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Abstract

Alcoholic fatty liver diseases (AFLD) and non-alcoholic fatty liver diseases (NAFLD) are two
pathological conditions that are spreading worldwide. Both conditions are remarkably similar with
regards to the pathophysiological mechanism and progression despite different causes. Oxidative
stress-induced mitochondrial dysfunction through post-translational protein modifications and/or
mitochondrial DNA damage has been a major risk factor in both AFLD and NAFLD development
and progression. Cytochrome P450-2E1 (CYP2EL), a known important inducer of oxidative
radicals in the cells, has been reported to remarkably increase in both AFLD and NAFLD.
Interestingly, CYP2E1 isoforms expressed in both endoplasmic reticulum (ER) and mitochondria,
likely lead to the deleterious consequences in response to alcohol or in conditions of NAFLD after
exposure to high fat diet (HFD) and in obesity and diabetes. Whether CYP2E1 in both ER and
mitochondria work simultaneously or sequentially in various conditions and whether
mitochondrial CYP2E1 may exert more pronounced effects on mitochondrial dysfunction in
AFLD and NAFLD are unclear. The aims of this review are to briefly describe the role of CYP2E1
and resultant oxidative stress in promoting mitochondrial dysfunction and the development or
progression of AFLD and NAFLD, to shed a light on the function of the mitochondrial CYP2E1
as compared with the ER-associated CYP2E1. We finally discuss translational research
opportunities related to this field.
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INTRODUCTION

Cytochrome P450-2E1 (CYP2E1) has been reported to be expressed in hepatic and
extrahepatic tissues in all mammalians that have been evaluated for its expression [1, 2].
CYP2EL1 catalyzes the biotransformation of various compounds including: 1) small organic
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molecules such as ethanol, acetone, and pyrazole; 2) endogenous compounds such as fatty
acids, ketone bodies, and glycerol; 3) clinically-used drugs such as salicylic acid, halothane,
isoniazid, and isoflurane; 4) toxic chemicals including carbon tetrachloride and chloroform;
5) environmental contaminants such as nitrosamines, benzene, and acrylamide [1, 3-5].

CYP2EL1 is well-established to be inducible by ethanol, pyrazole, acetone, and isoniazid both
in living mammals and some cultured cells [1, 6]. In addition to alcohol exposure and
alcoholic fatty liver diseases (AFLD), CYP2E1 was reportedly induced in other conditions
related to alteration of metabolic homeostasis, especially lipid dyshomeostasis, such as
fasting and non-alcoholic fatty liver disease (NAFLD) including obesity and diabetes [1, 7-
12]. As reported in these studies and others, the increase of CYP2EL1 is known to be
regulated at the levels of transcription, post-transcription, translation, and post-translation [1,
13, 14]. However, both post-translational and pre-translational regulations seem to play a
major role in CYP2E1 with ethanol and ketone bodies, respectively [1, 13-15].

Interestingly, when compared to other members of cytochrome P450 genes, CYP2E1
possesses a remarkably high NADPH oxidase activity, resulting in increased production of
reactive oxygen species (ROS) such as hydrogen peroxide (H,O5), hydroxyl radical, and
superoxide anion [16, 17], all of which can produce peroxynitrite through interaction with
nitric oxide, or under toxic conditions, increase the levels of lipid peroxidation [18-20]. The
increased ROS can exert deleterious effects on the cell functions and even survival mainly
through damaging cellular and mitochondrial macromolecules including mitochondrial
DNA.

AFLD, including alcoholic steatohepatitis (ASH) and NAFLD, including non-alcoholic
steatohepatitis (NASH), are astonishingly similar in their pathophysiological processes and
disease progression [21]. Indeed, Both AFLD and NAFLD exhibit a similar, wide range of
liver abnormalities that can start with simple steatosis (micro-and macro-steatosis), but can
advance to more serious conditions such as liver fibrosis, liver cirrhosis, and even liver
carcinoma [22]. The “two-hit” hypothesis, which partly explains the progression of both
diseases, suggests that steatosis (the first hit) primes the liver to the secondary hits, including
reactive oxygen/nitrogen species (ROS/RNS), gut-derived endotoxins, tumor necrosis factor-
a (TNF-a), and other proinflammatory cytokines, resulting in AFLD or NAFLD
development and/or progression [22, 23]. CYP2EL is considered one of the common
pathogenic factors for both AFLD and NAFLD due to its inducibility under these conditions
with the increased ROS, causing deleterious effects on mitochondrial dysfunction and
hepatotoxicities [24-29] The majority of hepatic CYP2EL1 is reported to be expressed in the
endoplasmic reticulum (ER); however, CYP2EL is also reported to be localized in
mitochondria. The expression of hepatic CYP2EL1 in different cell compartments may be
important in the development and/or the progression of both AFLD and NAFLD. This might
be due to possibly different regulations, substrates, and enzyme Km values between the two
CYP2E1 isoforms in the ER and the mitochondria which may exert different .effects on
mitochondrial dysfunction and ultimately cell demise.

In this paper, we briefly describe the role of CYP2EL in the development of AFLD and
NAFLD, with emphasis on exposure to high fat diet (HFD), obesity and diabetes, as
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examples of NAFLD and metabolic syndrome, mainly via the increased production of
oxidative radicals. We also updated evidences for the presence of mitochondrial CYP2E1
and possible mechanism(s) of CYP2E1 involvement in mitochondrial dysfunction with
emphasis on mitochondrial post-translational protein modifications (PTMs). Finally, we
discuss potential areas of research for mitochondrial CYP2E1 as well as translational
research.

AFLD and CYP2E1

Alcoholic liver disease (ALD) is a major worldwide problem and a major cause of both
morbidity and mortality. AFLD is a disease that can start as simple steatosis but can advance
to inflammatory steatohepatitis (ASH), fibrosis, cirrhosis, and carcinoma [30-33]. The two
hit hypothesis described the possible pathogenesis of AFLD [22, 23]. Chronic exposure to
alcohol seems to attract the majority of research as the time duration and the amount of
alcohol consumed are the most important factors in determining the development and the
progression of the simple AFLD to the more advanced hepatic diseases such as
inflammation, fibrosis and cirrhosis [34, 35]. Several risk factors were suggested for the
development and progression of AFLD such as smoking, obesity, NAFLD, female sex,
human immunodeficiency virus (HIV), hepatitis B virus (HBV) and C virus (HCV), etc [36—
39]. Although chronic exposure to alcohol caused serious hepatic injury that warrants many
studies, acute exposure to alcohol also has recently been gaining more attention. Indeed,
acute alcohol exposure (binge drinking), is the major pattern of drinking. Acute alcohol
exposure, especially when achieving high blood alcohol concentration of 0.08% or more
[40], may also cause alcoholic hepatitis, liver cirrhosis, and increased death rates which can
be sudden [41, 42]. This suggests that binge alcohol exposure experiments are of great
interest and can also be used as an indicator or predictor of the pathogenesis of AFLD.

The alcohol metabolism in the liver is interesting since it combines the involvement of both
oxidative metabolism, by using the activities of alcohol dehydrogenase (ADH),
mitochondrial aldehyde dehydrogenase 2 (ALDH2), and CYP2E1, and non-oxidative
pathways using the activity of catalase [37, 43, 44]. Acetaldehyde, the main product of
alcohol metabolism and elevated under the conditions of chronic alcohol exposure,
overexposure of alcohol in short duration, and/or the deterioration of cellular defense
mechanisms, can cause deleterious hepatic injury such as inflammatory, fibrogenic, and
immune response, which is directly triggered by ethanol-induced adducts with proteins and
DNA [45-47].

