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Abstract
The goal of the current study was to evaluate whether CYP2E1 plays a role in binge-ethanol
induced steatosis and if autophagy impacts CYP2E1-mediated hepatotoxicity, oxidative stress and
fatty liver formation produced by ethanol. Wild type (WT), CYP2E1 knockin (KI) and CYP2E1
knockout (KO) mice were gavaged with 3g/kg body wt ethanol twice a day for four days. This
treatment caused fatty liver, elevation of CYP2E1 and oxidative stress in WT and KI mice but not
KO mice. Autophagy was impaired in ethanol-treated KI mice compared to KO mice as reflected
by a decline in the LC3-II/LC3-I ratio and lower total LC-3 and Beclin-1 levels coupled to
increases in P62, pAKT/AKT and mTOR. Inhibition of macroautophagy by administration of 3-
methyladenine enhanced the binge ethanol hepatotoxicity, steatosis and oxidant stress in CYP2E1
KI, but not CYP2E1 KO mice. Stimulation of autophagy by rapamycin blunted the elevated
steatosis produced by binge ethanol. Treatment of HepG2 E47 cells which express CYP2E1 with
100 mM ethanol for 8 days increased fat accumulation and oxidant stress but decreased
autophagy. Ethanol had no effect on these reactions in HepG2 C34 cells which do not express
CYP2E1. Inhibition of autophagy elevated ethanol toxicity, lipid accumulation and oxidant stress
in the E47, but not C34 cells. The antioxidant N-acetylcysteine, and CYP2E1 inhibitor
chlormethiazole blunted these effects of ethanol. These results indicate that CYP2E1 plays an
important role in binge ethanol-induced fatty liver. We propose that CYP2E1-derived reactive
oxygen species inhibit autophagy, which subsequently causes accumulation of lipid droplets.
Inhibition of autophagy promotes binge ethanol induced hepatotoxicity, steatosis and oxidant
stress via CYP2E1.
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Introduction
Alcohol induced steatosis and liver injury involves several mechanisms [1–4], including
lipid peroxidation and oxidative stress in alcohol toxicity [5–7]. One central pathway in the
ability of ethanol to induce a state of oxidative stress is the induction of cytochrome
P4502E1 by ethanol. CYP2E1 metabolizes and activates ethanol to more reactive, toxic
products such as acetaldehyde and the 1-hydroxyethyl radical and is also an effective
generator of reactive oxygen species [8, 9]. We previously reported that CYP2E1 plays a
role in fatty liver and injury in a chronic ethanol oral–feeding model as fatty liver and ROS
production developed in wild type (WT) but not CYP2E1 KO mice [10]. Fatty liver, ROS
production and liver injury were restored in humanized CYP2E1 knock-in mice.
Chlormethiazole, an inhibitor of CYP2E1, reduced the ethanol-induced fatty liver and ROS
generation in WT mice [10]. These results suggest that CYP2E1 plays a central role in
chronic alcohol induced liver steatosis. One goal of the current study was to expend the
chronic ethanol model to a binge ethanol model and evaluate whether CYP2E1 contributes
to binge ethanol-induced fatty liver and oxidant stress.

