, the vast
majority of what is known about CYP2E1 derives from studies
which utilized the liver microsomal fraction (membrane
fraction of cells containing mostly endoplasmic reticulum) or
did not distinguish between endoplasmic reticulum- or
mitochondria-localized CYP2E1. Therefore, known endogenous
and exogenous roles of total cellular CYP2E1 will be discussed
in the context of mitochondrial dysfunction, followed by an
account of what is known about mitochondrial CYP2E1.

Endogenous role of CYP2E1

CYP2E1 is generally considered a xenobiotic-metabolizing
enzyme; however, CYP2E1 also metabolizes endogenous com-
pounds, including ketones, fatty acids, and hormones that
could play a role in mitochondrial dysfunction in multiple
pathophysiological conditions. CYP2E1 is regulated by
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changes in pituitary and sex hormones, and undergoes induc-
tion during fasting/starvation, diabetes, nonalcoholic steato-
hepatitis (NASH), and obesity. An important common feature
among all of these conditions is mitochondrial dysfunction
and oxidative stress (see Fig. 1). Mitochondrial dysfunction
can take many forms, depending on the nature of the damage.
Hallmarks of mitochondrial dysfunction may include insuffi-
cient production of ATP, inappropriate (too much, or too little)
production of reactive oxygen species, or alterations in other
critical mitochondrial functions including iron and calcium
homeostasis, steroid synthesis, and apoptosis. Dysfunction
occurs when there is a more damage to mitochondrial DNA,
proteins, and lipids than can be repaired through homeostatic
pathways including proteases, chaperones, antioxidant
enzymes and molecules, lipases, DNA repair and biogenesis,
and removal of damaged mitochondria via mitophagy (mito-
chondrial clearance), mitochondrial-derived vesicles, and
apoptosis. Mitochondria and mitochondrial components such
as DNA are particularly vulnerable to such damage for a variety
of reasons, including the absence of some DNA repair path-

ways.6 Therefore, mitochondrial-localized CYP2E1 may plausi-
bly contribute to such dysfunction by producing reactive
metabolites in close proximity to vulnerable mitochondrial
nucleophiles. The experimental links between CYP2E1 and
these conditions will be detailed below.

The induction of CYP2E1 has long been associated with
fasting or starvation conditions.7,8 The fasting phenotype is
characterized by high circulating ketone bodies, including
acetone, acetoacetate, and beta-hydroxybutyrate, which would
require a clearance mechanism to avoid toxicity. Acetone and
acetoacetate administration alone induce CYP2E1,9 and
CYP2E1-null fasted mice accumulate acetone to levels >20
times greater than wild-type mice.10 Those observations
suggest an endogenous role for CYP2E1 in the clearance of
ketones. Furthermore, the metabolites that CYP2E1 produces
from acetone metabolism, i.e. acetol and methylglyoxyl, are
precursors to an alternative entry point for gluconeogenesis.11

CYP2E1 is expressed in the brain as well as liver, and thus
ketone bodies generated during starvation may provide energy
to the brain; ketones are generated in the brain but also cross
the blood–brain barrier.

Moreover, elevated ketones occur during diabetic con-
ditions, as well as hyperglycemia and hypercholesterolemia. In
particular, diabetes is associated with increased CYP2E1
expression,12,13 both in mitochondria and ER,14 that may be
mechanistically linked to pathogenesis due to impairment of
GLUT4 through a NRF2-mediated pathway.15 Specifically, over-
expression of CYP2E1 in cell culture suppressed GLUT4 gene
expression, while suppression of CYP2E1 had the opposite
effect; these effects could be blocked by co-expression of a
dominant negative form of NRF2 or by administration of anti-
oxidants, suggesting that the role of CYP2E1 is both NRF2-
and ROS-dependent. Aside from regulating glucose meta-
bolism, insulin signaling is closely tied with CYP2E1
expression;16 higher insulin levels decrease CYP2E1
expression, which may be mediated through miR-132/-21217

and phosphatidylinositol 3′ kinase (PI3K).17,18 On the other
hand, overexpression of CYP2E1 leads to impaired hepatic
insulin signaling in cell culture19 and in mice20 and knockout
of CYP2E1 in mice confers protection against high-fat diet-
induced obesity and insulin resistance.21 Taken together,
signaling pathways involved in diabetic conditions regulate the
expression of CYP2E1 and hence suggest its function in
responding to pathophysiological conditions.

Similarly, CYP2E1 expression plays an important role in
non-alcoholic steatohepatitis (NASH), which is a common liver
disease characterized by fatty liver (steatosis), inflammation,
and eventually fibrosis of the liver. The cause of NASH has not
been identified; however, release of inflammatory cytokines
and oxidative stress are thought to be important for NASH
development. In humans many hallmark features of NASH
including degree of steatosis, hyperketonemia, and
hyperlipidemia22–27 positively associate with CYP2E1 activity.
At the molecular level, CYP2E1 may be an important mechan-
istic driver in this pathology:28,29 CYP2E1 is the primary
catalyst driving a 100-fold increase in lipid peroxidation in a

Fig. 1 Factors influencing CYP2E1 expression and potential down-
stream consequences. Panel A shows the impact of fasting, obesity, and
diabetes on CYP2E1. These conditions modulate ketone, growth
hormone, and steroid hormone levels as well as impact the effect of
insulin and insulin-like growth factor (IGF) on CYP2E1. These changes in
CYP2E1 levels are then reflected in increased oxidative stress and
perhaps mitochondrial dysfunction. Panel B illustrates CYP2E1 inter-
actions with major cellular signaling pathways known to impact mito-
chondrial function.
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murine dietary model of NASH. However, there are compensa-
tory mechanisms when CYP2E1 expression is low, because the
absence of CYP2E1 (CYP2E1-null mice) leads to up-regulation
of CYP4A enzymes that drive the pathogenesis.30 Finally,
another consequence of NASH is oxidative stress, which may
be exacerbated by CYP2E1.29

Higher expression of CYP2E1 is also associated with obese
individuals, who have CYP2E1 activities around three-fold
greater than those with normal body weight.22 When obese
individuals undergo weight-loss surgery, they exhibit a
decrease in CYP2E1 activity concomitant with decreased body
weight. The relationship between obesity and CYP2E1 may
impact toxicology, as has been shown for the common drug
acetaminophen in cultured cells treated with fatty acids31 and
in obese and non-obese humans.32 In those cases, higher body
fat and/or treatment of cells with free fatty acids resulted in
higher CYP2E1 levels and higher production of the toxic
quinoneimine metabolite N-acetyl-p-benzoquinone imine
(NAPQI), resulting in more hepatotoxicity and mitochondrial
dysfunction. Therefore, obesity may interplay with CYP2E1-
related toxicities through chronic induction of the enzyme,
resulting in increased mitochondrial dysfunction, which may
in turn further drive obesity-related pathologies.33

A unifying theme among all of these conditions (fasting,
diabetes, NASH, and obesity) is altered bioenergetics and
redox status (see Fig. 1). However, it is unclear whether changes
in bioenergetics are due to endogenous CYP2E1 processes or
represent an interplay between endogenous and exogenous
regulation and activity of the enzyme. It is also largely unknown
whether the pathophysiological conditions described herein
that regulate total or erCYP2E1 also impact mtCYP2E1 by
similar or distinct magnitudes and mechanisms. It has been
increasingly evident, however, that many pathologies arise from
the sum of exposures, diet, stresses, and genetics; therefore,
understanding individual processes will eventually lead to
better predictions and treatments for those pathologies.

Exogenous substrates of CYP2E1 that
damage mitochondria

The broad specificity of CYP2E1 includes a wide array of low
molecular weight hydrophobic xenobiotic substrates, includ-
ing drugs, pollutants, and dietary compounds. The promiscu-
ous nature of CYP2E1 has been extensively discussed
elsewhere;1–5 however, those reviews are limited to discussing
the toxicological role of CYP2E1 found in microsomal fractions
or lack altogether references to the impact of its subcellular
localization. This portion of the review provides a focused
update highlighting toxicologically important substrates of
CYP2E1 that specifically target mitochondria and result in
mitochondrial dysfunction. In many cases, specific roles have
not yet been explored for mtCYP2E1 in activation of toxicants
and mitochondrial dysfunction; however, there is direct evi-
dence linking mtCYP2E1 activity and mitochondrial dysfunc-
tion in limited cases, which we mention here and detail later

in the review. Other cases lack direct evidence, yet the possi-
bility is likely given the ability of mtCYP2E1 to generate reac-
tive metabolites during metabolism and reported mitochon-
drial dysfunction resulting from exposure to those CYP2E1
substrates, although contributions from erCYP2E1 cannot be
ruled out. Further mechanistic studies on mitochondrial dys-
function are clearly necessary to distinguish between CYP2E1-
generated reactive metabolites generated in situ and those
migrating from the endoplasmic reticulum.

CYP2E1 does not play a major role in metabolic clearance
of drugs; however, there are notable exceptions such as acet-
aminophen, cisplatin, and isoniazid. CYP2E1 is primarily
responsible for converting acetaminophen to a reactive meta-
bolite that damages mitochondria and ultimately leads to
hepatocellular necrosis.34 In cultured cells, expression of mito-
chondrial CYP2E1 alone was sufficient to drive mild mitochon-
drial dysfunction and increased cytotoxicity,35 despite lower
overall cellular CYP2E1 activity compared to cells that
expressed both mtCYP2E1 and erCYP2E1.

The chemotherapeutic agent cisplatin has long been used
for the treatment of solid tumors. While generally effective, it
has a common adverse effect of causing nephrotoxicity, specifi-
cally in the proximal tubule. Reactive oxygen species (ROS)
have been implicated in the mechanism of renal toxicity, and
CYP2E1 has been identified as a potential source of ROS in
this mechanism, although it is not known exactly how CYP2E1
plays a role in cisplatin-induced toxicity. CYP2E1 localizes to
the proximal tubule, and CYP2E1-null mice are protected from
cisplatin-induced nephrotoxicity.36 CYP2E1 expression is
necessary for the cisplatin-induced generation of oxidative
stress in cell culture and in kidney slices, and may ultimately
drive apoptosis in the proximal tubule.37–40 Glutathione status
also impacts the observed cytotoxicity, which further impli-
cates a role for CYP2E1-derived ROS in the toxicological mech-
anism.38,39 Mitochondrial dysfunction has also been identified
as a key step in the mechanism of cisplatin nephrotoxicity
based on decreased respiration, respiratory complex activities,
ATP synthesis, and membrane potential and the amelioration
of those effects by co-administration of antioxidants.41–43

Cisplatin has been reported to cause slightly less or much
more mitochondrial than nuclear DNA damage,6 and there is
evidence that in aerobic cells, it is this damage, resulting in
impairment of mitochondrial protein synthesis and mitochon-
drial ROS generation, that causes cytotoxicity.44

The anti-tuberculosis drug isoniazid causes idiosyncratic
hepatotoxicity and neurotoxicity in a mechanism that has not
been fully elucidated; nevertheless, CYP2E1 activity has been
identified as playing a role,45–47 possibly through the gene-
ration of free radicals.48 Importantly, isoniazid hepatotoxicity
is triggered by mitochondrial dysfunction49–51 and specific
impairment of mitochondrial respiratory complexes I and II.49

Several industrial chemicals are activated by CYP2E1 to
mitochondrial toxicant metabolites. Thioacetamide is an
organosulfur compound that was at one time widely used as
an industrial solvent; its use has been greatly diminished
since its classification as a human carcinogen. Toxic activation
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of thioacetamide involves two oxidative steps to its S-oxide and
S,S-dioxide that are primarily catalyzed by CYP2E1.52,53 This
process leads ultimately to liver necrosis. Protection against
thioacetamide toxicity is conferred by genetic knockdown of
CYP2E154 or administration of CYP2E1 inhibitors.52,53

Interestingly, protection also resulted from pharmacological or
genetic knockdown of superoxide dismutase, which also
appeared to decrease CYP2E1 activity.55 This observation could
suggest a direct role for hydrogen peroxide signaling in CYP2E1
regulation and hence its role in toxicity. Furthermore, fasting
and diabetic conditions that induced cellular CYP2E1 poten-
tiated thioacetamide-induced liver injury in rats.56