CYP2EL1 has the highest catalytic activity among the members of cytochrome P450 enzymes
in metabolizing alcohol (ethanol). The role of CYP2E1 becomes particularly important
when CYP2EL1 is upregulated following chronic and acute alcohol exposure in hepatocytes
and in wild-type (WT) animals [1, 44, 48]. The usage of Cyp2ei-null mice or specific
CYP2EL1 inhibitors including chlormethiazole (CMZ) confirmed the harmful role of
CYP2EL1 since mice without CYP2E1 or pre-treated with CMZ were, at least partially,
protected from AFLD. [24, 49-56]. Thus it is logical to study its deleterious effects on
hepatic injury upon alcohol exposure. The role of CYP2E1 in mediating AFLD was also
suggested in humans where CYP2E1 polymorphism, but neither ADH1B nor mitochondrial
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ALDH?2 polymorphism, was associated with susceptibility and severity of alcohol-induced
hepatic cirrhosis [57]. This effect was attributed mainly to increased oxidative stress levels
caused by the specific CYP2E1 polymorphic form [57]. More clinical studies with a greater
number of patients are needed to validate this data in humans.

The ethanol mediated-deleterious effects have been largely attributed to ethanol-induced
oxidative stress and the subsequent damaging effects on mitochondria and other cellular
compartments. Indeed, ROS/RNS-producing proteins for causing ethanol-mediated tissue
injury include: CYP2E1, inducible nitric oxide synthase (iNOS), NADPH oxidase, xanthine
oxidase, and mitochondrial complexes [25, 58-66]. These deleterious effects were prevented
either by deletion and an inhibitor of a specific enzyme, or with the use of antioxidants, as
described in those reviews. CYP2EL is indeed suggested to induce its damaging effects to
the liver following ethanol exposure due to its ability to produce oxidative radicals such as
hydrogen peroxide and superoxide anion. There are several mechanisms by which elevated
CYP2EL1 exerts its pathological effects through increasing nitroxidative stress and lipid
peroxidation, which stimulates inflammatory response and production of pro-inflammatory
cytokines through activation of a redox-sensitive transcription factor nuclear factor kappa-B
(NF-xB) and others [44, 67-69]. The oxidative stress-mediated hepatic injury has been
largely attributed to direct damage by oxidative radicals to mitochondrial DNA and/or PTMs
of many mitochondrial proteins, which will be discussed in the following sections.

Some new mechanisms of the CYP2E1-mediated hepatic injury in AFLD have also been
suggested. For instance, the inhibition of autophagy by ethanol was suggested to be
mediated by CYP2E1 in HepG2 hepatoma cells and WT mice but not in CypZei-null mice
through oxidative stress-mediated events [56, 65, 70]. Further, the inhibition of autophagy
was also implied in increased CYP2E1-mediated hepatotoxicity and mitochondrial
dysfunction following ethanol exposure, suggesting a vicious cycle among the inhibition of
autophagy, induction of CYP2E1 and ROS production, contributing to AFLD. However, the
response of autophagy to alcohol seems variable and can either increase or decrease,
depending on the dose of ethanol, duration of exposure, anima strain, tissue examined, and
so forth [24]. However, the protective effect of autophagy against ethanol-induced fatty liver
and toxicity is consistently observed. For example, autophagy, at least partially, protects
hepatocytes by removing damaged mitochondria (mitophagy) and excess lipids (lipophagy).
Thus, inhibition of autophagy can result in oxidative stress and hepatic steatosis [2, 71-73].
Taken together, inhibition of autophagy can also be another mechanism by which alcohol
exerts its mitochondrial damaging effects in a CYP2E1-dependent manner.

Ethanol-induced hepatic hypoxia also recently gained much attention due to its potential
causal role in mediating mitochondrial damage mainly through the increased nitroxidative
stress or hypoxia-inducible factor 1-a (HIF-a), which induces iNOS [74], following alcohol
exposure. For instance, the induction of HIF-a can also promote apoptosis by increasing
permeabilization of the mitochondrial membrane, resulting in the release of mitochondrial
cytochrome c into the cytosol [75]. In addition, /NOS-null mice were partially protected
from hypoxia-induced mitochondrial dysfunction, whereas WT mice exhibited increased
mitochondrial dysfunction following ethanol exposure. Under hypoxia, HIF-1a also
regulates iNOS [74, 76]. Further, CYP2E1 has been involved in the induction of hypoxia and
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the resultant nitroxidative stress, as evidenced by the results observed with CypZei-null
mice where they exhibited lower levels of hypoxia, HIF-1a, fatty liver, and apoptosis,
implying a role of CYP2E1 in mediating ethanol-induced hypoxic liver damage [66, 77, 78].
Whether CYP2EL1 is the main factor or merely plays a permissive role for iNOS to promote
the hypoxia-mediated mitochondrial damage and apoptosis through nitroxidative damage
still needs further investigation.

Gut-derived endotoxin is another important factor in ethanol-induced hepatic steatosis,
inflammation, and fibrosis. Alcohol is known to decrease intestinal barrier integrity, leading
to increased circulating endotoxin levels in rodents [79-85] and human alcoholics[86].
Alcohol-mediated gut leakage ultimately leads to increased levels of NF-xB and the release
of inflammatory cytokines such as TNF-a.. The increased TNF-a can cause a viscous cycle
by worsening gut permeability and increasing hepatic damage [87-90]. Alcohol-induced gut
leakiness and increased endotoxemia are caused by increased nitroxidative stress in
intestinal epithelium, contributing to inflammatory liver injury. Similar to ethanol-induced
hepatic hypoxia, CYP2E1 and iNOS in intestinal Caco-2 cells and mouse intestine seem to
play a major role in ethanol-induced nitroxidative stress, gut leakiness and hepatotoxicity,
since both proteins were induced in the mouse intestine following ethanol exposure and their
inhibition led to the amelioration of gut leakiness, endotoxemia, and inflammatory liver
injury [50, 91, 92]. Increased nitroxidative stress may significantly affect the cytoskeleton
protein architecture [80] and/or intestinal tight-junction proteins, leading to alteration of the
barrier function with increased permeability [91]. These results support at least a partial role
of intestinal protein nitration in mediating the alcohol-induced gut leakiness and subsequent
hepatic injury in a CYP2E1 dependent manner. Collectively, these studies suggest that
CYP2EL1 likely plays an important role in the pathogenesis of AFLD via different
mechanisms, as illustrated in Figure 1.

NAFLD AND CYP2E1

NAFLD has been recognized as one of the major health burdens that develop in the absence
of alcohol abuse. Similar to AFLD, NAFLD was also suggested to follow the “two hit
hypothesis” [22, 23], and ranges from relatively benign bland steatosis (more than 5-10% of
liver weight is from fat content) to the more severe NASH. Approximately 10-20% of
people with hepatic steatosis probably develop NASH in the long term [93]. Similar to ASH,
liver steatosis in NAFLD can be progressed to liver necroinflammation, fibrosis, cirrhosis,
and ultimately hepatocellular carcinoma and liver failure [94-96]. The prevalence of
NAFLD in the general population is about 46% and the development of NASH may reach as
high as 12% in the USA [97]. The estimates in other developed countries are similarly high
since 20-30% of adults have excess fat accumulation in the liver [98].

Of the major risk factors for the development of NAFLD in developed countries are obesity
and chronic over-nutrition [98]. Other factors include insulin resistance, type 2 diabetes,
dysmetabolism, hyperlipidemia, genetic variation, ethnicity, and physical inactivity, all of
which may increase the severity of the metabolic liver disease [99-101]. In fact, insulin
resistance, in particular, is frequently detected in patients suffering from NAFLD, obesity,
and diabetes mellitus [98], suggesting its major role in NAFLD development. It is important
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to mention though that intrahepatic fat accumulation such as lipodystrophy can occur
independently from obesity [102], suggesting that intrahepatic fat accumulation may be a
good indicator of the presence of metabolic complications independent from body weight
[100]. However, the most common form “primary’ NASH is observed in obese individuals
with insulin resistance and increased triglycerides levels often associated with diabetes
[103]. NAFLD is also increasingly prevalent in the Asia-Pacific regions and is partially
caused by metabolic syndrome accompanied with abdominal obesity, atherogenic
dyslipidemia, increased blood pressure, insulin resistance and diabetes with or without
glucose intolerance, pro-inflammatory state and pro-thrombotic state [104-106]. The
prevalence of NAFLD in this area ranges from 5 —30% depending on the ethnic group
studied [107, 108]. Thus there is increasing evidence for the relationship of NAFLD with the
metabolic syndrome. It is noteworthy, however, to mention that NASH development may
occur ‘secondary’ to other reasons than obesity and insulin resistance where CYP2EL1 is
upregulated, all of which are covered by other excellent reviews including [109] and not be
the focus of this review.