Autophagy is a degradative pathway involving delivery of cytoplasmic components such as
proteins, organelles and invading microbes, to the lysosome for degradation. Autophagy was
found to promote lipid droplet degradation in liver hepatocytes (lipophagy) [11]. The
regulation and function of autophagy and lipid metabolism were reported to be reciprocally
related to each other e.g. inhibition of autophagy caused lipid accumulation and lipid
accumulation inhibited autophagy [11, 12]. A recent investigation reported that autophagy is
involved in the regulation of alcoholic liver injury [13, 14]. Acute ethanol consumption
elevated autophagy, perhaps as a protective mechanism against ethanol toxicity; inhibition
of autophagy increased ethanol toxicity and steatosis [14]. We recently evaluated the ability
of CYP2E1 to modulate the effects of ethanol on lipid accumulation and autophagy in vitro.
HepG2 E47 cells which express CYP2E1 and C34 control cells which do not express
CYP2E1 were treated with ethanol. Ethanol induced lipid accumulation and increased
triglycerides (TG) in E47 cells to a greater extent than in C34 cells [15]. In contrast,
autophagy was elevated by ethanol in C34 cells to a greater extent than in E47 cells,
suggesting that expression of CYP2E1 may impair autophagy and this may contribute to the
lipid accumulation produced by ethanol. The current study was designed to evaluate the role
of autophagy in the modulation of CYP2E1-mediated alcohol-induced liver steatosis and
injury. Humanized CYP2E1 knockin mice, CYP2E1 knockout and wild type SV129 mice
were treated (binged) acutely with ethanol in the absence or presence of the autophagy
modulators 3-MA or rapamycin. As an in-vitro model, E47 cells and C34 cells were treated
with ethanol in the absence or presence of 3-MA or rapamycin. The inhibition of autophagy
induced liver steatosis and lipid accumulation in the binge ethanol CYP2E1 KI mice but not
in the CYP2E1 KO mice. Similarly, the inhibition of autophagy promoted ethanol toxicity,
lipid accumulation and oxidant stress in E47 cells but not C34 cells. Treatment with ethanol
impaired autophagy in CYP2E1 KI mice and E47 cells but not in the KO mice or C34 cells.
This CYP2E1/ethanol impairment of autophagy may contribute to binge ethanol-induced
liver steatosis and injury.

Materials and Methods
In vivo animal model

Male SV129 humanized CYP2E1 Knockin (KI) or CYP2E1 knockout (KO) mice, 20–25g
(gifts from Dr. F. Gonzales, NCI, NIH), were bred and maintained in the Center for
Laboratory Animal Sciences, Mount Sinai School of Medicine [16]. Male wild type SV129
mice were purchased from Charles River Laboratory. Mice were gavaged with 30% ethanol
at the dose of 3g/kg body weight, twice a day for four days. Controls were gavaged with
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saline. Some mice were administrated (IP) 3-methyladenine (3-MA), an autophagy inhibitor
or rapamycin, an autophagy inducer at a dose of 100mg/kg or 5mg/kg body weight once a
day for four days, respectively. At the end of treatment the mice serum and liver were
isolated for further analysis.

In vitro cell culture model
HepG2 E47 cells which express CYP2E1 and HepG2 C34 cells which do not express
CYP2E1 [17]. were treated with 100 mM ethanol for 8 days. Some cells were also treated
with 3-MA (2.5mM) or rapamycin (100nM) or CMZ, a CYP2E1 inhibitor (100µM) or NAC,
a ROS scavenger (5mM).

Liver injury and lipid accumulation
Serum alanine aminotransferase (ALT) or aspartate aminotransferase (AST) and liver H&E
staining were assayed as described previously [10, 16]. E47 and C34 cell viability were
determined by the MTT cell proliferation assay and morphological observation as described
previously [17]. Steatosis was determined by H&E Staining, Oil Red O Staining and TG
content in either serum or liver tissue or cell cultures was assayed using a kit from Pointe
Scientific, INC.

Biochemical assays
SDS-PAGE was carried out to determine levels of LC3 I, II, Beclin-1, Bip, p62, pAkt/Akt,
mTOR and CYP2E1. The results were analyzed with an Odyssey fluorescence scanning
system and the blots were quantified with ImageJ software from NIH. After the blots were
quantified, the arbitrary units from saline mice or control groups and their related loading
control (β-actin) or non phosphorylated protein (AKT) or LC3-I were set as 100 units and
the other groups were compared with this respectively. The ratios of individual experimental
groups and their β-actin related loading control or the phospharylated AKT/non-
phospharylated protein AKT or the LC3-II/LC3-I ratios were calculated. Statistical
significance (P<0.05) was analyzed with SPSS software by comparing the mean ratios from
each group.

Parameters of oxidative stress such as levels of GSH or TBARS or ROS fluorescence
staining were carried out as previously described [10,16,17]. CYP2E1 activity was measured
by the rate of oxidation of p-nitrophenol to p-nitrocatechol. CYP2E1 protein content was
determined by immunoblot analysis.

Statistical analysis
Statistical analysis was performed using one-way analysis of variance with subsequent post
hoc comparisons by Scheffe. Values reflect means±standard error. The number of
experiments is indicated in the figure legends.