Thioacetamide administration impairs mitochondrial complex I
activity in primary hepatocytes in culture53 and in brain mito-
chondria isolated from thioacetamide-treated rats.57 Alterations
in overall mitochondrial respiration and in phospholipid
content of mitochondria have also been reported.58–60

Carbon tetrachloride was initially produced on a large scale
for consumer and industrial uses, yet only persists today for
industrial applications. Exposure to carbon tetrachloride has
been linked to liver and kidney damage, central nervous
system toxicity, and carcinogenicity.61 The U.S. Environmental
Protection Agency has recently placed carbon tetrachloride on
the priority list of ten chemical substances that it will evaluate
for potential risks to human health and the environment
under the amended Toxic Substances Control Act.62

Mechanistic studies on the mode of action of carbon tetra-
chloride identified formation of the trichloromethyl radical by
CYP2E1 and subsequent formation of trichloromethyl peroxy
radical as key events in the toxicity pathway.63–66 Carbon tetra-
chloride toxicity is potentiated by the induction of CYP2E1 by
ethanol,67–69 and CYP2E1-null mice are protected from carbon
tetrachloride hepatotoxicity.63 Carbon tetrachloride toxicity
includes mitochondrial dysfunction, with exposures resulting
in impaired liver mitochondrial respiration, reduced mito-
chondrial DNA integrity, and impairment of individual mito-
chondrial respiratory complex activities.70–72

Benzene is a ubiquitous industrial chemical and environ-
mental pollutant as well as a confirmed human carcinogen.
CYP2E1 is primarily responsible for the bioactivation of
benzene to its toxicologically active hydroquinone meta-
bolites.73 CYP2E1 is induced in peripheral lymphocytes and
liver to a similar extent by benzene and classical CYP2E1 indu-
cers such as pyrazole and acetone.74 Knockout of CYP2E1 pro-
tects mice from benzene toxicity by reducing DNA damage in
bone marrow, thymus, lymphocytes, and spleen. A higher risk
of benzene poisoning correlates with either ethanol consump-
tion or genetic polymorphisms in the noncoding region of the
CYP2E1 gene that result in induction of CYP2E1 expression.75

Incubation of isolated mitochondria from bone marrow with
benzene oxidative metabolites resulted in covalent binding to
mitochondrial DNA and decreased mitochondrial RNA syn-
thesis.76 In occupationally exposed workers, benzene exposure
resulted in increased mitochondrial DNA copy number in cir-
culating leukocytes, which the authors speculate is a compen-
satory response to mitochondrial damage.77

Furan is a widely used industrial chemical as well as a com-
ponent of cigarette smoke and diesel exhaust. This common
pollutant is classified as a liver toxicant and cholangiocarcino-
gen.78 Furan toxicity results from CYP2E1 bioactivation to a
reactive dialdehyde, cis-2-butene-1,4-dial.79 The mechanism of
furan toxicity involves oxidative stress, DNA damage, and
inflammation.80 An early step in furan toxicity is uncoupling
of hepatic oxidative phosphorylation, evidenced through lower
ATP levels in rat hepatocytes and impaired respiration which
preceded cell death in culture.81 These effects were eliminated
by administration of garlic oil,82 which contains diallyl sulfide
components that irreversibly inhibit CYP2E1.83

Trichloroethylene (TCE) is a pervasive environmental pollu-
tant in which exposure leads to carcinogenicity and neurotoxi-
city through CYP2E1 activity. In fact, there is an association of
Parkinson’s Disease in humans with TCE exposure84–88 with
up to a six-fold increased risk in one study.89 TCE exposure
studies using animal models provide further evidence for a
toxicological role for CYP2E1 activtiy.87,90 In those experi-
ments, TCE exposure resulted in mitochondrial dysfunction
(impairment of mitochondrial complex I activity) through an
unknown mechanism.

1,3-Butadiene is a cigarette smoke constituent and human
carcinogen that is activated by CYP2E1 to reactive epoxide
metabolites.91 The metabolites have been shown to modify
nuclear DNA and result in genotoxicity; however, the possibility
of mitochondrial dysfunction had not been explored. We have
recently shown that genetically diverse mice exposed to a high
dose of inhaled butadiene exhibit impaired mitochondrial
complex activities in complexes I, II, and IV and that impair-
ment is correlated with increased CYP2E1 activity in mitochon-
dria but not in the endoplasmic reticulum.92 This finding
demonstrates a link between mtCYP2E1 activation of buta-
diene and exposure-induced mitochondrial dysfunction,
although its relevance in toxicity of environmental exposures
to butadiene remains to be explored.

Food and beverage constituents similarly undergo bioacti-
vation into reactive metabolites by CYP2E1 action. Ethanol is
one of the most well studied dietary substrates for CYP2E1.
CYP2E1 activity is induced by ethanol through a ROS-mediated
mechanism in a feedback loop, as evidenced from its blockage
due to the co-administration of antioxidants such as vitamin
C. The inhibition of PKCζ, JNK, or SP1 also blocks ethanol
induction of CYP2E1, which implicates this pathway in the
regulation of CYP2E1 levels.93 Ethanol metabolism enhances
carcinogenesis through CYP2E1 production of reactive oxygen
species (ROS) and the reactive metabolite acetaldehyde.94 At
the cellular level, ethanol and likely CYP2E1 activity induce
oxidative stress, lipid peroxidation, and mitochondrial dys-
function, which has been reviewed extensively elsewhere.95–97

Ethanol toxicity is similar in cultured cells expressing only
mtCYP2E1 compared to those which express CYP2E1 in both
mitochondria and ER, suggesting that the mitochondrial form
may be more important for toxicity.35

Acrylamide has industrial uses but is also a constituent in
the human diet, forming in many starchy foods when cooked
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at high temperatures. Acrylamide is carcinogenic and neuro-
toxic, and has also been linked to reproductive toxicity. The
toxicity of acrylamide depends on the formation of the meta-
bolite glycidamide by CYP2E198–101 and involves mitochondrial
dysfunction.102,103

Together, these compounds comprise only a portion of the
many chemicals activated by CYP2E1 that may target mito-
chondria. Although there is a clear link between CYP2E1 acti-
vation of the compounds and mitochondrial dysfunction, it is
not clear in most cases if erCYP2E1, mtCYP2E1, or both forms
of the enzyme drive the dysfunction. Their respective contri-
butions may depend on substrate transport into mitochondria
to undergo activation, the ability of the reactive metabolites to
diffuse between the organelles, and the availability of NADPH
and/or glutathione levels in the proximity of the enzyme. All of
these intriguing mechanistic possibilities remain to be
explored for delineating the roles of mt- and erCYP2E1 in toxi-
cant bioactivation and resulting mitochondrial dysfunction.

Reactive oxygen species production by CYP2E1

CYP2E1 activity not only generates reactive metabolites but
also reactive oxygen species (ROS). ROS results from un-
coupling of the CYP2E1 catalytic cycle and contribute to toxicity,
as demonstrated for erCYP2E1 and reviewed elsewhere.104–107

Recent attention is shifting to understanding the effects of
subcellular localization of CYP2E1 on its role in toxicity, for
example by using cell lines expressing CYP2E1 targeted solely
to the endoplasmic reticulum or mitochondria. Human hepa-
toma HepG2 cell lines lacking CYP2E1 expression were stably
transfected by endoplasmic reticulum-localized (E47) or mito-
chondria-localized (mE10) CYP2E1. HepG2 cells expressing
CYP2E1 in either subcellular compartment have higher basal
levels of ROS and higher Nrf2 levels; those conditions led to
increased sensitivity to toxicity induced by ethanol, poly-
unsaturated fatty acids, and iron.104 Furthermore, induction of
CYP2E1 in vivo and in primary tissue culture leads to lipid per-
oxidation, oxidative stress, and oxidative damage to
DNA.108–111 However, despite this indirect evidence that
mtCYP2E1 may be driving oxidative stress through production
of ROS, no detailed studies have yet tested whether mtCYP2E1
is “uncoupled” in its catalytic cycle similarly to erCYP2E1.

Genetic polymorphisms in CYP2E1

To date, it is unclear if there exist any functionally important
polymorphic variants of CYP2E1. No coding region variants
have been identified that impact CYP2E1 activity,112 but there
is evidence for polymorphisms that affect transcriptional regu-
lation. Many studies report polymorphisms in the 5′ flanking
region upstream of the CYP2E1 gene which may impact gene
expression. The most common polymorphisms identified to
date include the CYP2E1*5B (RsaI/PstI; rs2031920/rs3813867)
variant, which has increased transcription and higher enzyme
activity,113 and the DraI variant, which is considered to only
increase transcription.114 This discrepancy is suggestive of
further posttranscriptional regulation, although the exact
mechanisms of regulation in these variants have not been

extensively characterized. There are ethnic differences in the
allelic frequency of these polymorphisms, with Asian popu-
lations having a higher frequency of both.115 There is much
conflicting information in the literature about the importance
of these polymorphisms. For example, the PstI polymorphism
was reported to be associated with a reduced risk of gastric
cancer116 in some studies, an increased risk in others,117,118

while a recent meta-analysis revealed no associations between
CYP2E1 polymorphisms and gastric cancer risk.119 Similarly,
while most studies report association of the RsaI/PstI and DraI
polymorphisms with decreased lung cancer risk, this finding
remains controversial.120–123 The RsaI/PstI variant was associ-
ated with increased colorectal cancer risk, while there was no
association with the DraI variant.124 CYP2E1 RsaI/PstI poly-
morphisms may reduce the risk of respiratory cancer and liver
cancer.125 One potential reason for the lack of consistent find-
ings with genetic polymorphisms is the complex regulation
and inducibility of CYP2E1 by many endogenous and exogen-
ous factors. For this reason, it has been suggested that CYP2E1
activity rather than genotype be used as for assessment of
risk.112

The discovery of mitochondrial
CYP2E1

Despite relatively few published studies focused on mtCYP2E1,
the presence of mitochondria-localized CYP2E1 has been
known for nearly two decades, with the first reports emerging
in 1997. Research labs led by Narayan Avadhani (in 1997) and
Magnus Ingelman-Sundberg (in 1999) independently discov-
ered the mitochondrial enzyme initially labeled P450 MT5,
and sought to validate the protein as truly mitochondrial and
not an artifact of subcellular fractionation. Most studies used
a subcellular fractionation approach with fresh cells or liver
with western blot detection of the protein in each
fraction.126–129 In all cases, the authors included marker pro-
teins from each fraction to show that the preparations were
not detectably contaminated with the other fraction. Perhaps
the most convincing evidence was immunoelectron micro-
scopic localization experiments in isolated mitochondria,126

which showed clear signal inside mitochondria for CYP2E1.
Both labs presented solid evidence for the localization of

CYP2E1 within mitochondria, but a major discrepancy was the
reported molecular weight of the mitochondrial enzyme. The
Avadhani group described a full length ∼52 kDa protein puri-
fied from rat liver.126 By contrast, the Ingelman-Sundberg
group reported a N-terminally truncated form of the enzyme
(40 kDa fragment) that was sent to mitochondria in a trans-
fected mouse hepatocellular cell line (H2.35 cells).127

Moreover, those authors reported a CYP2E1-immunoreactive
band at 40 kDa isolated mitochondria from control rat liver,
and further characterized the truncated mitochondrial
CYP2E1128,129 by assessing its subcellular localization depen-
dence on the lengths of the N-terminus. Unfortunately, those
studies did not address the discrepancies between their find-
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ings and those by the Avadhani group. Meanwhile, the
Avadhani group published several more studies characterizing
full-length mitochondrial CYP2E1130,131 including the presence
of both full-length and truncated (40 kDa) mitochondria-
targeted CYP2E1 in stably transfected COS-7 cells.132

Interestingly, the truncated version was only observed after
integrating the transgene; transient transfection resulted in a
full-length mtCYP2E1 protein. The authors attributed the differ-
ence in reported molecular weights to a cell culture artifact, but
did not provide evidence for how or under what conditions the
truncated mtCYP2E1 formed. It remains unclear why mtCYP2E1
expression includes full-length and truncated versions in rat
liver and transfected cells, and which of the forms is more bio-
logically relevant; perhaps both versions could be present under
certain conditions. Regardless, these studies have effectively
demonstrated that mitochondrial targeting can be increased by
either truncation to a 40 kDa protein or mutations that enhance
the mitochondrial targeting sequence (described below).