Although several underlying mechanisms for the development of NAFLD/NASH and
metabolic syndrome have been proposed, its pathophysiology is not completely unraveled.
Accumulating evidence suggests that oxidative/nitrosative stress appears to play a critical
role in the development and/or progression of NAFLD since CYP2E1, iNOS, and NADPH-
oxidase have been increased and activated, as shown in various experimental models and
people with NASH [9, 12, 110-119]. The Increased oxidative/nitrosative stress probably
leads to covalent modifications of various proteins, lipids, and DNA, leading to their
functional inactivation, which will be discussed in the following sections.

CYP2EL1 is a critical player in elevating nitroxidative stress radicals in NAFLD, as similar to
that in AFLD. As mentioned earlier, CYP2E1 has been reported to be markedly induced
following HFD or under diabetes, and obesity whereas CYP2E1-null mice have been
protected, at least partially but significantly, from the CYP2E1-mediated deleterious effects
of NAFLD [38, 110, 111, 120-122]. In addition, over-expression of hepatic CYP2E1 both in
vitro and in vivo promotes the development of hepatic insulin resistance, partly through the
activation of c-Jun N-terminal protein kinase (JNK) [116, 123]. Together, the combined
results of these studies largely agreed that CYP2E1-mediated increased nitroxidative
radicals, lipid peroxidation, and protein PTMs are the main mechanisms by which CYP2E1
probably plays a prominent role in NAFLD development and progression. Studies in animal
models mostly supported the role of CYP2E1 in mediating NAFLD, however, a few studies
suggested otherwise. For instance, two studies suggested that CYP4A is another alternative
and may be a more important source of oxidative stress particularly in the absence of
CYP2EL1, for the development of NAFLD. In mice fed a methionine-choline deficient diet,
the deletion of CYP2EL did not prevent development of NASH nor abrogated the increased
microsomal NADPH-dependent lipid peroxidation. In addition, CYP4A antibody prevented
the development of lipid peroxidation in CYP2EI-null mice, suggesting that CYP4A can
become a compensatory factor in the absence of CYP2EL [124, 125]. CYP4A, which also
metabolizes long-chain fatty acids like CYP2E1, may be a major and more critical player
than CYP2EL in the development of insulin resistance and hepatic steatosis in the HFD-
exposed diabetic mice since inhibition of CYP4A reduced hepatic ER stress, apoptosis,
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insulin resistance, and steatosis. In addition, the levels of CYP2E1 were down-regulated in
these mice while CYP4A contents remained similar following HFD exposure for 10 weeks
[126].

The clinical studies in humans, however, gave contradictory results with respect to the role
of CYP2EL in the development of NASH. On one hand, there are several reports supporting
a positive role of CYP2EL in mediating NAFLD. For instance, there was a remarkable
increase of CYP2E1 hepatic activity in obese Type Il diabetics and increased CYP2E1
MRNA levels in the peripheral mononuclear cells in Type | and Type Il diabetes [10]. In
addition, the hepatic liver content and activity of CYP2E1 were positively correlated with
the liver carbonyl content and the development of NAFLD in obese women [127]. Further,
Hepatic CYP2E1 content and activity were higher in the livers of patients with NAFLD and
increased further in parallel with the progression to NASH [128]. In contrast, there was no
correlation between the increased hepatic lipid peroxidation and CYP2EL expression in
people with NAFLD [129]. In addition, there were not many reports supporting the role of
CYP2E1L in NASH development in non-diabetic patients despite the up-regulation of
CYP2EL1 activity in this group. Although more clinical studies are obviously needed, the
interpretation of the results should be performed with caution since CYP2EL1 levels tend to
decrease with NAFLD progression [130] and thus a positive correlation may not be always
observed. A negative correlation thus may not be sufficient to exclude the involvement of
CYP2EL1 since CYP2E1 may possibly play a permissive role for other genes or risk factors
and that CYP2E1 may be important in the earlier stages, rather than the permanent or later
stages during the progression of NAFLD/NASH. This careful interpretation should also be
applied to animal studies where upregulated CYP2E1 protein may not be found and it can
even be decreased especially at late time points following exposure to HFD. It should also be
considered that especially in animal studies using HFD, the amount and composition of the
fat can be critical for the modulation of CYP2E1 [131].

As mentioned in the previous section, CYP2E1 can possibly exert its deleterious effects via
other mechanisms independent from direct oxidative damage to mitochondria and PTMs.
For instance, the inhibition of autophagy, involved in fat accumulation [132] and thus the
development of NAFLD, may be mediated at least partially via CYP2E1-mediated oxidative
stress, as previously demonstrated with alcohol-exposed models [24, 49, 65]. This
possibility can be supported by the increased CYP2EL1 levels in response to HFD, diabetes
and obesity. As with alcohol [50, 92], CYP2E1 may promote the progression of NAFLD, at
least partially, is via increased gut-derived endotoxemia, which is critical in the development
of hepatic steatosis, inflammation, and fibrosis possibly through activation of hepatic
Kupffer cells [22]. The induction of hypoxia is another potential mechanism by which
CYP2E1 promotes the progression of NAFLD as the increased levels of CYP2E1 seem to be
positively correlated with the development of hypoxia in a specified mouse model with
hepatic deficiency of PTEN and exposed to hypoxia for 7 days [133]. The deleterious effects
by hypoxia on the progression of NAFLD may be mediated by up-regulation of HIF-1a.
Indeed, the administration of HIF-1a antisense into mice subjected to diet-induced obesity
for 8 weeks exhibited remarkable improvement of fasting blood glucose, plasma insulin,
hepatic glucose output, and liver fat content [134]. Hence it is reasonable to suggest HIF-1a
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possible involvement of the progression of NAFLD, as with AFLD, partly through the
induction of hypoxia, along with other mechanisms (Fig. 1).

Despite the discrepancy in some studies, many reports generally suggest the involvement of
CYP2EL1 in the development and progression of NAFLD. It is clear however that CYP2E1-
induced oxidative stress seems to be important in the development and/or progression of
NAFLD, since CypZel-null mice were significantly protected from NASH development
even after feeding a HFD [111, 120].

Potential role of CYP2EL in Oxidative stress, mitochondria dysfunction and
tissue injury in AFLD, NAFLD and DILI

CYP2EL1 is a major source of cellular and mitochondrial ROS/RNS. As mentioned earlier,
the hepatic levels of CYP2E1, including mitochondrial CYP2EL, and iNOS markedly
increase under conditions of AFLD and NAFLD, leading to increased production of ROS/
RNS. Until recently, it has been believed that the members of cytochrome P450 1, 2 and 3
gene families are completely located in the ER. However, research in the last 20 years
showed that several members of the cytochrome P450, including CYP2EL, are located in
many cellular organelles including the mitochondria [29, 135-140]. There are several lines
of evidence to support the location of CYP2EL in the mitochondria both in vivo and in vitro
models. It was first shown that CYP2EL1 is also located in the mitochondria from rat livers in
the area of inner mitochondrial membrane evaluated by electron microscopy and
immunohistochemistry with the immunogold-labelled anti-CYP2E1 antibody [138]. The
presence of CYP2EL in the mitochondria was further confirmed by several other laboratories
that also supported the presence and role of mitochondrial CYP2E1 in AFLD and NAFLD
[20, 137, 141-143]. Figure 2 illustrates the CYP2E1-meditated oxidative stress on
mitochondrial dysfunction.