Results
CYP2E1 potentiates binge ethanol-induced liver steatosis and oxidative stress

SV129 WT, CYP2E1 KO and CYP2E1 KI mice were gavaged with ethanol, 3g/kg body Wt,
twice a day for 4 days. Under these conditions, mice did not significantly lose body weight
and food intake was about the same between saline and ethanol gavaged mice. ALT or AST
levels were not significantly elevated by the binge ethanol treatment in any of the mice (Fig.
1A). Ethanol induced steatosis in WT mice as reflected by increased Oil Red O Staining
(Fig. 1B) and elevated serum and liver triglyceride levels (Fig. 1B, 1C). The binge ethanol-
induced Oil Red O Staining was lower in the CYP2E1 KO mice, and serum and liver
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triglycerides were not elevated in these mice (Fig. 1B, 1C). However, binge ethanol-induced
steatosis was restored in the CYP2E1 KI mice (Fig. 1B, 1C). The binge ethanol treatment
elevated CYP2E1 catalytic activity and protein about two-to-three fold in the WT and KI
mice. CYP2E1 activity and content were higher in the KI mice than the WT mice after either
saline or ethanol treatment (Fig. 2A, 2B). Levels of CYP2E1 activity and protein content
were undetectable or very low in the CYP2E1 KO mice, with or without binge ethanol
treatment (Fig. 2A, 2B). Hepatic GSH levels were significantly lowered by the binge ethanol
treatment in the WT and the KI mice but not in the KO mice (Fig. 2C) and hepatic TBARS
increased in the WT and KI mice but not in the KO mice (Fig.2D). These results suggest that
the binge ethanol elevation of CYP2E1 is associated with an increase in oxidative stress.
Levels of BIP, an ER stress marker, were increased by binge ethanol in the CYP2E1 KI
mice but not the CYP2E1 KO mice (Fig. 2E). However, levels of CHOP, another ER stress
marker, were not increased by the binge ethanol in any mice (data not shown).

Effect of binge ethanol on macroautophagy
The binge ethanol treatment of CYP2E1 KI mice impaired macroautophagy in the liver as
reflected by a decrease in the LC3 II/LC3 I ratio in conjunction with an increase in the P62/
β-actin ratio (Fig. 3A, 3C). Immunohistochemical detection of total LC3 levels also showed
a decrease by the binge ethanol treatment (Fig. 3B). There was a tendency for binge ethanol
to lower the LC3 II/LC3 I ratio, and total LC3 levels and elevate the P62/β-actin ratio in WT
mice but these changes did not reach or were borderline significant (Fig. 3A, 3B, 3C). Binge
ethanol had no significant effect on macroautophagy in the KO mice (Fig. 3A, 3C) although
total levels of LC3 slightly decreased (Fig, 3B). Pro-autophagic Beclin-1 levels were
lowered by ethanol in the KI mice but no changes were observed in the KO mice (Fig. 3D).
The ratio of pAKT/AKT (Fig. 3E) and levels of mTOR were increased by ethanol in the KI
mice with no increase observed in the KO mice (Fig.3F). These results suggest that CYP2E1
plays a role in the binge ethanol decrease in macroautophagy.