Irrespective of truncation, mtCYP2E1 is catalytically active.
Initial reports demonstrated common reactions of mtCYP2E1
that were known to be catalyzed by erCYP2E1 including
p-nitrophenol hydroxylation,126,130 chlorzoxazone
hydroxylation,127–129 and dimethylnitrosamine demethyl-
ation.130 These specific activities were increased with induc-
tion of CYP2E1 by pyrazole and blocked by CYP2E1 inhibitors.
Nevertheless, these studies did not explore the mechanisms
and efficiencies of the reactions to assess their relative signifi-
cance to current understanding of CYP2E1 metabolism.
Therefore, we purified rat liver mitochondria and microsomes
and determined the kinetic parameters for mtCYP2E1 and
erCYP2E1 oxidation of three well-studied substrates, viz the
probe substrate 4-nitrophenol and pollutants aniline and
styrene.133 Importantly, all three of these substrates are meta-
bolized through cooperative mechanisms by erCYP2E1, specifi-
cally substrate inhibition (4-nitrophenol),134,135 positive co-
operativity (styrene),136 and negative cooperativity (aniline).137

When compared to erCYP2E1, mtCYP2E1 shows similar
affinity for all three substrates at the active site. Unlike
erCYP2E1, mtCYP2E1 displays simple, non-cooperative
Michaelis–Menten kinetics for oxidation of 4-nitrophenol,
aniline, and styrene. Based on these mechanisms, we esti-
mated the impact of CYP2E1 subcellular localization on the
metabolic flux of pollutants to show that erCYP2E1 dominates
aniline metabolism at all concentrations of aniline, but the
initial importance of mtCYP2E1 in metabolism of styrene
shifts to erCYP2E1 at higher concentrations. Together, this
work showed that subcellular localization of CYP2E1 results in
distinctly different enzyme activities that could impact meta-
bolism and bioactivation in a substrate-dependent manner.

The distinct catalytic properties for CYP2E1 based on locali-
zation may be due to the formation of different functional com-
plexes. CYP2E1 activity requires electrons from redox partners to
activate oxygen for metabolic reactions. At the endoplasmic reticu-
lum, cytochrome P450 reductase (CPR) fulfills this role while the
complex adrenodoxin and adrenodoxin reductase (ADX-ADR) are
responsible for supporting CYP2E1 reactions in mitochondria.

Nevertheless, it is not accessibility to these specific redox partners
that determines their catalytic activities because erCYP2E1 will
only form a functional complex with CPR and mtCYP2E1 with
the ADX-ADR complex.130 The specificity of those interactions
suggests that the contact regions for erCYP2E1 and mtCYP2E1
differ toward their respective redox partners. As evidence for dis-
tinct CYP2E1 conformations, circular dichroism experiments
with the purified enzymes revealed differences in secondary
structure between the proteins localized in each compartment.
Together, these data suggest that when mtCYP2E1 is imported
into mitochondria and folded by mitochondrial chaperones, its
final structure differs from that in the endoplasmic reticulum.

While functional, the question remains as to how and why
CYP2E1 is targeted to mitochondria. An early clue was an
observed higher percentage of phosphorylated mtCYP2E1
when compared to the microsomal enzyme.130 The target site
is Ser-129, which can undergo phosphorylation by Protein
Kinase A to reveal a cryptic mitochondrial targeting signal at
amino acids 21–31. This modification results in increased
mtCYP2E1 (but no increase in erCYP2E1) expression with
cAMP signaling.131 According to a model proposed by the
authors, newly synthesized CYP2E1 polypeptide is immediately
phosphorylated before it associates with the signal recognition
particle, which would retain the protein in the endoplasmic
reticulum. Phosphorylation exposes the cryptic mitochondrial
targeting sequence to traffic the enzyme to mitochondria and
once imported, the polypeptide is packaged with heme and de-
posited on the inner membrane of mitochondria. This attractive
mechanism fits well with the data supporting a role for Protein
Kinase A and cAMP signaling and avoids the need to traffic a
folded CYP2E1 protein into mitochondria by having it be folded
there in situ. Interestingly, phosphorylation of mtCYP2E1 within
mitochondria is only 20–25%, which may reflect a dynamic
equilibrium of the process in mitochondria. By contrast, phos-
phorylation at the same site when the protein is present in the
endoplasmic reticulum results in rapid proteasomal degra-
dation. This mechanism has some experimental support, but
further work is needed to determine if phosphorylation is the
only targeting cue to send CYP2E1 to mitochondria.

Together, these early characterizations provided insight
into the molecular determinants of mitochondrial targeting of
CYP2E1, and critical details about the similarity (and dissimi-
larity) of mtCYP2E1 to its much more well-studied counterpart
in the endoplasmic reticulum. More work is needed to fully
establish the specificity and efficiency of mitochondrial
CYP2E1 and to determine its role in both endogenous and
exogenous biochemical processes.

Toxicological consequences of
mitochondrial CYP2E1 localization
In vitro evidence for mtCYP2E1-related toxicity

Early characterization of truncated and full-length mitochon-
drial CYP2E1 led to the generation of in vitro cell line reagents
to study the biological consequences of mitochondrial CYP2E1
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localization. The truncated form identified by the Ingelman-
Sundberg group lacks amino acids 2–34 and was transfected
into HepG2 human hepatoma cell lines to generate new cell
lines, i.e. mE10 and mE24 cells, expressing the 40 kDa con-
struct only in mitochondria,138 although subsequent studies
used only mE10 cells. The Avadhani group introduced
mutations into the wild-type sequence to drive full-length
CYP2E1 expression mainly into mitochondria in the
COS-7 monkey kidney cell line (called MT+ and MT++, with
medium and high basal (but not further inducible by ethanol)
mtCYP2E1 expression levels, respectively).132 While it remains
unclear which cell model more accurately reflects in vivo
mtCYP2E1 activity, both approaches, importantly, generated
cell lines expressing catalytically active mtCYP2E1 and resulted
in increased oxidative stress, as discussed herein.

For the HepG2 cell lines expressing CYP2E1, it became
possible to evaluate the impact of mtCYP2E1 vs erCYP2E1
expression after the creation of HepG2-derived E47 cells
expressing full-length ER-localized CYP2E1. For unknown
reasons, CYP2E1 expressed in E47 cells was only present at the
endoplasmic reticulum based on a lack of co-localization with
mitochondrial SOD in immunofluorescence experiments. Both
E47 and mE10 cells showed a similar increase in ROS upon
depletion of glutathione with buthionine sulfoximine (BSO)
that was greater than the control (non-CYP2E1 expressing cells),
indicating that CYP2E1 can cause similar ROS generation from
different subcellular compartments. The increased ROS in
mtCYP2E1-expressing BSO-treated cells was accompanied by
increased cell death, decreased mitochondrial membrane
potential, increased mitochondrial protein oxidation and lipid
peroxidation adducts, and impaired mitochondrial aconitase
activity when compared to BSO-treated cells lacking CYP2E1.
The mitochondrial membrane potential could be rescued by
the addition of antioxidants like glutathione ester or Trolox or
by the mitochondrial membrane stabilizer cyclosporine
A. Taken together, these findings suggest that mtCYP2E1 locali-
zation could have deleterious effects; however, the study did not
assess and compare those effects for erCYP2E1-expressing cells,
making it impossible to understand the individual contri-
butions of mtCYP2E1 and erCYP2E1 to toxicity.

Similarly, mutations to the N-terminal targeting sequence
generated Mt+ and Mt++ COS-7 cell lines along with an ER+
mutant expressing full-length CYP2E1 localized primarily to
the endoplasmic reticulum as a foundation for comparative
studies on the importance of CYP2E1 subcellular localization.
In untreated cells, wild-type and ER+ cells showed a mild
depletion (15–20%) of cellular and mitochondrial glutathione,
while the Mt+ and Mt++ cells showed a dramatic decrease in
both glutathione pools (40–50%). Ethanol treatment further
reduced GSH levels, with greater effects observed in Mt+ and
Mt++ compared to wild-type and ER+ cells. Notably, these
transgenic cells express high or very high levels of CYP2E1 and
are not induced by ethanol exposure in contrast to typical
endogenous expression of CYP2E1. Mt+ and Mt++ cells
showed increased basal levels of ROS when compared to wild-
type or ER+ cells, as measured by dichlorofluorescein (ROS-

indicator) fluorescence. This effect could be attenuated by the
addition of the CYP2E1 suicide inhibitor diallyl sulfide or the
antioxidant N-acetyl cysteine. Treatment with ethanol
increased ROS in Mt+ and Mt++ cells but not ER+ or wild-type
cells, and the effect was blocked by addition of diallyl sulfide
or N-acetylcysteine. This work provided the first direct com-
parison of the consequences of mtCYP2E1 and erCYP2E1
localization, suggesting that mitochondrial localization could
result in greater cellular toxicity.

The level of mtCYP2E1 expression compared to erCYP2E1
could play a major role in determining its relative toxicological
importance. A critical publication from 2013 showed that there
is significant inter-person variability in the amount of CYP2E1
localized in the mitochondria and microsomes isolated from
human liver.139 For this study, human liver mitochondria and
microsomes from 16 individual donors showed wide variability
with some samples having mostly erCYP2E1 and others having
mostly mtCYP2E1. This effect could be partially attributed to
genetic polymorphisms in the N-terminal targeting sequence
because when those mutations were introduced into the wild-
type sequence, COS cells transfected with the mutated
sequence showed the same pattern of localization as that
observed in the human liver. Similar to the findings in other
studies, increased mtCYP2E1 localization resulted in higher
ROS, reduced mitochondrial membrane potential, altered
mitochondrial respiration, and lower glutathione, particularly
upon treatment with ethanol; those effects could be blocked
by addition of diallyl sulfide or antioxidants.

In vivo studies linking mtCYP2E1 to toxicity

A study in streptozotocin (STZ)-induced diabetic rats showed
that mitochondria and microsomes from pancreas, kidney,
liver, and brain showed increased ROS production and lipid
peroxidation compared to the control rats.14 All of these
tissues had measurable CYP2E1 protein (measured with
western blot) and activity (dimethylnitrosamine
N-demethylation activity) in mitochondria and microsomes
from control animals, and elevated levels in diabetic animals.
Similarly, there were higher Hsp70 protein and GST A4-4
protein/activity in mitochondria and cytosol, indicating
increased oxidative stress response in the diabetic rat model.
Under in vitro conditions, COS cells transiently transfected
with CYP2E1 expressed both mtCYP2E1 and erCYP2E1,
demonstrated by western blot. Those transfected cells showed
similar increases in Hsp70 and GSTA4-4 compared to untrans-
fected cells and suggest that CYP2E1 (particularly in mito-
chondria) may be playing some role in oxidative stress in dia-
betic conditions. For both the rat and cell culture experiments,
wild-type CYP2E1 was present in mitochondria and micro-
somes, so that it is not possible to delineate the specific roles
of mtCYP2E1 and erCYP2E1 in these stress responses.

Similar to the diabetic condition, ethanol has been shown
to induce CYP2E1 in both mitochondria and microsomes.
This induction correlates with increased oxidative stress in
rats; however, the increased oxidative stress was attenuated by
the addition of medium-chain triglycerides.140 The mitochon-
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drial-targeted antioxidant demethyleneberberine (DMB) from
the Chinese herb Cortex Phellodendri chinensis also has a protec-
tive effect in acutely and chronically ethanol-treated mice.141

DMB suppressed the 2–3-fold ethanol induction of mtCYP2E1
in liver mitochondria for both 52 kDa and 40 kDa enzyme
forms (as shown by Western blot of purified mitochondrial frac-
tions), as well as attenuated the 1.5-fold ethanol induction of
overall total liver CYP2E1 (mt + erCYP2E1). The decreased
mtCYP2E1 levels accompanied a decrease in oxidative stress,
mitochondrial dysfunction, and liver injury. Because the
authors did not investigate erCYP2E1 directly, it is not clear
whether mtCYP2E1 decreased with a concomitant change in
erCYP2E1. Furthermore, it is unclear whether decreases in
mtCYP2E1 are protective, or simply accompanied a direct pro-
tection by medium-chain triglycerides or DMB. However, these
studies do demonstrate that the regulation of mtCYP2E1 is
somehow correlated with ethanol-induced liver toxicity.