Mitochondrial CYP2E1 may be more stable with a longer half-life than the CYP2E1 isoform
in the ER, possibly due to less degradation by the ubiquitin-proteasome pathway, as
suggested [28, 144]. The presence of CYP2E1 isoforms in different cell compartments as
illustrated by the elegant work of Avadhani group [135, 136, 138-140, 145, 146] triggers
interesting questions some of which were previously raised by the same group: 1) Are
microsomal and mitochondrial CYP2E1 work similarly to induce harmful effects or there is
a distinctive function for each isoform?; 2) Is there any specific sequential events or specific
conditions that are unique for the activation of microsomal and mitochondrial CYP2E1 or
they are activated simultaneously by the same inducers, most of which are CYP2E1
substrates?; 3) Is it reasonable to assume that microsomal CYP2E1 possibly combined with
mitochondrial isoform plays a part in the earlier disease process while mitochondrial
CYP2E1 might be more important in later disease states due to its protection from
degradation?; 4) Are microsomal and mitochondrial CYP2E1 always expressed together or
regulated similarly in the same tissue known to express CYP2E1 or their expression is
related to stimulus, cell, or other environmental conditions?; 5) What would be the
endogenous and/or exogenous substrates of mitochondrial CYP2E1 compared to those of
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microsomal isoform?; and 6) Is the mitochondrial CYP2E1 important in promoting
mitochondrial dysfunction and toxicities in hepatic as well as extra-hepatic tissues?

Many laboratories reported the deleterious effects of mitochondrial CYP2EL1 different from
the well-established effects of its microsomal counterpart in both AFLD and NAFLD,
although additional studies are still needed to clearly address all of the aforementioned
questions. For instance, ethanol increased the levels of both microsomal and mitochondrial
CYP2EL1 along with reduced levels of mitochondrial glutathione (GSH) in cultured rat
hepatocytes and in the liver isolated from ethanol-treated lean mice [144]. The
overexpression of catalase using adenoviral vectors either in the cytosol or mitochondrial
compartments abolished the loss of mitochondrial membrane potential or damage to
mitochondria observed in HepG2 cells over-expressed CYP2E1 following treatment with
buthionine-(S,R)-sulfoximine (BSO) [147]. In addition, the loss of cell viability was
prevented in catalase over-expressing cells. The catalase-protective effects were suggested to
be due to the amelioration of increased levels of ROS and mitochondrial lipid peroxidation.
The mitochondrial levels of 4-hydroxynonenal (4-HNE) paralleled the levels of
mitochondrial CYP2EL1 in rats fed ethanol with different ratios of long- or medium-chain
triglycerides [20]. The harmful and distinctive regulatory effects of mitochondrial CYP2E1
were shown in in vivo studies using Swiss mice exposed to chronic ethanol [144]. In this
study, up to one month, both microsomal and mitochondrial CYP2E1 were up-regulated.
However, ethanol exposure for more than one month resulted in further increase of
mitochondrial CYP2E1 while the elevated levels of microsomal CYP2E1 remained
unchanged. Additionally the increased levels of mitochondrial CYP2E1 were accompanied
by decreased levels of mitochondrial GSH. Taken together, these results suggest that the
microsomal and mitochondrial CYP2E1 isoforms are distinctively regulated by prolonged
ethanol treatment and possibly work at different stages of the liver disease, although the both
contribute to the accumulative deleterious effects. A recent report showed that
mitochondrion-targeted CYP2E1 markedly enhanced ethanol-mediated toxicity and
oxidative stress production in COS-7 cells. In contrast, microsome-targeted CYP2E1 had
only a marginal effect on alcohol-related toxicity [145]. Furthermore, the same group
performed a very intriguing study using both COS-7 and HepG2 cell lines expressing
predominantly mitochondria-targeted (Mt**) CYP2E1, WT CYP2E1-expressing, or ER*
(mainly microsome)-targeted cells (in vitro) and livers from alcohol-treated rats (in vivo) to
evaluate the deleterious effects of mitochondrial CYP2E1 and their potential mechanism(s)
[145]. This study suggested several interesting conclusions: 1) There was a decline in
mitochondrial complex IV (cytochrome ¢ oxidase) activity which was accompanied by a
decline in the steady state levels of complex | and complex IV with increased protein
carbonylation; 2) There was a reduction in the contents of mitochondrial DNA and mRNA.
The effects of 1 and 2 were more prominent in Mt** cells compared to ER* cells. The
results were further confirmed by using several mitochondria-specific antioxidants such as
ubiquinol (mito-Q) conjugated to triphenyl phosphonium (TPP*) and TPP+-conjugated
carboxyl proxyl (mito-CP). In addition, the CYP2EL1 inhibitor diallyl sulfide reversed the
loss of complex 1V activity and its subunits, probably via inhibition of CYP2E1-mediated
oxidative stress. The same group further confirmed these results by using COS-7 cells and
HepG2 cells stably expressing either the W23/30R mutant, which favorably targets CYP2E1
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to mitochondria rather than ER, or the L32N variant, which preferentially directs CYP2E1 to
ER than mitochondria [146]. Upon exposure to alcohol, the cells expressing the W23/30R
mutant showed markedly increased ROS production, respiratory dysfunction, and loss of
cytochrome ¢ oxidase subunits (complex V) with decreased activity compared to the cells
expressing the L32N variant. These results suggested that mutations in human CYP2E1 gene
affect subcellular localization of CYP2E1 and hence influence the susceptibility to ethanol-
induced toxicity in cellular models. In addition, another group evaluated the role of
mitochondrial CYP2EL in both ethanol- and acetaminophen (APAP)-induced oxidative
stress and cytotoxicity using the cells over-expressing CYP2E1 in mitochondria only or in
both ER and mitochondria compared to mock-transfected cells [148]. This study showed
that the CYP2EL1 substrates APAP or ethanol induce ROS overproduction, depletion of
reduced GSH, increased expression of mitochondrial Hsp70, mitochondrial dysfunction and
cytotoxicity when CYP2E1 was exclusively located in the mitochondria despite the lower
cellular level and activity of CYP2EL, compared to the cells with over-expressed CYP2EL in
both ER and mitochondria. These results, especially with APAP, suggested that
mitochondrial CYP2E1 may play a major role in drug-induced oxidative stress and
cytotoxicity. Furthermore, the co-expression of hepatitis C virus (HCV) core protein and
CYP2E1 in Huh-7 cells synergistically enhanced cell death induced by either tertiary butyl
hydroperoxide or TNF-a [149]. Tertiary butyl hydroperoxide treatment also increased the
ROS production by more than 3-fold, depleted the levels of reduced GSH and caused
mitochondrial depolarization when compared with the cells without over-expressed HCV
core protein and CYP2EL. In fact, mitochondria changes and cell death were significantly
attenuated in the absence of HCV core/CYP2EL. When these cells were exposed to ethanol,
greater production of ROS and further depletion of mitochondrial GSH were observed. All
these effects were prevented by the antioxidant N-acetylcysteine. The authors concluded that
sensitization of mitochondria to oxidative insults is thus a potential mechanism for alcohol-
related exacerbation of liver injury in chronic HCV infection and that mitochondrial
CYP2E1 may play a critical role in this process.

It has also been shown that there was a five- to eight-fold increase of mitochondrial CYP2E1
and GST A4-4 levels in mitochondria from streptozotocin (STZ)-treated diabetic rat tissues
including the liver, kidney, pancreas and brain compared with those in non-diabetic rats,
suggesting possible roles of mitochondrial CYP2EL in the disease process [150]. In addition,
transient transfection of COS cells with the CYP2E1 cDNA caused a similar accumulation
of CYP2E1 and GST A4-4 in mitochondria besides the increased production of
mitochondrial ROS. Taken together, these results implicate a direct role for mitochondrial
CYP2EL1 in the generation of intra-mitochondrial ROS [150]. Our laboratory also showed a
significant increase in both cytosolic and mitochondrial CYP2E1 in both WT and
peroxisome proliferator-activated receptor-alpha (Ppara)-null mice [143] when mice were
fed a HFD (70% calories derived from fat) for 3 weeks. However, the resultant increase of
oxidative stress and consequent mitochondrial dysfunction, as evidenced by the inhibition of
the B-oxidation enzyme 3-ketoacyl-CoA thiolase (thiolase) seem more prominent in Ppara-
null mice which exhibited higher levels of CYP2E1 than the corresponding WT mice.
Together, these data suggested that mitochondrial CYP2E1 plays a critical role, at least
partially, in mediating HFD-induced prominent hepatotoxicity and NASH development in
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Ppara-null mice. The mechanisms of targeting CYP2EL1 to either ER or mitochondria would
logically be distinctive. Indeed, ER-protein targeting that involves signal recognition particle
(SRP) in delivering the nascent protein to translocon complex, whereas mitochondrial
protein targeting is suggested to be a post-translational event and the contact between the
protein and the inner and outer mitochondrial membrane transporters is deemed necessary
for this targeting. In addition, the mitochondrial HSP70 is required to pull the proteins into
the mitochondrial matrix and the various proposed mechanisms of CYP2EL1 targeting to the
mitochondria were eloquently reviewed elsewhere [29].