Macroautophagy protects against binge ethanol hepatotoxicity and oxidant stress
To evaluate the functional significance, if any, of the binge ethanol impairment of
macroautophagy, WT, CYP2E1 KI and CYP2E1 KO mice were treated with ethanol in the
absence and presence of an inhibitor of autophagy or an activator of autophagy. 3-MA
blocks autophagosome formation by inhibition of type III phosphatidylinositol 3-kinases
(PI-3K) [18, 19]. Rapamycin is an autophagy activator which blocks mTOR activation [20].
The 3-MA or rapamycin were administered by IP injection once a day for four days.
Inhibition of autophagy by 3-MA in binge alcohol-treated CYP2E1 KI mice enhanced liver
injury and steatosis. Binge ethanol treatment alone produced a small increase (50–75%) in
serum ALT and AST levels in the KI mice in the absence of 3-MA or rapamycin (Fig 4A,
columns 1 and 2 compared to columns 7 and 8). 3-MA had no effect on ALT or AST levels
in saline-treated mice but increased transaminase levels in the binge ethanol-treated mice
(Fig. 4A columns 9 and 10 compared to columns 3 and 4 and columns 7 and 8). Rapamycin
lowered the ethanol-induced elevation of AST (Fig 4A, column 12 compared to column 8).
Binge ethanol treatment in the KO mice did not elevate ALT or AST levels in the absence or
presence of 3-MA or rapamycin (data not shown). The ethanol-induced increases in hepatic
triglycerides or Oil Red O Staining were further elevated by 3-MA in the KI mice and
reduced by rapamycin (Fig. 4B, 4D). Small increases in Oil Red O Staining and triglycerides
by 3-MA were observed in the binge ethanol-treated KO mice (Fig. 4C, 4D). Rapamycin
had no effect on the ethanol steatosis in the KO mice. The binge ethanol-induced oxidant
stress in the KI mice was further elevated by 3-MA treatment but reduced by rapamycin.
Hepatic GSH levels were 29, 23 and 40 nmoles/mg liver protein for the ethanol alone,
ethanol plus 3-MA and ethanol plus rapamycin-treated mice, respectively, compared to
saline control values of 40 nmoles/mg (Fig. 5A). Hepatic TBARS levels were (nmoles/mg):
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saline control, 2.1; ethanol alone, 3.7; ethanol plus 3-MA, 4.9; ethanol plus rapamycin, 2.3
(Fig. 5B). 3-MA or rapamycin did not affect CYP2E1 catalytic activity or protein levels in
saline-treated or the binge ethanol-treated mice (Fig. 5C, 5D), and did not blunt the elevation
of CYP2E1 produced by ethanol.

With respect to autophagy, the binge ethanol treatment lowered the LC3-II to LC3-I ratio
50% in the absence of 3-MA, 60 % in the presence of 3-MA, and 40% in the presence of
rapamycin in KI mice (Fig 6A), with no effects on this ratio in KO mice (Fig 6B). The
autophagy upstream regulator pAKT was increased 2 fold by binge alcohol; 3-MA slightly
increased the pAKT/AKT ratio but rapamycin decreased it (Fig. 6C). The AKT downstream
target mTOR was also increased 2 fold by binge alcohol, 3-MA slightly further increased
and rapamycin slightly decreased mTOR levels (Fig. 6D).

Inhibition of autophagy induces toxicity and lipid accumulation in HepG2 E47 cells but not
C34 cells

HepG2 E47 cells which express human CYP2E1 and HepG2 C34 cells which do not express
CYP2E1 were treated with 100 mM ethanol for 8 days. Cell viability of the E47 cells was
decreased only about 15 % (85 % viability) by ethanol alone but in presence of 2.5 mM 3-
MA, the cell viability decreased to 38 % (Fig. 7A, B). Rapamycin afforded protection
against this slight ethanol toxicity in the E47 cells. No ethanol toxicity was observed in the
C34 cells even in the presence of ethanol plus 3-MA (Fig. 7A, B). E47 cells treated with 100
mM ethanol for 8 days had elevated lipid accumulation as seen by Oil Red O Staining (Fig.
7C). Inhibition of autophagy with 3-MA enhanced this lipid accumulation in E47 cells while
rapamycin prevented it (Fig. 7C). Oil Red O Staining was much less in the C34 cells (Fig.
7D). The inhibition of autophagy by 3-MA enhanced oxidative stress in ethanol-treated E47
cells but not in ethanol-treated C34 cells e.g. GSH levels were significantly decreased by
ethanol and further decreased by ethanol plus 3-MA. Rapamycin prevented the ethanol-
induced decrease in E47 GSH levels, (Fig. 7E). Treatment with ethanol lowered the LC3-II/
LC3-I ratio by 40 % in E47 cells but only by 10 % in C34 cells (Fig. 7F). 3-MA further
lowered the LC3-II/LC3-I ratio, especially in the E47 cells (Fig. 7F).