In an ex vivo model, we recently showed that mitochondrial
CYP2E1 activity corresponded with greater impairment of
mitochondrial function in mice after exposure to 1,3-buta-
diene.92 For this study, sixty individual strains of mice were
used from the genetically diverse Collaborative Cross model to
assess the impact of genetic variability in mtCYP2E1
expression on exposure-induced toxicity to mitochondria. Two
ten-day exposure groups were compared: air (control) and
200 ppm inhaled butadiene. The butadiene-exposed mice
showed impaired activity of mitochondrial respiratory com-
plexes I, II, and IV compared to the control mice (about 30%
reduction in the population mean), and that reduction was
inversely correlated with mtCYP2E1 in butadiene-exposed
mice. In other words, higher mtCYP2E1 activity corresponded
to greater impairment of mitochondrial respiratory complex
activity. By contrast, erCYP2E1 did not correlate with the
impaired activity of any of the complexes. This finding is the
first evidence that mtCYP2E1 and not erCYP2E1 in an in vivo
model can drive mitochondrial damage caused by exposure to
CYP2E1-activated substrates.

Together, these in vitro cell culture-based and ex vivo rodent
model experiments have demonstrated that mtCYP2E1 localiz-
ation could be a factor in driving cellular toxicity and
especially mitochondrial dysfunction. This toxicological mech-
anism could be mediated through the generation of reactive
metabolites from CYP2E1 substrates, both endogenous (i.e.
lipid oxidation) and exogenous (see Fig. 2). Alternatively, the
toxicity could mainly be driven by the production of reactive
oxygen species by mtCYP2E1, or could be a combination of
these two possibilities. Either way, mitochondrial targeting of
CYP2E1 (Fig. 3) may prove to be a risk factor for pathogenesis,
particularly etiologies that involve mitochondrial dysfunction.

Unresolved questions about
mtCYP2E1

Early characterization provided critical insights into the local-
ization of CYP2E1 to mitochondria and proved that the

enzyme could be active there for oxidation of CYP2E1 sub-
strates. However, many questions still remain unresolved in
the field to predict metabolic flux and physiological conse-
quences of mitochondrial and endoplasmic reticulum-loca-
lized CYP2E1. Answers to questions in this section will help
advance an understanding of the conditions that regulate
CYP2E1 subcellular localization, its catalytic activity, and
overall contribution to toxicological mechanisms.

What is the true molecular weight of mtCYP2E1?

Under what conditions is it truncated to 40 kDa, and what is
the mechanism of CYP2E1 processing to the truncated form?

Fig. 2 Proposed mechanism of CYP2E1-driven mitochondrial dysfunc-
tion. As described in the text, CYP2E1 localized on the inner mitochon-
drial membrane can produce reactive metabolites through substrate oxi-
dation and/or produce ROS when its catalytic cycle is uncoupled, dama-
ging mitochondrial DNA, proteins, and lipids. In turn, this damage can
cause increase ROS production from the mitochondrial electron trans-
port chain, which can further damage mitochondria ultimately leading
to mitochondrial dysfunction in the cell.

Fig. 3 Factors influencing transport of CYP2E1 to the mitochondria.
The details of the cellular regulatory mechanisms governing CYP2E1
trafficking to the inner mitochondrial membrane are still not well under-
stood; however, certain polymorphisms, ethanol, cyclic adenosine
monophosphate (cAMP) signaling, and potentially ketones and fatty
acids may impact the levels found in the mitochondrial compartment.
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Does the 40 kDa form share the same secondary structure as
the full-length form studied by Avadhani et al., and do the full-
length and truncated mtCYP2E1 enzymes have the same
affinity for substrates and efficiency? It is possible that some
antibodies may not recognize the truncated version so it could
have been missed in Western blots if the authors were using
different anti-CYP2E1 antibodies. These differences must be
addressed in the future by gaining a mechanistic understand-
ing of how and why a truncated 40 kDa CYP2E1 enzyme forms,
rather than showing a presence or absence of truncation.

What are the physiological conditions that drive mtCYP2E1
localization?

Given its ability to metabolize ketones and fatty acids, it is con-
ceivable that mitochondrial localization is driven by the need
to oxidize these molecules. For example, it would be interest-
ing to know if high ketone and fatty acid conditions change
the localization of CYP2E1 (higher ratio of mitochondria/
microsomal) rather than simply inducing the enzyme in both
fractions. Do conditions known to induce CYP2E1 also alter
mitochondrial localization? What is the endogenous role of
CYP2E1 in mitochondria?

How is mitochondrial CYP2E1 regulated?

Many detailed and laborious studies have been carried out to
determine the complex and extensive transcriptional, transla-
tional, and post-translational regulation of CYP2E1 localized
in the endoplasic reticulum. However, very little is known
about the regulation of mitochondrial CYP2E1. For example,
we have recently observed that mitochondrial CYP2E1 has a
very long half-life (>48 h) in cultured cells using a cyclohexi-
mide chase experiment (unpublished data, manuscript in
preparation), compared to the bimodal half-life of erCYP2E1
consisting of a very rapid phase (∼6–12 h half-life) and a
longer phase (36–48 h). It is also not clear if the same mecha-
nisms apply to induction of mitochondrial CYP2E1. For
example, is the protein stabilized by bound substrates?
Furthermore, what is the mechanism of mtCYP2E1 degra-
dation? Is it degraded by the proteasome as erCYP2E1 is, or
does it follow the same degradation pathways as many other
mitochondrial proteins (e.g., proteases or autophagy)? Finally,
how are levels of CYP2E1 in individual mitochondria regu-
lated? Is the distribution of CYP2E1 in the cell impacted by
fission and fusion dynamics of mitochondria? And how could
this impact mitochondrial dysfunction and cellular toxicity?

What is the coupling efficiency of mtCYP2E1?

Many studies detailing the stoichiometry of NADPH consump-
tion, oxygen uptake, substrate oxidation, and the formation of
reactive oxygen species have shown that the erCYP2E1 catalytic
cycle is loosely coupled and leads to the formation of ROS in
cells. However, such studies have not been done for
mtCYP2E1, and therefore it is unknown if mtCYP2E1 produces
ROS within mitochondria. Direct evidence must be acquired to
answer this question; especially considering that
mtCYP2E1 has a distinct structure compared to erCYP2E1 and

associates with a different set of redox partners for its catalytic
activity, it is unlikely that it will have the same coupling
efficiency as erCYP2E1. This question could have broad impli-
cations given the importance of ROS in mitochondrial signal-
ing and should be prioritized in future experiments on
mtCYP2E1.

What determines CYP2E1 accessibility to substrates within the
mitochondria?

The localization within mitochondria necessarily provides a
different environment and specificity. Based on our general
understanding of CYP2E1 specificity, there is a preference for
binding of hydrophobic substrates and inhibitors. These pro-
perties make it likely that substrates/inhibitors pass through
membranes, but how efficient is the process? How much
reaches the inner membrane to create an accessible level for
metabolism by CYP2E1?

What is the actual level of NADPH available to drive
mtCYP2E1 metabolism?

Most activity assays performed with mitochondrial
CYP2E1 have required addition of NADPH and often exo-
genous cofactors including ADX and ADR. Therefore, the
measured activities may not reflect the true values within cells.
The mitochondrial pool of NADPH is distinct from the cellular
pool and is highly regulated. The major source of mitochon-
drial NADPH is from the conversion of NADH and NADP+ to
NADPH by nucleotide transhydrogenase (NNT), which is
highly efficient in mitochondria with an intact membrane
potential. When there is a loss of proton gradient, this process
is inhibited. Under these conditions, would the NADPH pool
limit CYP2E1 activity?

How do differences in antioxidant capacity between
subcellular compartments contribute to differential toxicity?

The anti-oxidant capacity differs between the cytosol and mito-
chondria and may play a role in the biological significance of
mt- and erCYP2E1 activity. For example, glutathione, one of
the most important antioxidant mechanisms in cells, is main-
tained in separate pools within the cell. The cytosol contains
85–90% of total glutathione cellular content;142 however, the
nucleus, endoplasmic reticulum, peroxisomes, and mitochon-
dria also have stores of glutathione.143 Although the mitochon-
drial portion of the cellular glutathione is only 10–15% of the
total cellular pool, the concentrations are equal or greater than
the cytoplasmic concentrations.144 Furthermore, the selective
depletion of the mitochondrial, not cytosolic, glutathione pool
results in oxidative stress and cell death.145 Glutathione status,
in addition to the differential expression of antioxidant
enzymes in different cellular compartments, is inexorably
linked to CYP2E1 toxicity through Nrf2.104 Subcellular com-
partment-specific antioxidants could be a key factor in deter-
mining the propensity of mtCYP2E1-derived reactive meta-
bolites to cause damage to mitochondria. This intriguing
possibility should be explored in future research.
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What role does mtCYP2E1 play in liver diseases?

As described herein, the majority of studies involving
mtCYP2E1 have focused on the liver. There is still relatively
little known about its role in hepatic disease despite major
advances in our understanding of the molecular basis for
CYP2E1 localization and characterization of the enzyme.
mtCYP2E1 has been shown to increase ROS and oxidative
stress, which are known factors in the pathogenesis of fatty
liver disease including alcoholic and non-alcoholic forms of
the disease. Furthermore, it has been increasingly recognized
that mitochondrial dysfunction is a hallmark of cancer, and
particularly important in hepatocellular carcinoma.146–148

However, a potential specific role of mtCYP2E1 in contributing
to this mitochondrial dysfunction in hepatic cancer or fatty
liver disease has not been identified.

What is the role of mtCYP2E1 in heart disease?

Even less is known about the role of mtCYP2E1 in extrahepatic
tissues. In the heart, CYP2E1 is strongly up-regulated in
murine models of dilated cardiomyopathy.149 Furthermore,
overexpression of CYP2E1 in heart tissue exacerbates cardio-
myopathy, drives mitochondrial dysfunction, and increases
ROS and lipid peroxidation. Similarly, inhibition of CYP2E1
decreased the myocardial dysfunction induced by chronic
alcohol intake in mice.150 Finally, in contrast to the laboratory
studies, the high activity/transcription CYP2E1 DraI and PstI/
RsaI polymorphisms in human studies in a Lebanese popu-
lation were associated with a significant decrease in coronary
artery disease.151 All of this evidence supports some role for
CYP2E1 in heart disease; however, to our knowledge no one
has investigated the localization of CYP2E1 in these tissues. It
is conceivable that mitochondrial expression of CYP2E1 in the
mitochondria-rich cardiomyocytes could be significantly con-
tributing to these pathologies. An in vivo model lacking
CYP2E1 with transgenic expression of mitochondrial CYP2E1
in the heart would be ideal to study these effects.

How does mitochondrial CYP2E1 contribute to cisplatin-
induced kidney injury?

As described previously in the review, CYP2E1 has been clearly
implicated as a key player in cisplatin-induced nephrotoxicity,
through a mechanism that involves mitochondrial dysfunction
associated with a high burden of cellular and mitochondrial
ROS.37–40 Importantly, CYP2E1-null mice are protected from
this nephrotoxicity.36 It is therefore a logical and interesting
question to ask if it is mtCYP2E1 specifically that is driving
this toxicity, and if inhibition of mtCYP2E1 could be protec-
tive. An important related question should be, however, if
mtCYP2E1 also contributes to the cytotoxicity in cancer cells.
Sensitization to cisplatin has been observed for sulforaphene,
mitaplatin, and resveratrol through induction of mitochon-
drial dysfunction.152–154 Therefore, if cancer cells are expres-
sing mtCYP2E1, they may be more sensitive to cisplatin-
induced mitochondrial dysfunction and cell death. However,
most cancer cells downregulate xenobiotic-metabolizing

enzymes, so if the cancer cells lack mtCYP2E1 then inhibition
of mtCYP2E1 may protect against nephrotoxicity without sacri-
ficing chemotherapeutic efficacy. Careful future research is
needed to establish the relevance of this mechanism.

What are the implications for mtCYP2E1 in the brain?

CYP2E1 is expressed throughout the brain and is highly indu-
cible by chemical inducers of CYP2E1,155,156 pathophysiologi-
cal conditions known to induce CYP2E1,157 and even by status
epilepticus (severe epileptic seizures).158 CYP2E1 has also been
detected in brain mitochondria,159,160 although the specific
role of mtCYP2E1 in neurotoxicity has not been explored.
Nevertheless, as discussed in this review, many CYP2E1 sub-
strates have been linked to both mitochondrial dysfunction
and neurotoxicity/neurodegeneration; therefore, it is a critical
future area of concern to determine the specific role of
mtCYP2E1 in driving mitochondrial dysfunction in the brain.