In contrast, there are a few studies that challenge the role of CYP2E1 (ER and/or
mitochondrial), as a major player, in mediating the hepatic deleterious effects of ethanol or
HFD. For instance, increased mitochondrial production of ROS/RNS and mitochondrial
dysfunction, as evidenced by changes in the mitochondrial genome, mitochondrial DNA
damage, and impaired efficiency of mitochondrial respiration, were all reversed when
animals were treated with the anti-oxidant and anti-inflammatory S-adenosylmethionine
(SAMe) [151]. SAMe-induced suppression of oxidative stress levels and mitochondrial
protection was not accompanied by the inhibition of the markedly increased levels of
CYP2EL1 following ethanol exposure. Interestingly, the lack of protective effects of SAMe
against inhibition of CYP2EL1 activity was also observed in mice exposed to acute binge
ethanol [152]. In this model, SAMe significantly alleviated the deleterious effects of ethanol,
as evidenced by histological and biochemical measurements including the decreased
mitochondrial GSH and increased mitochondrial lipid peroxidation, without the inhibition of
the significantly elevated CYP2EL. In agreement, it was suggested that SAMe is a weak
inhibitor of CYP2E1 due to its high ICsq value (1.5 — 5 mM) for the inhibition of p-
nitrophenol (PNP) hydroxylation using an in vitro system [153]. However, the role of
CYP2E1 cannot be excluded since mitochondrial CYP2E1 may play at least a partial or
permissive role in mediating the ethanol-induced hepatic damage in these models and that
the reversal of the hepatotoxicity was only partial, despite being significant. These results
suggest a role of other factors in mediating the damaging effects. In addition, the induction
of CYP2E1- or iNOS in rats exposed to chronic alcohol feeding was not ameliorated by
treatment with the antioxidant mitochondria-targeted Mito-Q [154]. In contrast, Mito-Q
significantly reduced the levels of ethanol-mediated protein nitration and lipid peroxidation
and hepatic steatosis. Nonetheless, the role of mitochondrial CYP2EL1 still cannot be
excluded from this study since Mito-Q can interact directly with either peroxynitrite [155] or
superoxide [156] and can also prevent the formation of lipid peroxides [157]. Thus, Mito-Q
seems to work downstream to the deleterious effects of CYP2EL and thus the role of
mitochondrial CYP2E1 in mediating the ethanol-related hepatotoxicities still cannot be
underestimated from this study.

Collectively, with the exception of a few studies, the aforementioned reports suggest that
CYP2EL1 can be expressed and regulated in different sub-cellular organelles of various
tissues and that mitochondria-expressed CYP2E1 augments mitochondrial dysfunction in
AFLD, NAFLD and drug-induced liver injury (DILI), possibly through increased production
of ROS, depletion of mitochondrial reduced GSH and ultimately mitochondrial dysfunction.
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Increased CYP2EL1 levels and the resultant nitroxidative stress on
mitochondrial function in AFLD, NAFLD and DILI

Although mitochondria represent one of the major sources of cellular ROS/RNS,
mitochondria are major targets of nitroxidative damage. Indeed, mitochondria from tissues
in animal disease models and/or human diseases characterized by increased oxidative stress
levels show abnormal and irregular shapes with suppressed functions [158, 159]. In addition,
upon exposure to nitrating conditions, isolated rat liver mitochondria exhibited a
dramatically shorter turn-over rates from days to hours due to increased proteolytic
degradation [160-163]. ATP, which is produced in mitochondria by oxidative
phosphorylation, is essential for various cell functions. Most of the cellular energy provided
by mitochondria are needed for numerous vital functions such as the fat oxidation, ammonia
and glutamate metabolism, antioxidant defense, heme and steroid biosynthesis, and others
[164]. The mitochondrial fat oxidation pathway becomes particularly important in cases of
decreased glucose supply such as during fasting or compromised oxidative phosphorylation
under major disease states [164]. Inhibition of mitochondrial respiration was also reported in
AFLD and NAFLD [59, 165, 166]. Thus, it is conceivable that under these conditions and
without sufficient energy supply mechanism(s) due to mitochondrial dysfunction, the hepatic
cells would be more susceptible to cell death especially after simultaneous exposure to two
potentially toxic substances such as ethanol and APAP. Healthy mitochondrial functions are
maintained through proper redox balance. Under normal physiological conditions,
approximately 1%-2% of ROS is leaked from the mitochondrial electron transport chain
(ETC) [167]. In addition, transiently elevated ROS is essential to regulate cellular signaling
pathways [168] and can be adequately balanced by the cellular, especially mitochondrial,
anti-oxidant defense system including mitochondrial anti-oxidant enzymes such as
superoxide dismutase-2 (SOD2) and glutathione peroxidase (Gpx) [168, 169]. Mitochondrial
RNS can also be produced by the mitochondrial NOS or transferred from the cytosol since
RNS including NO radicals can easily cross the mitochondrial membrane [170]. Taken
together, the mitochondrial ETC is a major source of ROS/RNS in the mitochondria. In
addition, as described earlier, CYP2EL is involved in the production of ROS/RNS. CYP2E1
can thus play a significant role to alter the mitochondrial functions through nitroxidative or
lipid peroxidation as observed in AFLD and NAFLD. This additional damage to the
mitochondrial complexes is likely to produce more ROS/RNS and hence a vicious cycle can
develop, ultimately leading to cellular apoptosis/necrosis. ROS such as superoxide anion and
hydroxyl radical, and RNS, including NO, can also be produced from other cellular sources
than the mitochondrial ETC and CYP2EL. These sources of ROS/RNS include: microsomal
CYP4A, NADPH oxidase and myeloperoxidase in phagocytic immune cells, cytosolic
xanthine oxidase, and nitric oxide synthase (NOS) isozymes [59, 124, 145, 171-174]. In
addition, under increased ROS and RNS levels, a potently toxic peroxynitrite (ONOO™) can
be formed through the interaction between superoxide anion and NO-containing compounds.
Peroxynitrite can stimulate S-nitrosylation of Cys residues or nitration of tyrosine (Tyr)
residue(s), ultimately contributing to alterations of the structure and function of many
cellular proteins [63].
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Mitochondria are particularly susceptible to nitroxidative damage including lipid
peroxidation due to the low levels of antioxidants such as GSH as compared to cytosol
[175]. The lower levels of mitochondrial GSH are due to the inability of mitochondria to
synthesize GSH and hence a specific GSH transporter is needed to transfer GSH from
cytosol to mitochondria. The combination of increased production of ROS/RNS and the low
levels of mitochondrial GSH can cause accumulation of ROS/RNS in the mitochondria and
damage various cells including hepatocytes and may ultimately lead to cell demise. This
deleterious effect might even get worse in the presence of the various pro-oxidants which
can further decrease the already low mitochondrial GSH, as observed with alcohol, HFD,
obesity, and various drugs or toxic substances such as 3,4-methylendioxymethamphetamine
(MDMA), APAP and in pathophysiological conditions such as ischemia reperfusion (I/R),
hepatic steatosis and steatohepatitis, as reviewed [63, 64].