Experiments were carried out to validate a role for ROS in the ethanol-induced toxicity and
steatosis, and the elevation of these effects by 3-MA in the E47 cells by studying the effects
of the antioxidant NAC. We also confirmed that the more pronounced effects of ethanol in
the E47 cells compared to the C34 cells was indeed due to the expression of CYP2E1 in the
E47 cells by studying the effects of chlormethiazole (CMZ), an effective inhibitor of
CYP2E1 [21]. Ethanol produced a 20 % loss of viability in the E47 cells (3 % loss of
viability in the C34 cells). This decrease was prevented by either incubation with NAC or
CMZ (Fig. 8A, panels 5, 6 and 7). In the presence of 3-MA, ethanol produced a 60 % loss of
viability in the E47 cells (22 % loss in the C34 cells), an effect blocked by CMZ and
partially blocked by NAC (Fig. 8A, panels 8, 9 and 10). The ethanol-induced increase in TG
levels in the E47 cells was blocked by the treatments with NAC or CMZ (Fig. 8B panels 5, 6
and 7), as was the potentiation by 3-MA of the ethanol-induced increase in TG (Fig. 8B,
panels 8, 9 and 10). The ethanol-induced increase in TBARS in the E47 cells, as well as the
further increase by ethanol in the presence of 3-MA was partially blocked by the treatments
with NAC or CMZ (Fig. 8C, panels 5–10). Ethanol increased the fluorescence of
dihydroethidine a redox-sensitive dye, in the E47 cells (Fig 8D); little or no change occurred
in the C34 cells, (data not shown). 3-MA treatment further elevated fluorescence of
dihydroethidium. These increases in fluorescence by ethanol and by ethanol plus 3-MA in
the E47 cells were largely prevented by the treatments with NAC or with CMZ (Fig. 8D).
With respect to autophagy, ethanol lowered the LC3-II/LC3-I ratio by 20 % in the E47 cells,
a decrease prevented by the treatment with NAC or CMZ (Fig. 8E lanes 5, 6, 7:quantified in
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Fig.8F). The LC3-II/LC3-I ratio was lowered 50% by ethanol plus 3-MA, a decrease
prevented by NAC and CMZ (Fig, 8E, lanes 8, 9, 10:Fig.8F).

Discussion
Ethanol-induced liver pathology correlates with CYP2E1 levels and lipid peroxidation [22–
24]. Inhibitors of CYP2E1 prevented the elevation of lipid peroxidation and the ethanol-
induced liver pathology [21, 25]. Understanding the biochemical and toxicological
properties of CYP2E1 is important for many reasons, even besides its role in contributing to
alcohol-induced liver injury since CYP2E1 is induced under a variety of pathophysiological
conditions such as fasting, diabetes, obesity and high fat diet, by drugs and in non alcohol-
induced steatohepatitis [26–32]. CYP2E1 has been shown to contribute to ethanol-induced
steatosis [10]. The effects of ethanol on autophagy are not clear. A recent study [13] showed
that autophagy protects against liver injury from acute alcohol administration and acute
alcohol increased autophagosome formation. Primary hepatocytes treated with ethanol had
increased numbers of autophagosomes that contained mitochondria or lipid droplets
compared with control hepatocytes. It was suggested that in response to alcohol, the liver
might increase autophagy to selectively eliminate damaged mitochondria and limit lipid
accumulation. Chemical and genetic inhibition of autophagy increased alcohol-induced
injury in cultured hepatocytes and mouse liver [13, 14]. The effect of chronic ethanol
consumption on autophagy has not yet been reported. Donohue and co-workers have shown
that ethanol disrupts the lysosomes and inhibits lysosomal hydrolytic activity [33, 34]
leading them to suggest ethanol might inhibit, not stimulate autophagic degradation [34].
More recently, ethanol was suggested to increase autophagosome formation but block
autolysosome formation [35]. A combination of alcohol and LPS, which induced
pancreatitis, increased numbers of autophagosomes but not autolysosomes [36]. These
results indicated that the combination of alcohol and LPS blocked autophagosome-lysosome
fusion [36]. Ethanol down-regulated autophagy-related proteins such as Beclin-1 and LC3-II
in immune cells and this inhibition of autophagy by ethanol increased susceptibility to cell
death [37]. Clearly more studies on the in-vitro and in-vivo effects of acute and chronic
ethanol treatment on autophagy are needed. To our knowledge, there have been no reports
on whether induction of CYP2E1 can modulate macroautophagy or whether ethanol
metabolism by CYP2E1 or ethanol elevation of ROS via CYP21E1 can affect
macroautophagy. Perhaps of major pathophysiological relevance is whether
macroautophagy is protective against ethanol/CYP2E1 elevation of ROS, fatty liver and
liver injury or promotes these responses by the liver to ethanol.