Concluding remarks

Together, the data summarized herein provides a foundation
for the role of mitochondria-localized CYP2E1 in driving mito-
chondrial dysfunction. Additionally, it highlights significant
gaps in our understanding of mtCYP2E1 that must be
addressed, from basic biological questions to the relationship
between mtCYP2E1, mitochondrial dysfunction, and many
pathologies. Furthermore, investigation of mtCYP2E1 will
potentially provide some new and interesting opportunities for
intervention. Because there is significant inter-individual vari-
ation in the localization of CYP2E1, if mtCYP2E1 is specifically
driving pathogenesis it could be important to stratify the popu-
lation to estimate risk. Alternatively, it may be possible to
specifically target mitochondrial CYP2E1 pharmacologically:
first, by targeting specific inhibitors of CYP2E1 to mitochon-
dria, or second, by driving CYP2E1 localization toward the ER.
Overall, it will be important to consider both mtCYP2E1 and
erCYP2E1 for prediction of toxicological outcomes and
pharmacological interventions, as the field has clearly demon-
strated a distinct role for CYP2E1 in each compartment.

Conflict of interest

The authors have no conflicts of interest to declare.

Acknowledgements

Financial support was provided by The National Institute of
Environmental Health Sciences and The National Library of
Medicine of The National Institutes of Health under award
numbers F32ES027306 (JHH), R01LM012222 (GPM),
R01LM012482 (GPM), and R01ES017540 (JNM).

Review Toxicology Research

282 | Toxicol. Res., 2017, 6, 273–289 This journal is © The Royal Society of Chemistry 2017

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024



References

1 D. R. Koop, Oxidative and reductive metabolism by cyto-
chrome P450 2E1, FASEB J., 1992, 6, 724–730.

2 E. Tanaka, M. Terada and S. Misawa, Cytochrome P450
2E1: its clinical and toxicological role, J. Clin. Pharm.
Ther., 2000, 25, 165–175.

3 R. F. Novak and K. J. Woodcroft, The alcohol-inducible
form of cytochrome P450 (CYP 2E1): role in toxicology
and regulation of expression, Arch. Pharmacal Res., 2000,
23, 267–282.

4 C. S. Lieber, Cytochrome P-4502E1: its physiological and
pathological role, Physiol. Rev., 1997, 77, 517–544.

5 G. P. Miller, Advances in the interpretation and prediction
of CYP2E1 metabolism from a biochemical perspective,
Expert Opin. Drug Metab. Toxicol., 2008, 4, 1053–1064.

6 J. N. Meyer, M. C. K. Leung, J. P. Rooney, A. Sendoel,
M. O. Hengartner, G. E. Kisby and A. S. Bess,
Mitochondria as a Target of Environmental Toxicants,
Toxicol. Sci., 2013, DOI: 10.1093/toxsci/kft102.

7 J. Y. Hong, J. M. Pan, F. J. Gonzalez, H. V. Gelboin and
C. S. Yang, The induction of a specific form of cytochrome
P-450 (P-450j) by fasting, Biochem. Biophys. Res. Commun.,
1987, 142, 1077–1083.

8 J. Wan, L. Ernstgard, B. J. Song and S. E. Shoaf,
Chlorzoxazone metabolism is increased in fasted Sprague-
Dawley rats, J. Pharm. Pharmacol., 2006, 58, 51–61.

9 M. A. Abdelmegeed, N. J. Carruthers, K. J. Woodcroft,
S. K. Kim and R. F. Novak, Acetoacetate induces CYP2E1
protein and suppresses CYP2E1 mRNA in primary cul-
tured rat hepatocytes, J. Pharmacol. Exp. Ther., 2005, 315,
203–213.

10 F. Y. Bondoc, Z. Bao, W. Y. Hu, F. J. Gonzalez, Y. Wang,
C. S. Yang and J. Y. Hong, Acetone catabolism by cyto-
chrome P450 2E1: studies with CYP2E1-null mice,
Biochem. Pharmacol., 1999, 58, 461–463.

11 M. P. Kalapos, T. Garzo, F. Antoni and J. Mandl, Effect of
methylglyoxal on glucose formation, drug oxidation and
glutathione content in isolated murine hepatocytes,
Biochim. Biophys. Acta, 1991, 1092, 284–290.

12 A. Vornoli, L. Pozzo, C. M. Della Croce, P. G. Gervasi and
V. Longo, Drug metabolism enzymes in a steatotic model
of rat treated with a high fat diet and a low dose of
streptozotocin, Food Chem. Toxicol., 2014, 70, 54–60.

13 M. El-Batch, A. M. Hassan and H. A. Mahmoud, Taurine is
more effective than melatonin on cytochrome P450 2E1 and
some oxidative stress markers in streptozotocin-induced dia-
betic rats, J. Agric. Food Chem., 2011, 59, 4995–5000.

14 H. Raza, S. K. Prabu, M. A. Robin and N. G. Avadhani,
Elevated mitochondrial cytochrome P450 2E1 and gluta-
thione S-transferase A4-4 in streptozotocin-induced dia-
betic rats: tissue-specific variations and roles in oxidative
stress, Diabetes, 2004, 53, 185–194.

15 M. Armoni, C. Harel, M. Ramdas and E. Karnieli, CYP2E1
impairs GLUT4 gene expression and function: NRF2 as a
possible mediator, Horm. Metab. Res., 2014, 46, 477–483.

16 K. J. Woodcroft, M. S. Hafner and R. F. Novak, Insulin sig-
naling in the transcriptional and posttranscriptional regu-
lation of CYP2E1 expression, Hepatology, 2002, 35, 263–
273.

17 U. Shukla, N. Tumma, T. Gratsch, A. Dombkowski and
R. F. Novak, Insights into insulin-mediated regulation of
CYP2E1: miR-132/-212 targeting of CYP2E1 and role of
phosphatidylinositol 3-kinase, Akt (protein kinase B),
mammalian target of rapamycin signaling in regulating
miR-132/-212 and miR-122/-181a expression in primary
cultured rat hepatocytes, Drug Metab. Dispos., 2013, 41,
1769–1777.

18 J. S. Sidhu, F. Liu, S. M. Boyle and C. J. Omiecinski, PI3K
inhibitors reverse the suppressive actions of insulin on
CYP2E1 expression by activating stress-response pathways
in primary rat hepatocytes, Mol. Pharmacol., 2001, 59,
1138–1146.

19 J. M. Schattenberg, Y. Wang, R. Singh, R. M. Rigoli and
M. J. Czaja, Hepatocyte CYP2E1 overexpression and steato-
hepatitis lead to impaired hepatic insulin signaling,
J. Biol. Chem., 2005, 280, 9887–9894.

20 E. Kathirvel, K. Morgan, S. W. French and T. R. Morgan,
Overexpression of liver-specific cytochrome P4502E1
impairs hepatic insulin signaling in a transgenic mouse
model of nonalcoholic fatty liver disease,
Eur. J. Gastroenterol. Hepatol., 2009, 21, 973–983.

21 H. Zong, M. Armoni, C. Harel, E. Karnieli and J. E. Pessin,
Cytochrome P-450 CYP2E1 knockout mice are protected
against high-fat diet-induced obesity and insulin resist-
ance, Am. J. Physiol.: Endocrinol. Metab., 2012, 302, E532–
E539.

22 M. G. Emery, J. M. Fisher, J. Y. Chien, E. D. Kharasch,
E. P. Dellinger, K. V. Kowdley and K. E. Thummel, CYP2E1
activity before and after weight loss in morbidly obese
subjects with nonalcoholic fatty liver disease, Hepatology,
2003, 38, 428–435.

23 N. Chalasani, J. C. Gorski, M. S. Asghar, A. Asghar,
B. Foresman, S. D. Hall and D. W. Crabb, Hepatic cyto-
chrome P450 2E1 activity in nondiabetic patients with non-
alcoholic steatohepatitis, Hepatology, 2003, 37, 544–550.

24 H. Chtioui, D. Semela, M. Ledermann, A. Zimmermann
and J. F. Dufour, Expression and activity of the cyto-
chrome P450 2E1 in patients with nonalcoholic steatosis
and steatohepatitis, Liver Int., 2007, 27, 764–771.

25 D. Lucas, C. Farez, L. G. Bardou, J. Vaisse, J. R. Attali and
P. Valensi, Cytochrome P450 2E1 activity in diabetic and
obese patients as assessed by chlorzoxazone hydroxy-
lation, Fundam. Clin. Pharmacol., 1998, 12, 553–558.

26 M. D. Weltman, G. C. Farrell, P. Hall, M. Ingelman-
Sundberg and C. Liddle, Hepatic cytochrome P450 2E1 is
increased in patients with nonalcoholic steatohepatitis,
Hepatology, 1998, 27, 128–133.

27 G. Aljomah, S. S. Baker, W. Liu, R. Kozielski, J. Oluwole,
B. Lupu, R. D. Baker and L. Zhu, Induction of CYP2E1 in
non-alcoholic fatty liver diseases, Exp. Mol. Pathol., 2015,
99, 677–681.

Toxicology Research Review

This journal is © The Royal Society of Chemistry 2017 Toxicol. Res., 2017, 6, 273–289 | 283

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024



28 A. K. Daly, Relevance of CYP2E1 to non-alcoholic fatty
liver disease, Subcell. Biochem., 2013, 67, 165–175.

29 J. Aubert, K. Begriche, L. Knockaert, M. A. Robin and
B. Fromenty, Increased expression of cytochrome P450
2E1 in nonalcoholic fatty liver disease: mechanisms and
pathophysiological role, Clin. Res. Hepatol. Gastroenterol.,
2011, 35, 630–637.

30 I. A. Leclercq, G. C. Farrell, J. Field, D. R. Bell,
F. J. Gonzalez and G. R. Robertson, CYP2E1 and CYP4A as
microsomal catalysts of lipid peroxides in murine nonalco-
holic steatohepatitis, J. Clin. Invest., 2000, 105, 1067–1075.

31 A. Michaut, D. Le Guillou, C. Moreau, S. Bucher,
M. R. McGill, S. Martinais, T. Gicquel, I. Morel,
M. A. Robin, H. Jaeschke and B. Fromenty, A cellular
model to study drug-induced liver injury in nonalcoholic
fatty liver disease: Application to acetaminophen, Toxicol.
Appl. Pharmacol., 2016, 292, 40–55.

32 A. van Rongen, P. A. Valitalo, M. Y. Peeters, D. Boerma,
F. W. Huisman, B. van Ramshorst, E. P. van Dongen,
J. N. van den Anker and C. A. Knibbe, Morbidly Obese
Patients Exhibit Increased CYP2E1-Mediated Oxidation of
Acetaminophen, Clin. Pharmacokinet., 2016, 55, 833–847.

33 J. C. Bournat and C. W. Brown, Mitochondrial dysfunction
in obesity, Curr. Opin. Endocrinol., Diabetes Obes., 2010,
17, 446–452.

34 M. R. McGill, C. D. Williams, Y. Xie, A. Ramachandran
and H. Jaeschke, Acetaminophen-induced liver injury in
rats and mice: comparison of protein adducts, mitochon-
drial dysfunction, and oxidative stress in the mechanism
of toxicity, Toxicol. Appl. Pharmacol., 2012, 264, 387–394.

35 L. Knockaert, V. Descatoire, N. Vadrot, B. Fromenty and
M. A. Robin, Mitochondrial CYP2E1 is sufficient to
mediate oxidative stress and cytotoxicity induced by
ethanol and acetaminophen, Toxicol. in Vitro, 2011, 25,
475–484.

36 H. Liu and R. Baliga, Cytochrome P450 2E1 null mice
provide novel protection against cisplatin-induced nephro-
toxicity and apoptosis, Kidney Int., 2003, 63, 1687–1696.

37 H. Liu, M. Baliga and R. Baliga, Effect of cytochrome P450
2E1 inhibitors on cisplatin-induced cytotoxicity to renal
proximal tubular epithelial cells, Anticancer Res., 2002, 22,
863–868.

38 Y. Lu and A. I. Cederbaum, Cisplatin-induced hepato-
toxicity is enhanced by elevated expression of cytochrome
P450 2E1, Toxicol. Sci., 2006, 89, 515–523.