Under the conditions of elevated nitroxidative stress, mitochondrial proteins, DNA, and
lipids can be covalently modified by oxidation, nitrosation, nitration, and other PTMs. The
deletion and/or mutation through nitroxidative modifications of mitochondrial DNA can
exert deleterious effects accompanied with increased amounts of ROS leakage, since
mitochondrial DNA encode 13 polypeptides, all of which are subunits of the four
mitochondrial ETC proteins [176, 177]. In addition, mitochondrial DNA and proteins are
more susceptible to nitroxidative damage due to the absence of protective antioxidant protein
catalase, the low activity of DNA repair enzymes, and the absence of histones and
polyamines [178]. The damage of mitochondrial DNA, which is essential for normal
formation of the ETC components, and inefficient repair are thought to be important in both
alcohol- and HFD-induced hepatic cellular damage [179-182]. Enhanced mitochondrial
generation of ROS has been reported in obese (ob/ob) mice [183] and a rat model of
steatosis and steatohepatitis exposed to a choline-deficient diet [184, 185]. The high levels of
8-OH-dG, which indicates DNA lesion, have been reported in models of NAFLD as
demonstrated with mice fed a methionine/choline deficient diet or in ob/ob mice [186].
Thus, it is safe to assume that oxidative stress and lipotoxicity are important factors in the
modification of liver mitochondrial DNA that positively correlated with the severity of
NASH in a clinical study with NAFLD patients in a case-control design consisting of 45
patients and 18 people with near-normal liver-histology [187]. Consistently, another clinical
study analyzing patients with NASH, patients with simple steatosis, and healthy volunteers
suggested that the progression of NAFLD is associated with the development of oxidative
stress and mitochondrial dysfunction [188]. Further, mitochondrial DNA damage and/or
PTMs of mitochondrial proteins by nitroxidative stress would result in decreased expression,
assembly and activity of the mitochondrial ETC complexes. Indeed, under high levels of
ROS/RNS in AFLD, NAFLD as observed with HFD or in obese (ob/ob) mice and in DILI
by APAP, the activities of the hepatic mitochondrial ETC complexes were significantly
compromised, ultimately contributing to more hepatocellular ROS production and the
development of a vicious cycle of ROS/RNS production [19, 179-182, 189-192].

The presence of CYP2E1 affects the levs of nitroxidative stress in experimental models. In
fact, the levels of S-nitrosylation of cysteine residues and/or nitration of tyrosine residues of
mitochondrial proteins depend on the presence of CYP2E1 following exposure to alcohol
and APAP, respectively, suggesting the important role of CYP2E1 in promoting various
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PTMs. The activities of modified mitochondrial proteins such as the ALDH2, thiolase and
ATP synthase usually become inactivated, leading to further deterioration of the essential
mitochondrial functions. PTMs of mitochondrial proteins represent one of the major
mechanisms via which increased nitroxidative stress negatively modulates the function of
the mitochondrial ETC and other enzyme activities, ultimately causing hepatotoxicities in
AFLD, NAFLD and DILI. For instance, in cases of mitochondrial damage after exposure to
alcohol, HFD, abused substances such as MDMA and cocaine and therapeutics like APAP at
toxic doses or in obesity and I/R [176, 193, 194], markedly higher amounts of ROS and RNS
could be produced from the mitochondrial ETC, possibly at the sites of Complex | (NADH
ubiquinone oxidoreductase) and Complex 111 (ubiquinone cytochrome ¢ oxidoreductase), as
exemplified with hepatocytes subjected to ethanol [189, 195-197]. In addition, the activities
of complexes I, 111, IV (cytochrome ¢ oxidase) and V (ATP synthase) in C57BL/6 obese
mice fed a HFD for 16 weeks were significantly inhibited, possibly through various PTMs
of mitochondrial proteins [198].

The systematic redox proteomics analysis of the oxidatively-modified mitochondrial
proteins in various experimental models of acute liver disease caused by alcohol (acute or
chronic), MDMA, or hepatic I/R injury detected all four enzymes involved in the B-
oxidation of fatty acids namely medium-chain fatty acyl-CoA dehydrogenase, enoyl-CoA
hydratase, 3-hydroxyacyl-CoA dehydrogenase, and thiolase [64, 189, 196, 197]. The activity
measurement of thiolase revealed its inhibition under these conditions, implying similar
oxidative suppression of the other three enzymes in the B-oxidation pathway. Since the
inhibited activity of thiolase correlated with the degree of fat accumulation, it is reasonable
to suggest that oxidative inhibition of the fatty acid metabolism contributes to the
development of steatosis/steatohepatitis in AFLD and conceivably in NAFLD. The
inactivation of the hepatic ATP synthase activity was also monitored in rodents exposed to
alcohol, MDMA, APAP, and I/R injury [19, 64, 189, 196, 197]. Mass-spectral analysis
revealed that nitration of the Tyr residues in the catalytic p subunit of ATP synthase seems to
be the main reason for its inactivation in all of these conditions and that decreased ATP
production could be expected in many pathological conditions, suggesting that nitroxidative
stress plays a major role in the development and progression of NAFLD or DILI [199-202].
The suppression of ATP synthase would result in low levels of cellular ATP, leading to
decreased cellular ability to perform many essential functions followed by cellular necrosis.

Anti-oxidant cellular enzymes represent another group of proteins whose activities were also
compromised under increased nitroxidative stress conditions [19, 63, 64, 189, 196, 197].
Inactivation of the anti-oxidant enzymes such as mitochondrial Mn-dependent SOD2 and
cytosolic Cu-Zn-dependent SOD1 (SOD1) were also observed in NAFLD and likely
participated to the decreased anti-oxidant capacity and the disease progression [128, 203,
204]. Suppression of both SOD enzymes was reported to be mediated through tyrosine
nitration [18, 63, 204]. The PTMs of mitochondrial SOD2 and the subsequent inactivation
can also be deduced from a study using mice fed a methionine-choline deficient diet. In this
model, however, the mRNA transcript of SOD2 was increased, possibly reflecting a
compensatory mechanism against the suppressed SOD?2 activity [205].
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Mitochondrial ALDH2 is an enzyme which exhibits a low K, for the metabolism of reactive
acetaldehyde and 4-HNE, produced from the metabolisms of ethanol and lipids, respectively.
Mitochondrial ALDH?2 is considered the major enzyme responsible for acetaldehyde
metabolism in humans, although cytosolic ALDH1 may also be involved in rodents, due to a
relative low Ky, value (11~18 uM for acetaldehyde) in comparison to that of human
counterpart (> 180 uM) [206]. Consequently suppression of ALDH2, a protective enzyme,
would lead to accumulation of reactive aldehydes including lipid peroxidation products such
as 4-HNE and malondialdehyde (MDA) [207], leading to protein adduct formation and
hepatic cell death. In addition, these lipid peroxides can be also involved in the development
and progression of hepatic fibrogeneis due to the activation of immune system and hepatic
stellate cells [43, 45, 208-210]. ALDH2 and other ALDH isoforms are generally expressed
in the liver in large amounts. The dominant ALDH2 inactivation has been reported when a
single nucleotide mutation (G to A nucleotide substitution) in human ALDHZ gene with a
substitution of Glu487 with Lys487 result in marked suppression of NAD* binding affinity
[211-213]. This is particularly important in many East Asians where the frequency of
individuals with ALDH2*2 mutant allele is abundant (30 ~ 50%). However, individuals with
either heterozygous or homozygous ALDHZ2*2 seems to be protected from the harmful
effects of alcohol drinking due to the development of facial flushing response accompanied
with difficulty in breathing and disturbance in the cardiac rhythm possibly due to the
increased acetaldehyde levels upon alcohol drinking [214-216]. Consequently, because of
uncomfortable feeling, these individuals with the AL DHZ2*2mutant gene tend to stop
drinking alcohol [214-216]. The absence of alcohol drinking in people with the ALDH2#*2
mutant gene is particularly true, as evidenced by genetic screening of more than 1,300
alcoholic Japanese individuals, where not a single person with ALDH2*2/*2homozygous
allele was reported [217]. On the other hand, if these individuals, choose to drink alcoholic
beverage, they are more susceptible to alcohol- and acetaldehyde-related hepatic and extra-
hepatic tissue injury and carcinogenesis, especially in the oral-esophagus-gastrointestinal
track [218-220]. Thus, many pathological conditions can be mediated by the inhibition of
ALDH2 and other ALDH isozymes with elevated DNA mutations [221] and protein
modifications [208] by highly reactive carbonyl compounds such as acetaldehyde, 4-HNE,
MDA, and ACR produced after alcohol intake and/or exposure to toxic substances including
APAP and HFD. This harmful effects can be markedly increased particularly in combined
cases of ALDHZ2 suppression and CYP2E1 upregulation through the massive formation of
oxidative stress.