39 Y. Lu and A. Cederbaum, The mode of cisplatin-induced
cell death in CYP2E1-overexpressing HepG2 cells: modu-
lation by ERK, ROS, glutathione, and thioredoxin, Free
Radicals Biol. Med., 2007, 43, 1061–1075.

40 S. S. Al-Ghamdi, P. K. Chatterjee, M. J. Raftery,
C. Thiemermann and M. M. Yaqoob, Role of cytochrome
P4502E1 activation in proximal tubular cell injury
induced by hydrogen peroxide, Renal Failure, 2004, 26,
103–110.

41 L. A. Ahmed, N. I. Shehata, N. F. Abdelkader and
M. M. Khattab, Tempol, a superoxide dismutase mimetic

agent, ameliorates cisplatin-induced nephrotoxicity
through alleviation of mitochondrial dysfunction in mice,
PLoS One, 2014, 9, e108889.

42 B. Fernandez-Rojas, D. S. Rodriguez-Rangel,
L. F. Granados-Castro, M. Negrette-Guzman, J. C. Leon-
Contreras, R. Hernandez-Pando, E. Molina-Jijon,
J. L. Reyes, C. Zazueta and J. Pedraza-Chaverri, C-phyco-
cyanin prevents cisplatin-induced mitochondrial dysfunc-
tion and oxidative stress, Mol. Cell. Biochem., 2015, 406,
183–197.

43 K. Tanabe, Y. Tamura, M. A. Lanaspa, M. Miyazaki,
N. Suzuki, W. Sato, Y. Maeshima, G. F. Schreiner,
F. J. Villarreal, R. J. Johnson and T. Nakagawa, Epicatechin
limits renal injury by mitochondrial protection in cis-
platin nephropathy, Am. J. Physiol.: Renal, Physiol., 2012,
303, F1264–F1274.

44 R. Marullo, E. Werner, N. Degtyareva, B. Moore,
G. Altavilla, S. S. Ramalingam and P. W. Doetsch,
Cisplatin Induces a Mitochondrial-ROS Response That
Contributes to Cytotoxicity Depending on Mitochondrial
Redox Status and Bioenergetic Functions, PLoS One, 2013,
8, e81162.

45 Y. S. Huang, H. D. Chern, W. J. Su, J. C. Wu, S. C. Chang,
C. H. Chiang, F. Y. Chang and S. D. Lee, Cytochrome P450
2E1 genotype and the susceptibility to antituberculosis
drug-induced hepatitis, Hepatology, 2003, 37, 924–930.

46 J. Yue, R. X. Peng, J. Yang, R. Kong and J. Liu,
CYP2E1 mediated isoniazid-induced hepatotoxicity in
rats, Acta Pharmacol. Sin., 2004, 25, 699–704.

47 C. Shen, H. Zhang, G. Zhang and Q. Meng, Isoniazid-
induced hepatotoxicity in rat hepatocytes of gel entrap-
ment culture, Toxicol. Lett., 2006, 167, 66–74.

48 D. Choi, B. Leininger-Muller, Y. C. Kim, P. Leroy, G. Siest
and M. Wellman, Differential role of CYP2E1 binders and
isoniazid on CYP2E1 protein modification in NADPH-
dependent microsomal oxidative reactions: free radical
scavenging ability of isoniazid, Free Radical Res., 2002, 36,
893–903.

49 K. K. Lee, K. Fujimoto, C. Zhang, C. T. Schwall,
N. N. Alder, C. A. Pinkert, W. Krueger, T. Rasmussen and
U. A. Boelsterli, Isoniazid-induced cell death is precipi-
tated by underlying mitochondrial complex I dysfunction
in mouse hepatocytes, Free Radicals Biol. Med., 2013, 65,
584–594.

50 M. Ahadpour, M. R. Eskandari, V. Mashayekhi, K. Haj
Mohammad Ebrahim Tehrani, I. Jafarian, P. Naserzadeh
and M. J. Hosseini, Mitochondrial oxidative stress and
dysfunction induced by isoniazid: study on isolated rat
liver and brain mitochondria, Drug Chem. Toxicol., 2016,
39, 224–232.

51 S. Bhadauria, G. Singh, N. Sinha and S. Srivastava,
Isoniazid induces oxidative stress, mitochondrial dysfunc-
tion and apoptosis in Hep G2 cells, Cell. Mol. Biol., 2007,
53, 102–114.

52 T. Wang, K. Shankar, M. J. Ronis and H. M. Mehendale,
Potentiation of thioacetamide liver injury in diabetic rats

Review Toxicology Research

284 | Toxicol. Res., 2017, 6, 273–289 This journal is © The Royal Society of Chemistry 2017

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024



is due to induced CYP2E1, J. Pharmacol. Exp. Ther., 2000,
294, 473–479.

53 H. Hajovsky, G. Hu, Y. Koen, D. Sarma, W. Cui,
D. S. Moore, J. L. Staudinger and R. P. Hanzlik,
Metabolism and toxicity of thioacetamide and thioaceta-
mide S-oxide in rat hepatocytes, Chem. Res. Toxicol., 2012,
25, 1955–1963.

54 J. S. Kang, H. Wanibuchi, K. Morimura, R. Wongpoomchai,
Y. Chusiri, F. J. Gonzalez and S. Fukushima, Role of
CYP2E1 in thioacetamide-induced mouse hepatotoxicity,
Toxicol. Appl. Pharmacol., 2008, 228, 295–300.

55 T. Shirato, T. Homma, J. Lee, T. Kurahashi and J. Fujii,
Oxidative stress caused by a SOD1 deficiency ameliorates
thioacetamide-triggered cell death via CYP2E1 inhibition
but stimulates liver steatosis, Arch. Toxicol., 2016, DOI:
10.1007/s00204-016-1785-9.

56 S. K. Ramaiah, U. Apte and H. M. Mehendale, Cytochrome
P4502E1 induction increases thioacetamide liver injury in
diet-restricted rats, Drug Metab. Dispos., 2001, 29, 1088–1095.

57 K. Chadipiralla, P. Reddanna, R. M. Chinta and
P. V. Reddy, Thioacetamide-induced fulminant hepatic
failure induces cerebral mitochondrial dysfunction by
altering the electron transport chain complexes,
Neurochem. Res., 2012, 37, 59–68.

58 H. Schriewer and J. Lohmann, Disturbances in the regu-
lation of phospholipid metabolism of the whole liver,
mitochondria and microsomes in acute thioacetamide
poisoning and the influcence of silymarin, Arzneim.-
Forsch., 1976, 26, 65–69.

59 B. Moller and R. Dargel, Functional impairment of mito-
chondria from rat livers acutely injured by thioacetamide,
Exp. Pathol., 1985, 28, 55–57.

60 B. Moller and R. Dargel, Structural and functional impair-
ment of mitochondria from rat livers chronically injured by
thioacetamide, Acta Pharmacol. Toxicol., 1984, 55, 126–132.

61 M. K. Manibusan, M. Odin and D. A. Eastmond,
Postulated Carbon Tetrachloride Mode of Action: A
Review, J. Environ. Sci. Health, Part C: Environ. Carcinog.
Ecotoxicol. Rev., 2007, 25, 185–209.

62 Designation of Ten Chemical Substances for Initial Risk
Evaluations under the Toxic Substances Control Act. (EPA
Publication No. EPA-HQ-OPPT-2016-0718-0001), https://
www.regulations.gov/document?D=EPA-HQ-OPPT-2016-
0718-0001, U.S. Environmental Protection Agency,
Rockville, MD, published December 19, 2016.

63 F. W. Wong, W. Y. Chan and S. S. Lee, Resistance to
carbon tetrachloride-induced hepatotoxicity in mice
which lack CYP2E1 expression, Toxicol. Appl. Pharmacol.,
1998, 153, 109–118.

64 I. G. Sipes, B. Stripp, G. Krishna, H. M. Maling and
J. R. Gillette, Enhanced hepatic microsomal activity by
pretreatment of rats with acetone or isopropanol, Proc.
Soc. Exp. Biol. Med., 1973, 142, 237–240.

65 R. O. Rechnagel and E. A. Glende Jr., Carbon tetrachloride
hepatotoxicity: an example of lethal cleavage, CRC Crit.
Rev. Toxicol., 1973, 2, 263–297.

66 R. O. Recknagel, E. A. Glende Jr., J. A. Dolak and
R. L. Waller, Mechanisms of carbon tetrachloride toxicity,
Pharmacol. Ther., 1989, 43, 139–154.

67 Y. Shibayama, Hepatotoxicity of carbon tetrachloride after
chronic ethanol consumption, Exp. Mol. Pathol., 1988, 49,
234–242.

68 S. D. Ray and H. M. Mehendale, Potentiation of CCl4 and
CHCl3 hepatotoxicity and lethality by various alcohols,
Fundam. Appl. Toxicol., 1990, 15, 429–440.

69 K. O. Lindros, Y. A. Cai and K. E. Penttila, Role of ethanol-
inducible cytochrome P-450 IIE1 in carbon tetrachloride-
induced damage to centrilobular hepatocytes from
ethanol-treated rats, Hepatology, 1990, 12, 1092–1097.

70 P. Padma and O. H. Setty, Protective effect of Phyllanthus
fraternus against carbon tetrachloride-induced mitochon-
drial dysfunction, Life Sci., 1999, 64, 2411–2417.

71 C. Mitchell, M.-A. Robin, A. Mayeuf, M. Mahrouf-Yorgov,
A. Mansouri, M. Hamard, D. Couton, B. Fromenty and
H. Gilgenkrantz, Protection against Hepatocyte
Mitochondrial Dysfunction Delays Fibrosis Progression in
Mice, Am. J. Pathol., 2009, 175, 1929–1937.

72 V. T. Cheshchevik, E. A. Lapshina, I. K. Dremza,
S. V. Zabrodskaya, R. J. Reiter, N. I. Prokopchik and
I. B. Zavodnik, Rat liver mitochondrial damage under
acute or chronic carbon tetrachloride-induced intoxi-
cation: protection by melatonin and cranberry flavonoids,
Toxicol. Appl. Pharmacol., 2012, 261, 271–279.

73 H. Jiang, Y. Lai, K. Hu, Q. Wei and Y. Liu, Human
CYP2E1-dependent and human sulfotransferase 1A1-
modulated induction of micronuclei by benzene and its
hydroxylated metabolites in Chinese hamster V79-derived
cells, Mutat. Res., 2014, 770, 37–44.

74 E. Gonzalez-Jasso, T. Lopez, D. Lucas, F. Berthou,
M. Manno, A. Ortega and A. Albores, CYP2E1 regulation
by benzene and other small organic chemicals in rat liver
and peripheral lymphocytes, Toxicol. Lett., 2003, 144,
55–67.

75 J. Wan, J. Shi, L. Hui, D. Wu, X. Jin, N. Zhao, W. Huang,
Z. Xia and G. Hu, Association of genetic polymorphisms
in CYP2E1, MPO, NQO1, GSTM1, and GSTT1 genes with
benzene poisoning, Environ. Health Perspect., 2002, 110,
1213–1218.

76 G. F. Kalf, R. Snyder and T. H. Rushmore, Inhibition of
RNA synthesis by benzene metabolites and their covalent
binding to DNA in rabbit bone marrow mitochondria in
vitro, Am. J. Ind. Med., 1985, 7, 485–492.

77 M. Shen, L. Zhang, M. R. Bonner, C. S. Liu, G. Li,
R. Vermeulen, M. Dosemeci, S. Yin and Q. Lan,
Association between mitochondrial DNA copy number,
blood cell counts, and occupational benzene exposure,
Environ. Mol. Mutagen., 2008, 49, 453–457.

78 R. R. Maronpot, H. D. Giles, D. J. Dykes and R. D. Irwin,
Furan-induced hepatic cholangiocarcinomas in Fischer
344 rats, Toxicol. Pathol., 1991, 19, 561–570.

79 L. A. Gates, D. Lu and L. A. Peterson, Trapping of cis-2-
butene-1,4-dial to measure furan metabolism in human

Toxicology Research Review

This journal is © The Royal Society of Chemistry 2017 Toxicol. Res., 2017, 6, 273–289 | 285

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024



liver microsomes by cytochrome P450 enzymes, Drug
Metab. Dispos., 2012, 40, 596–601.