Indeed, under conditions of increased nitroxidative stress due to exposure to binge or
chronic alcohol and APAP, ALDH?2 activity was significantly inhibited [19, 63, 64, 189, 196,
197]. ALDH2 was also shown to be down-regulated following exposure to HFD for 16
weeks [222]. Although the mechanism for ALDH2 down-regulation was not studied, the
importance of its PTMs under increased oxidative stress cannot be excluded. In this study,
oxidative stress was higher in the mice fed a HFD than control after 8 weeks of feeding
while it was decreased after 16 weeks, implying lower mitochondrial bioenergetics, possibly
due to oxidative degradation of many mitochondrial proteins. It is also possible that ALDH2
was degraded following various PTMs, as previously discussed [63, 207]. Thus, the
degradation of covalently modified proteins including those vital for cell maintenance and
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survival can also be detrimental to the well-being of the target cells, especially when the
rates of degraded proteins, essential for energy production, antioxidant or anti-inflammatory
defense, and urea metabolism exceed those of their regeneration or other compensatory
mechanism(s) due to continuous exposure to toxic substances. Autophagy-dependent
clearance of damaged mitochondria (mitophagy) and consequently decreased protein levels
can also be another mechanism via which cells can remove damaged proteins [18, 223].
Taken together, in conditions with increased levels of the pro-oxidant CYP2EL, cytosolic
and mitochondrial, with decreased levels anti-oxidants levels and inhibition of ALDH2
activities, as observed with AFLD and NAFLD, could result in massive increase in
unchecked oxidative stress radicals including formation of reactively lipid peroxide radicals.
Even under the conditions of massive oxidative stress without the correspondingly increased
CYP2EL1 levels, or with actually decreased CYP2E1, CYP2EL1 could play a permissive role
in the development of mitochondrial dysfunction and ultimate cell toxicity. This conclusion
can be deduced from experiments with WT mice exposed to APAP and carbon tetrachloride,
which actually decreased the CYP2E1 levels possibly through suicidal degradation pathways
[224]. In addition, CYPZEI-null mice were fully protected from these toxic agents since
both of them are CYP2EL1 substances [18, 225].

As mentioned earlier, in addition to nitroxidative PTMs of many mitochondrial proteins,
oxidation of lipids (lipid peroxidation) would also result in the production of potently
cytotoxic lipid peroxides such as 4-HNE, MDA, 4-oxonon-2-enal (4-ONE), and acrolein
(ACR), as reported with chronic alcohol drinking and/or smoking, HFD, or APAP [208,
226-228]. Lipid peroxidation can produce protein adducts with many amino acids such as
Cys, His, and Lys [229, 230]. Through the protein adduct formation, the functional activities
of many mitochondrial enzymes can be compromised in response to alcohol. For instance,
cytochrome C oxidase (complex 1V), ALDH2, Sirt3, the mitochondrial NAD*-dependent
deacetylase, and many other enzymes can be suppressed through adduct formation with lipid
peroxides [63, 64, 231-233]. These results were also confirmed with human specimens
including patients with alcoholic cirrhosis and/or hepatitis, patients with nonalcoholic
cirrhosis, heavy drinkers with fatty liver, and control [209]. The levels of albumin conjugated
with MDA, 4-HNE, and oxidized fatty acids, but not with ACR, 2-hexenal, and
methylglyoxal, were significantly higher in alcoholics than all other groups including
patients with nonalcoholic cirrhosis or healthy controls. Furthermore, the plasma levels of
anti-MDA and anti-HNE antibodies were significantly higher in cirrhotic or fibrotic patients
than in those with fatty liver only. The authors suggested that the antigens derived from lipid
peroxidation contribute to the development of immune responses associated with ALD.
Indeed, HNE-protein adducts were reported to activate immune cells including hepatic
macrophage Kupffer cells and/or infiltration of neutrophils into the liver. These immune-
activating events hence stimulate increased production of inflammatory cytokines and
activation of stellate cells, leading to advanced liver disease, as reported in ALD [208, 209,
226, 227]. The HNE-mediated immune reaction in ALD may also very well be true for
patients with NASH since the serum levels of bioactive lipid peroxidation products
positively correlates with the histologic features of NASH [234]. Although there was not
much information about the identity of adduct proteins modified by lipid peroxides in
NAFLD [63, 64], it is reasonable to assume that they are similar or close to those identified
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in AFLD since pathogenesis mechanisms and disease progression are very similar between
AFLD and NAFLD [21].

Lipid peroxidation might also play a role, at least partially, in the degradation and depletion
of mitochondrial DNA in hepatic and other organs in rodents. For instance, acute intragastric
ethanol administration (5 g/kg) caused mitochondrial DNA depletion and replacement of its
supercoiled form by linearized forms in the liver, brain, heart, and skeletal muscle of mice.
However, there was a transient adaptive re-synthesis of DNA at earlier time point
accompanied by an overshoot of mitochondria DNA re-synthesis at later time point
following ethanol administration. In hepatic or extra-hepatic tissues, mitochondrial DNA
degradation and depletion were prevented by an inhibitor of ethanol metabolism 4-
methylpyrazole and attenuated by several anti-oxidants including vitamin E (lipid
peroxidation inhibitor), melatonin, or coenzyme Q [235]. To avoid the adaptive re-synthesis
which might hinder the evaluation of the ethanol effects on mitochondrial DNA following
the single dose, ethanol (5 g/kg) was administered by daily gastric intubation for 4
consecutive days. Indeed, the mitochondrial DNA levels were decreased for 48 hours after
the last ethanol dose, with no overshoot of re-synthesis phenomenon later. These events were
accompanied by increased levels of CYP2E1 and mitochondrial levels of lipid peroxidation,
suggesting a possible involvement of CYP2E1 and lipid peroxidation in the accumulation of
unrepaired mitochondrial DNA lesions [236]. Furthermore, CYP2E1-related ROS but not
from NADPH oxidase seems to be more important to cause oxidative DNA damage, leading
to hepatic cancer in ethanol-exposed mice [237].

In addition to DNA depletion and/or damage, mitochondrial dysfunction can be mediated by
various covalent modifications (e.g., oxidation, nitrosation, nitration, phosphorylation,
acetylation, adduct formation, etc.) of various mitochondrial proteins. These PTMs can
cause inactivation and compromise of the function of many mitochondrial proteins, as
demonstrated in experimental models of alcohol exposure [189], APAP-mediated DILI [19],
or I/R-mediated liver injury [197]. Several mitochondrial enzymes involved in energy
production can be suppressed through various PTMs, leading to energy depletion. Oxidative
inactivation of ALDH2 and other enzymes involved in the metabolism of reactive carbonyl
compounds can result in increased levels of toxic lipid peroxides. Suppression of the
enzymes involved in the fatty acid oxidation can lead to fat accumulation. Thus, it is logical
to that oxidatively-modified mitochondrial proteins accompanied with their functional
alterations cause mitochondrial dysfunction prior to full-blown tissue injury and that
CYP2EL, including mitochondrial isoform, plays a critical role in promoting mitochondrial
dysfunction through massive production of ROS/RNS with depletion of mitochondrial GSH.
This is particularly true when the injurious agent is a substrate of CYP2EL like APAP.
Although we briefly focused on mitochondrial protein nitroxidation and lipid peroxidation,
other forms of post-translational modifications such as phosphorylation, acetylation,
glycation and ubiquitination can also occur in the cells, as recently reviewed [63, 64].
However, the role of CYP2EL in promoting other PTMs of mitochondrial proteins and their
functional consequences still need further investigations.

Curr Mol Pharmacol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmegeed et al. Page 18

Future translational research opportunities including CYP2EL inhibitors
and mitochondria-targeted antioxidants

The harmful effects of CYP2E1 may result from either the activity of ER-associated
CYP2E1 or mitochondrial isoform, although it is hard to dissect the role of each isozyme in
promoting a specific disease development or progression. Interestingly, it is known that both
mitochondria and ER are interconnected together via their network and their interaction is
important for a variety of cellular functions and homeostasis such as lipid transport, energy
homeostasis, and calcium signaling [238]. Thus, it would be interesting to determine the
temporal effects along with a dose-response effect of different CYP2E1 inducers/substrates
on both ER and mitochondrial CYP2EL.