80 K. C. Hickling, J. M. Hitchcock, V. Oreffo, A. Mally,
T. G. Hammond, J. G. Evans and J. K. Chipman, Evidence
of oxidative stress and associated DNA damage, increased
proliferative drive, and altered gene expression in rat liver
produced by the cholangiocarcinogenic agent furan,
Toxicol. Pathol., 2010, 38, 230–243.

81 C. A. Mugford, M. A. Carfagna and G. L. Kedderis, Furan-
mediated uncoupling of hepatic oxidative phosphoryl-
ation in Fischer-344 rats: an early event in cell death,
Toxicol. Appl. Pharmacol., 1997, 144, 1–11.

82 G. El-Akabawy and N. M. El-Sherif, Protective role of garlic
oil against oxidative damage induced by furan exposure
from weaning through adulthood in adult rat testis, Acta
Histochem., 2016, 118, 456–463.

83 P. S. Rao, N. M. Midde, D. D. Miller, S. Chauhan, A. Kumar
and S. Kumar, Diallyl Sulfide: Potential Use in Novel
Therapeutic Interventions in Alcohol, Drugs, and Disease
Mediated Cellular Toxicity by Targeting Cytochrome P450
2E1, Curr. Drug Metab., 2015, 16, 486–503.

84 G. Bringmann, H. Friedrich and D. Feineis,
Trichloroharmanes as potential endogenously formed
inducers of Morbus Parkinson: synthesis, analytics, and
first in vivo-investigations, J. Neural Transm., Suppl., 1992,
38, 15–26.

85 D. Guehl, E. Bezard, S. Dovero, T. Boraud, B. Bioulac and
C. Gross, Trichloroethylene and parkinsonism: a human
and experimental observation, Eur. J. Neurol., 1999, 6,
609–611.

86 W. Kochen, D. Kohlmuller, P. De Biasi and R. Ramsay,
The endogeneous formation of highly chlorinated tetra-
hydro-beta-carbolines as a possible causative mechanism
in idiopathic Parkinson’s disease, Adv. Exp. Med. Biol.,
2003, 527, 253–263.

87 D. M. Gash, K. Rutland, N. L. Hudson, P. G. Sullivan,
G. Bing, W. A. Cass, J. D. Pandya, M. Liu, D. Y. Choi,
R. L. Hunter, G. A. Gerhardt, C. D. Smith, J. T. Slevin and
T. S. Prince, Trichloroethylene: Parkinsonism and
complex 1 mitochondrial neurotoxicity, Ann. Neurol.,
2008, 63, 184–192.

88 S. M. Goldman, Trichloroethylene and Parkinson’s
disease: dissolving the puzzle, Expert Rev. Neurother.,
2010, 10, 835–837.

89 S. M. Goldman, P. J. Quinlan, G. W. Ross, C. Marras,
C. Meng, G. S. Bhudhikanok, K. Comyns, M. Korell,
A. R. Chade, M. Kasten, B. Priestley, K. L. Chou,
H. H. Fernandez, F. Cambi, J. W. Langston and
C. M. Tanner, Solvent exposures and Parkinson disease
risk in twins, Ann. Neurol., 2012, 71, 776–784.

90 M. Liu, D. Y. Choi, R. L. Hunter, J. D. Pandya, W. A. Cass,
P. G. Sullivan, H. C. Kim, D. M. Gash and G. Bing,
Trichloroethylene induces dopaminergic neurodegenera-
tion in Fisher 344 rats, J. Neurochem., 2010, 112, 773–783.

91 C. R. Kirman, R. J. Albertini, L. M. Sweeney and
M. L. Gargas, 1,3-Butadiene: I. Review of metabolism and

the implications to human health risk assessment, Crit.
Rev. Toxicol., 2010, 40(Suppl 1), 1–11.

92 J. H. Hartman, G. P. Miller, A. A. Caro, S. D. Byrum,
L. M. Orr, S. G. Mackintosh, A. J. Tackett, L. A. MacMillan-
Crow, L. M. Hallberg, B. T. Ameredes and G. Boysen, 1,3-
Butadiene-induced mitochondrial dysfunction is corre-
lated with mitochondrial CYP2E1 activity in Collaborative
Cross mice, Toxicology, 2017, 378, 114–124.

93 C. Jin, X. He, F. Zhang, L. He, J. Chen, L. Wang, L. An and
Y. Fan, Inhibitory mechanisms of celastrol on human liver
cytochrome P450 1A2, 2C19, 2D6, 2E1 and 3A4,
Xenobiotica, 2015, 45, 571–577.

94 H. K. Seitz and S. Mueller, Alcohol and cancer: an over-
view with special emphasis on the role of acetaldehyde
and cytochrome P450 2E1, Adv. Exp. Med. Biol., 2015, 815,
59–70.

95 S. Manzo-Avalos and A. Saavedra-Molina, Cellular and
mitochondrial effects of alcohol consumption,
Int. J. Environ. Res. Public Health, 2010, 7, 4281–4304.

96 B. J. Song, M. Akbar, M. A. Abdelmegeed, K. Byun, B. Lee,
S. K. Yoon and J. P. Hardwick, Mitochondrial dysfunction
and tissue injury by alcohol, high fat, nonalcoholic sub-
stances and pathological conditions through post-transla-
tional protein modifications, Redox Biol., 2014, 3, 109–123.

97 J. B. Hoek, A. Cahill and J. G. Pastorino, Alcohol and
Mitochondria: A Dysfunctional Relationship,
Gastroenterology, 2002, 122, 2049–2063.

98 A. L. Katen and S. D. Roman, The genetic consequences
of paternal acrylamide exposure and potential for amelio-
ration, Mutat. Res., 2015, 777, 91–100.

99 B. I. Ghanayem, K. L. Witt, G. E. Kissling, R. R. Tice and
L. Recio, Absence of acrylamide-induced genotoxicity in
CYP2E1-null mice: evidence consistent with a glycida-
mide-mediated effect, Mutat. Res., 2005, 578, 284–297.

100 B. I. Ghanayem, L. P. McDaniel, M. I. Churchwell,
N. C. Twaddle, R. Snyder, T. R. Fennell and D. R. Doerge,
Role of CYP2E1 in the epoxidation of acrylamide to glyci-
damide and formation of DNA and hemoglobin adducts,
Toxicol. Sci., 2005, 88, 311–318.

101 E. Settels, U. Bernauer, R. Palavinskas, H. S. Klaffke,
U. Gundert-Remy and K. E. Appel, Human
CYP2E1 mediates the formation of glycidamide from
acrylamide, Arch. Toxicol., 2008, 82, 717–727.

102 S. N. Prasad and M. Muralidhara, Neuroprotective effect
of geraniol and curcumin in an acrylamide model of neu-
rotoxicity in Drosophila melanogaster: relevance to neuro-
pathy, J. Insect Physiol., 2014, 60, 7–16.

103 Z. Liu, G. Song, C. Zou, G. Liu, W. Wu, T. Yuan and X. Liu,
Acrylamide induces mitochondrial dysfunction and
apoptosis in BV-2 microglial cells, Free Radicals Biol. Med.,
2015, 84, 42–53.

104 A. I. Cederbaum, Nrf2 and antioxidant defense against
CYP2E1 toxicity, Subcell. Biochem., 2013, 67, 105–130.

105 H. Jaeschke, G. J. Gores, A. I. Cederbaum, J. A. Hinson,
D. Pessayre and J. J. Lemasters, Mechanisms of hepato-
toxicity, Toxicol. Sci., 2002, 65, 166–176.

Review Toxicology Research

286 | Toxicol. Res., 2017, 6, 273–289 This journal is © The Royal Society of Chemistry 2017

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024



106 J. M. Schattenberg and M. J. Czaja, Regulation of the
effects of CYP2E1-induced oxidative stress by JNK signal-
ing, Redox Biol., 2014, 3, 7–15.

107 A. I. Cederbaum, Cytochrome P450 2E1-dependent
oxidant stress and upregulation of anti-oxidant defense in
liver cells, J. Gastroenterol. Hepatol., 2006, 21(Suppl 3),
S22–S25.

108 K. Linhart, H. Bartsch and H. K. Seitz, The role of reactive
oxygen species (ROS) and cytochrome P-450 2E1 in the
generation of carcinogenic etheno-DNA adducts, Redox
Biol., 2014, 3, 56–62.

109 A. C. Valencia-Olvera, J. Moran, R. Camacho-Carranza,
O. Prospero-Garcia and J. J. Espinosa-Aguirre, CYP2E1
induction leads to oxidative stress and cytotoxicity in
glutathione-depleted cerebellar granule neurons, Toxicol.
in Vitro, 2014, 28, 1206–1214.

110 Y. Zhong, G. Dong, H. Luo, J. Cao, C. Wang, J. Wu,
Y. Q. Feng and J. Yue, Induction of brain CYP2E1 by
chronic ethanol treatment and related oxidative stress in
hippocampus, cerebellum, and brainstem, Toxicology,
2012, 302, 275–284.

111 N. Martinez-Gil, M. Flores-Bellver, S. Atienzar-Aroca,
D. Lopez-Malo, A. C. Urdaneta, J. Sancho-Pelluz, C. Peris-
Martinez, L. Bonet-Ponce, F. J. Romero and J. M. Barcia,
CYP2E1 in the Human Retinal Pigment Epithelium:
Expression, Activity, and Induction by Ethanol, Invest.
Ophthalmol. Visual Sci., 2015, 56, 6855–6863.

112 P. Neafsey, G. Ginsberg, D. Hattis, D. O. Johns,
K. Z. Guyton and B. Sonawane, Genetic polymorphism in
CYP2E1: Population distribution of CYP2E1 activity,
J. Toxicol. Environ. Health, Part B, 2009, 12, 362–388.

113 S. Hayashi, J. Watanabe and K. Kawajiri, Genetic poly-
morphisms in the 5′-flanking region change transcrip-
tional regulation of the human cytochrome
P450IIE1 gene, J. Biochem., 1991, 110, 559–565.

114 T. Uchimoto, S. Itoga, M. Nezu, M. Sunaga, T. Tomonaga
and F. Nomura, Role of the genetic polymorphisms in the
5′-flanking region for transcriptional regulation of the
human CYP2E1 gene, Alcohol.: Clin. Exp. Res., 2007, 31,
S36–S42.

115 S. Kato, P. G. Shields, N. E. Caporaso, H. Sugimura,
G. E. Trivers, M. A. Tucker, B. F. Trump, A. Weston and
C. C. Harris, Analysis of cytochrome P450 2E1 genetic
polymorphisms in relation to human lung cancer, Cancer
Epidemiol., Biomarkers Prev., 1994, 3, 515–518.

116 A. Gonzalez, V. Ramirez, P. Cuenca and R. Sierra,
Polymorphisms in detoxification genes CYP1A1, CYP2E1,
GSTT1 and GSTM1 in gastric cancer susceptibility, Rev.
Biol. Trop., 2004, 52, 591–600.

117 L. Cai, S. Z. Yu and Z. F. Zhan, Cytochrome P450
2E1 genetic polymorphism and gastric cancer in
Changle, Fujian Province, World J. Gastroenterol., 2001,
7, 792–795.

118 J. Feng, X. Pan, J. Yu, Z. Chen, H. Xu, W. El-Rifai,
G. Zhang and Z. Xu, Functional PstI/RsaI polymorphism
in CYP2E1 is associated with the development, pro-

gression and poor outcome of gastric cancer, PLoS One,
2012, 7, e44478.

119 M. X. Zhang, K. Liu, F. G. Wang, X. W. Wen and
X. L. Song, Association between CYP2E1 polymorphisms
and risk of gastric cancer: An updated meta-analysis of 32
case-control studies, Mol. Clin. Oncol., 2016, 4, 1031–1038.

120 Y. Wang, H. Yang, L. Li, H. Wang, C. Zhang, G. Yin and
B. Zhu, Association between CYP2E1 genetic polymorph-
isms and lung cancer risk: a meta-analysis, Eur. J. Cancer,
2010, 46, 758–764.

121 L. Xu, M. Yang, T. Zhao, H. Jin, Z. Xu, M. Li and H. Chen,
The polymorphism of CYP2E1 Rsa I/Pst I gene and sus-
ceptibility to respiratory system cancer: a systematic
review and meta-analysis of 34 studies, Medicine, 2014, 93,
e178.