The information about the functional role of CYP2E1 and underlying mechanisms of its
definite harmful effects should be used logically for blocking or at least ameliorating its
effects. These aims can be achieved either by directly trying to block the CYP2E1 pathway
or indirectly by blocking its downstream injurious mediators such as using antioxidants or
oxidative stress scavengers. The majority of these nitroxidative- and lipid peroxidation-
mediated deleterious effects are associated with mitochondrial dysfunction, at least partially,
through oxidative PTMs of mitochondrial proteins upon exposure to hepatotoxic agents. The
impairment of normal mitochondrial functions by PTMs of mitochondrial proteins and other
cellular proteins would lead to energy depletion, fat accumulation, altered metabolism,
inflammation and necrotic/apoptotic tissue damage. Thus, the deleterious effects of CYP2E1
can be either mitochondria-dependent or independent, based on the identity of injurious
agents, duration of exposure, dose of the agent, presence of other pathological conditions
and/or other injurious agents simultaneously. Further, it is feasible to identify mitochondria
as a major therapeutic target in various diseases including AFLD and NAFLD where
CYP2EL1 is a critical factor in mediating the disease, at least partially, by using anti-oxidants
or CYP2EL1 inhibitors. The most common method to directly counteract CYP2E1-deletrious
effects could be the use of CYP2EL1 inhibitors such as CMZ and
polyenylphosphatidylcholine for ameliorating liver injury [50, 239, 240]. The effects of
these CYP2E1 inhibitors were partial in these studies, suggesting many possibilities: 1) the
dose of the inhibitors used could be insufficient; 2) the bioavailability of the inhibitors could
be not high enough to counteract the injurious agent; 3) the mitochondrial CYP2E1 might
play a major role than the microsomal isoform in these models and the levels of the
inhibitors in the mitochondria were not sufficient to inhibit mitochondrial CYP2E1,; 4)
CYP2E1 may not be the only contributing factor in promoting the disease. Thus the
determination of CYP2EL inhibitor levels in the mitochondria following treatment will be
beneficial, if technically feasible. However, the use of CYP2EL inhibitors in clinical setting
is still hampered by their high toxicities.

Another potential strategy is to interfere with the targeting of CYP2EL1 to the mitochondria
and or its induction within the mitochondria. In fact, there are several mechanisms for
mitochondrial targeting of CYP2E1, as reviewed [29]. This approach will require the
examination of the effects of various known CYP2E1 inducers and monitoration of the
mitochondrial targeting and/or induction of CYP2E1. In addition, leptin and glucagon have
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been suggested to increase mitochondrial protein targeting, whereas our laboratory also
reported that HFD (fatty acids) significantly increased levels of mitochondrial and cytosolic
CYP2EL1 isoforms. These results suggest a potential role of fatty acids in increasing
mitochondrial protein targeting and/or induction [28, 143]. Thus, the factors that counteract
the effects of leptin, glucagon and fatty acids are likely to decrease the levels of
mitochondrial CYP2EL. The identification of additional factors and the mechanism(s) by
which they increase CYP2E1 mitochondrial targeting and/or its induction would increase
our understanding of the role and targeting mechanism of mitochondrial CYP2EL. This
approach will subsequently improve the chances of the development of potentially better
intervention therapeutics.

Another strategy to ameliorate CYP2E1-mediated mitochondrial damage and subsequent
disease development and progression is to prevent and/or decrease the mitochondrial
oxidative radicals. For this purpose, several natural [201, 241-245] and synthetic [246-253]
anti-oxidants are available. It is believed, however, that the synthetic anti-oxidants including
the mitochondria-targeted antioxidants generally work better and efficiently than the natural
ones with poor purity, solubility, bioavailability and low transport to mitochondria [242, 243,
245, 246]. In contrast, synthetic anti-oxidants have been manipulated for better delivery to
the mitochondria. These synthetic agents include Szeto-Schiller or SS-tetrapeptide, TPP*, a
cell permeable lipophilic cation), SOD-catalase mimetics, Mito-Q, and Mito-CP[154, 247,
249, 251, 253, 254]. Mitochondria-targeted anti-oxidants would mostly work downstream to
CYP2E1 or mitochondrial abnormalities possibly by scavenging the already performed
oxidative radicals or interfering with its formation and/or affecting HIF-1a stabilization or
protein nitration, since the elevated levels of CYP2E1 remained unchanged in cells treated
with the mitochondria-targeted anti-oxidants [154].
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APAP acetaminophen
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Complex | NADH-dependent ubiquinone oxido-reductase
Complex 111 ubigquinone cytochrome bcl oxidoreductase
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Complex V
CYP4A
CYP2E1
DILI

ER

ETC
Gpx
GSH
HCV
HFD
HIF
4-HNE
iNOS
I/R

JNK
MDA
MDMA
mito-CP
mito-Q
NAFLD
NF-kB
NO
PPAR-a
PTMs
RNS
ROS
SAMe
SOD

Thiolase

ATP synthase

cytochrome P450 4A
ethanol-inducible cytochrome P450 2E1
drug induced liver injury
endoplasmic reticulum

electron transport chain

glutathione peroxidase

reduced glutathione

hepatitis C virus

high fat diet

hypoxia-inducible factor
4-hydroxynonenal

inducible nitric oxide synthase
ischemia-reperfusion

c-Jun N-terminal protein kinase
malondialdehyde
3,4-methylenedioxymethamphetamine
mitochondria-targeted carboxy-proxyl
mitochondria-targeted ubiquinone
nonalcoholic fatty liver disease
nuclear factor-kB

nitric oxide

peroxisome proliferator-activated receptor-a

post-translational protein modifications
reactive nitrogen species

reactive oxygen species
S-adenosyl-methionine

superoxide dismutase

3-ketoacyl-CoA thiolase
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Hepatic insults: fCYP2E1: direct and permissive roles
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Fig. 1. Proposed mechanisms of mitochondrial dysfunction, contributing to hepatotoxicity in
AFLD, NAFLD and DILI

Various hepatic insults including alcohol (ethanol), high fat diet, fructose, drugs, hepatitis
virus, obesity, diabetes, genetic polymorphism as indicated in the Figure can negatively
affect the liver by promoting ER stress and mitochondria dysfunction, contributing to fat
accumulation and inflammatory liver injury in AFLD, NAFLD and DILI. These negative
effects are largely mediated through increased ROS/RNS production, increased hypoxia and
altered autophagy by the direct and/or permissive roles of CYP2E1, as discussed in the text.
These agents or conditions can also upregulate intestinal CYP2E1 and promote gut leakiness
through increased nitroxidative stress, contributing to endotoxemia and more severe
inflammatory liver injury via activation of Kupffer cells and the production of cytokines/
chemokines, which can also increase ROS/RNS production, resulting in a viscous cycle
between inflammation and oxidative stress. Ultimately, this change in the redox state
combined with the increased production of ROS/RNS promote the development and
progression of mitochondrial dysfunction and various hepatic diseases. Uni-directional and
bi-directional arrows indicate exclusive and mutual influences, respectively.
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Fig. 2. Direct and permissiveroles of CYP2E1 in promoting mitochondrial dysfunction and
hepaticinjury in AFLD, NAFLD, and DILI
Various hepatic insults as indicated can up-regulate CYP2E1 in the ER and mitochondria

where CYP2E1 plays direct and/or permissive roles in promoting mitochondrial dysfunction
and hepatotoxicity. Cross-talk between the ER and mitochondria CYP2E1 isoforms may
exist to work either synergistically or independently. Nevertheless, the upregulated hepatic
CYP2E1 along with iNOS can increase the cellular levels of ROS/RNS which likely modify
mitochondrial proteins, lipids, and DNA. This will ultimately result in mitochondrial
dysfunction with energy depletion, increased lipotoxicity and insulin resistance, as indicated
in the Figure. Furthermore, persistent hepatic insults with mitochondrial dysfunction can
ultimately contribute to organ failure and necroapoptosis of hepatic cells in AFLD, NAFLD,
and DILI. Uni-directional and bi-directional arrows indicate exclusive and mutual
influences, respectively
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