122 Z. T. Shen, X. H. Wu, B. Li, J. S. Shen, Z. Wang, J. Li and
X. X. Zhu, CYP2E1 Rsa Iota/Pst Iota polymorphism and
lung cancer susceptibility: a meta-analysis involving
10,947 subjects, J. Cell. Mol. Med., 2015, 19, 2136–2142.

123 X. H. Ye, L. Song, L. Peng, Z. Bu, S. X. Yan, J. Feng,
X. L. Zhu, X. B. Liao, X. L. Yu and D. Yan, Association
between the CYP2E1 polymorphisms and lung cancer
risk: a meta-analysis, Mol. Genet. Genomics, 2015, 290,
545–558.

124 O. Jiang, R. Zhou, D. Wu, Y. Liu, W. Wu and N. Cheng,
CYP2E1 polymorphisms and colorectal cancer risk: a
HuGE systematic review and meta-analysis, Tumour Biol.,
2013, 34, 1215–1224.

125 Z. Tian, Y. L. Li, L. Zhao and C. L. Zhang, CYP2E1 RsaI/
PstI polymorphism and liver cancer risk among east
Asians: a HuGE review and meta-analysis, Asian
Pac. J. Cancer Prev., 2012, 13, 4915–4921.

126 H. K. Anandatheerthavarada, S. Addya, R. S. Dwivedi,
G. Biswas, J. Mullick and N. G. Avadhani, Localization of
multiple forms of inducible cytochromes P450 in rat liver
mitochondria: immunological characteristics and pat-
terns of xenobiotic substrate metabolism, Arch. Biochem.
Biophys., 1997, 339, 136–150.

127 E. P. Neve and M. Ingelman-Sundberg, A soluble NH(2)-
terminally truncated catalytically active form of rat cyto-
chrome P450 2E1 targeted to liver mitochondria(1), FEBS
Lett., 1999, 460, 309–314.

128 E. P. Neve and M. Ingelman-Sundberg, Identification and
characterization of a mitochondrial targeting signal in rat
cytochrome P450 2E1 (CYP2E1), J. Biol. Chem., 2001, 276,
11317–11322.

129 E. P. Neve, M. Hidestrand and M. Ingelman-Sundberg,
Identification of sequences responsible for intracellular
targeting and membrane binding of rat CYP2E1 in yeast,
Biochemistry, 2003, 42, 14566–14575.

130 M. A. Robin, H. K. Anandatheerthavarada, J. K. Fang,
M. Cudic, L. Otvos and N. G. Avadhani, Mitochondrial tar-
geted cytochrome P450 2E1 (P450 MT5) contains an intact
N terminus and requires mitochondrial specific electron
transfer proteins for activity, J. Biol. Chem., 2001, 276,
24680–24689.

Toxicology Research Review

This journal is © The Royal Society of Chemistry 2017 Toxicol. Res., 2017, 6, 273–289 | 287

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024



131 M. A. Robin, H. K. Anandatheerthavarada, G. Biswas,
N. B. Sepuri, D. M. Gordon, D. Pain and N. G. Avadhani,
Bimodal targeting of microsomal CYP2E1 to mitochon-
dria through activation of an N-terminal chimeric signal
by cAMP-mediated phosphorylation, J. Biol. Chem., 2002,
277, 40583–40593.

132 S. Bansal, C. P. Liu, N. B. Sepuri,
H. K. Anandatheerthavarada, V. Selvaraj, J. Hoek,
G. L. Milne, F. P. Guengerich and N. G. Avadhani,
Mitochondria-targeted cytochrome P450 2E1 induces oxi-
dative damage and augments alcohol-mediated oxidative
stress, J. Biol. Chem., 2010, 285, 24609–24619.

133 J. H. Hartman, H. C. Martin, A. A. Caro, A. R. Pearce and
G. P. Miller, Subcellular localization of rat CYP2E1
impacts metabolic efficiency toward common substrates,
Toxicology, 2015, 338, 47–58.

134 S. L. Collom, R. M. Laddusaw, A. M. Burch, P. Kuzmic,
M. D. Perry Jr. and G. P. Miller, CYP2E1 substrate inhi-
bition. Mechanistic interpretation through an effector site
for monocyclic compounds, J. Biol. Chem., 2008, 283,
3487–3496.

135 D. R. Koop, Hydroxylation of p-nitrophenol by rabbit
ethanol-inducible cytochrome P-450 isozyme 3a, Mol.
Pharmacol., 1986, 29, 399–404.

136 J. H. Hartman, G. Boysen and G. P. Miller,
CYP2E1 metabolism of styrene involves allostery, Drug
Metab. Dispos., 2012, 40, 1976–1983.

137 J. H. Hartman, K. Knott and G. P. Miller,
CYP2E1 hydroxylation of aniline involves negative co-
operativity, Biochem. Pharmacol., 2014, 87, 523–533.

138 J. Bai and A. I. Cederbaum, Overexpression of CYP2E1 in
Mitochondria Sensitizes HepG2 Cells to the Toxicity
Caused by Depletion of Glutathione, J. Biol. Chem., 2006,
281, 5128–5136.

139 S. Bansal, H. K. Anandatheerthavarada, G. K. Prabu,
G. L. Milne, M. V. Martin, F. P. Guengerich and
N. G. Avadhani, Human cytochrome P450 2E1 mutations
that alter mitochondrial targeting efficiency and suscepti-
bility to ethanol-induced toxicity in cellular models,
J. Biol. Chem., 2013, 288, 12627–12644.

140 C. S. Lieber, Q. Cao, L. M. DeCarli, M. A. Leo, K. M. Mak,
A. Ponomarenko, C. Ren and X. Wang, Role of medium-
chain triglycerides in the alcohol-mediated cytochrome
P450 2E1 induction of mitochondria, Alcohol.: Clin. Exp.
Res., 2007, 31, 1660–1668.

141 P. Zhang, X. Qiang, M. Zhang, D. Ma, Z. Zhao, C. Zhou,
X. Liu, R. Li, H. Chen and Y. Zhang,
Demethyleneberberine, a natural mitochondria-targeted
antioxidant, inhibits mitochondrial dysfunction, oxidative
stress, and steatosis in alcoholic liver disease mouse
model, J. Pharmacol. Exp. Ther., 2015, 352, 139–147.

142 G. Wu, Y. Z. Fang, S. Yang, J. R. Lupton and N. D. Turner,
Glutathione metabolism and its implications for health,
J. Nutr., 2004, 134, 489–492.

143 S. C. Lu, Regulation of glutathione synthesis, Mol. Aspects
Med., 2009, 30, 42–59.

144 M. Mari, A. Morales, A. Colell, C. Garcia-Ruiz and
J. C. Fernandez-Checa, Mitochondrial glutathione, a key
survival antioxidant, Antioxid. Redox Signaling, 2009, 11,
2685–2700.

145 T. P. Dalton, Y. Chen, S. N. Schneider, D. W. Nebert and
H. G. Shertzer, Genetically altered mice to evaluate gluta-
thione homeostasis in health and disease, Free Radicals
Biol. Med., 2004, 37, 1511–1526.

146 C.-C. Hsu, H.-C. Lee and Y.-H. Wei, Mitochondrial DNA
alterations and mitochondrial dysfunction in the pro-
gression of hepatocellular carcinoma, World
J. Gastroenterol., 2013, 19, 8880–8886.

147 A. Facciorusso, R. Villani, F. Bellanti, D. Mitarotonda,
G. Vendemiale and G. Serviddio, Mitochondrial Signaling
and Hepatocellular Carcinoma: Molecular Mechanisms
and Therapeutic Implications, Curr. Pharm. Des., 2016, 22,
2689–2696.

148 M. D. Hirschey, R. J. DeBerardinis, A. M. E. Diehl,
J. E. Drew, C. Frezza, M. F. Green, L. W. Jones, Y. H. Ko,
A. Le, M. A. Lea, J. W. Locasale, V. D. Longo,
C. A. Lyssiotis, E. McDonnell, M. Mehrmohamadi,
G. Michelotti, V. Muralidhar, M. P. Murphy,
P. L. Pedersen, B. Poore, L. Raffaghello, J. C. Rathmell,
S. Sivanand, M. G. Vander Heiden and K. E. Wellen,
Dysregulated metabolism contributes to oncogenesis,
Semin. Cancer Biol., 2015, 35(Supplement), S129–S150.

149 W. Zhang, D. Lu, W. Dong, L. Zhang, X. Zhang, X. Quan,
C. Ma, H. Lian and L. Zhang, Expression of CYP2E1
increases oxidative stress and induces apoptosis of cardio-
myocytes in transgenic mice, FEBS J., 2011, 278, 1484–
1492.

150 R. H. Zhang, J. Y. Gao, H. T. Guo, G. I. Scott, A. R. Eason,
X. M. Wang and J. Ren, Inhibition of CYP2E1 attenuates
chronic alcohol intake-induced myocardial contractile
dysfunction and apoptosis, Biochim. Biophys. Acta, 2013,
1832, 128–141.

151 N. K. Zgheib, Z. Mitri, E. Geryess and P. Noutsi,
Cytochrome P4502E1 (CYP2E1) genetic polymorphisms in
a Lebanese population: frequency distribution and associ-
ation with morbid diseases, Genet. Test. Mol. Biomarkers,
2010, 14, 393–397.

152 R. Biswas, J. C. Ahn and J. S. Kim, Sulforaphene
Synergistically Sensitizes Cisplatin via Enhanced
Mitochondrial Dysfunction and PI3K/PTEN Modulation in
Ovarian Cancer Cells, Anticancer Res., 2015, 35, 3901–
3908.

153 X. Xue, S. You, Q. Zhang, Y. Wu, G. Z. Zou, P. C. Wang,
Y. L. Zhao, Y. Xu, L. Jia, X. Zhang and X. J. Liang,
Mitaplatin increases sensitivity of tumor cells to cisplatin
by inducing mitochondrial dysfunction, Mol. Pharm.,
2012, 9, 634–644.

154 L. Ma, W. Li, R. Wang, Y. Nan, Q. Wang, W. Liu and F. Jin,
Resveratrol enhanced anticancer effects of cisplatin on
non-small cell lung cancer cell lines by inducing mito-
chondrial dysfunction and cell apoptosis, Int. J. Oncol.,
2015, 47, 1460–1468.

Review Toxicology Research

288 | Toxicol. Res., 2017, 6, 273–289 This journal is © The Royal Society of Chemistry 2017

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024



155 S. Yadav, A. Dhawan, R. L. Singh, P. K. Seth and
D. Parmar, Expression of constitutive and inducible cyto-
chrome P450 2E1 in rat brain, Mol. Cell. Biochem., 2006,
286, 171–180.

156 M. J. Sanchez-Catalan, L. Hipolito, C. Guerri, L. Granero
and A. Polache, Distribution and differential induction of
CYP2E1 by ethanol and acetone in the mesocorticolimbic
system of rat, Alcohol Alcohol., 2008, 43, 401–407.

157 T. Ahn, C. H. Yun and D. B. Oh, Tissue-specific effect
of ascorbic acid supplementation on the expression of
cytochrome P450 2E1 and oxidative stress in strepto-
zotocin-induced diabetic rats, Toxicol. Lett., 2006, 166,
27–36.

158 B. Boussadia, C. Ghosh, C. Plaud, J. M. Pascussi, F. de
Bock, M. C. Rousset, D. Janigro and N. Marchi, Effect of
status epilepticus and antiepileptic drugs on CYP2E1
brain expression, Neuroscience, 2014, 281, 124–134.

159 S. V. Bhagwat, M. R. Boyd and V. Ravindranath, Brain
mitochondrial cytochromes P450: xenobiotic metabolism,
presence of multiple forms and their selective inducibil-
ity, Arch. Biochem. Biophys., 1995, 320, 73–83.

160 J. Lavandera, S. Ruspini, A. Batlle and A. M. Buzaleh,
Cytochrome P450 expression in mouse brain: specific
isoenzymes involved in Phase I metabolizing system of
porphyrinogenic agents in both microsomes and mito-
chondria, Biochem. Cell Biol., 2015, 93, 102–107.

Toxicology Research Review

This journal is © The Royal Society of Chemistry 2017 Toxicol. Res., 2017, 6, 273–289 | 289

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/6/3/273/5567312 by guest on 24 April 2024


	Button 1: 