In the current study we have found that in a 4 day binge model, alcohol induced liver
steatosis and produced higher TG levels in liver tissue and serum in WT mice and in
CYP2E1 KI mice as compared to CYP2E1 KO mice. This effect of alcohol was associated
with increases in CYP2E1 catalytic activity and protein levels and higher ROS stress (lower
GSH higher TBARS) in WT and CYP2E1 KI mice as compared to KO mice. These results
extend previous studies [16] in which chronic ethanol feeding induced steatosis and elevated
oxidative stress in WT and CYP2E1 KI mice as compared to CYP2E1 KO mice to an acute
binge alcohol model. In vitro tissue culture studies with HepG2 liver cells showed that 8
days of treatment with 100 mM ethanol increased fat accumulation to a greater extent in E47
HepG2 cells which express CYP2E1 than C34 HepG2 cells which do not express CYP2E1.
Taken as a whole, these studies indicate that CYP2E1 plays a role in promoting binge
ethanol-induced steatosis. Mechanistic studies as to how CYP2E1 promotes ethanol-induced
steatosis focused on ROS formation and autophagy.

With respect to autophagy, a 4 day binge alcohol treatment lowered the LC3-II/LC3-I ratio
about 30 % in WT and CYP2E1 KI mice as compared to a 10 % decline in the CYP2E1 KO
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mice. Treating the E47 cells with 100 mM ethanol for 8 days produced a 40 % decline in the
LC3-II/LC3-I ratio as compared to a 10 % decline in the C34 cells. Treatment with ethanol
plus 3-MA resulted in a 60% decline in the LC3-II/LC3-I ratio in livers from the KI mice,
with no effect in the KO mice and a 70% decline in E47 cells compared to a 20% decline in
the C34 cells.

A key regulator of autophagy is the mammalian target of rapamycin (mTOR) which senses
cellular nutritional status and cell stress [20, 38]. Activation of mTOR inhibits autophagy.
Anti-apoptotic Bcl-2 inhibits autophagy by complexing with a key autophagic component,
Beclin-1 [39]. After binge alcohol treatment of CYP2E1 KI mice, P62/SQSTM1 was
increased two fold, Beclin-1 decreased about one-half, and p-Akt and mTOR increased.
Little or no changes in any of these parameters were found in the KO mice. These results
suggest that the expression of CYP2E1 plays a role in the impairment of autophagy by
ethanol, perhaps through activation of pAKT/mTOR. Interestingly, a decline in autophagy
can contribute to hepatic steatosis [40, 41]. Hepatocyte lipid accumulation also decreases
autophagy, suggesting that steatosis might be a mechanism of defective hepatic autophagy
[11, 12, 40]. The impaired autophagy in KI mice or WT mice or E47 cells treated with
ethanol might be due, in part, to CYP2E1 induced lipid accumulation. Conversely, the
impairment of autophagy may contribute to the lipid accumulation.

It is likely that CYP2E1 promotes fat accumulation and impairs autophagy via mechanisms
dependent on ROS formation. Binge alcohol treatment enhanced ROS stress in WT or
CYP2E1 KI mice or E47 cells but not in CYP2E1 KO mice or C34 cells as reflected by
decreases in GSH levels and increases in TBARS. Administration of 3MA enhanced ROS
stress in the binge alcohol-treated CYP2E1 KI mice or ethanol treated E47 cells but not in
KO mice or C34 cells. Rapamycin partiallly prevented the binge ethanol decline in GSH or
increase in TBARS. Neither 3MA nor rapamycin modulated CYP2E1 activity or protein.
3MA inhibited autophagy and increased pAKT and mTOR, whereas rapamycin prevented
these effects (Fig. 6. A, C, D), suggesting that the actions of 3MA or rapamycin were
through altering autophagy activation and not CYP2E1 activity.

Autophagy suppresses cellular ROS [42, 43] by eliminating ROS-producing compartments
such as damaged mitochondria (mitophagy) or endoplasmic reticulum (reticulophagy), or
peroxisomes or accumulated lipids (lipophagy). Hence a decline in autophagy would
promote ethanol-induced oxidant stress especially in the presence of CYP2E1. Autophagy
may be activated by ROS as a cytoprotective mechanism but massive induction of
autophagy by ROS may cause self digestion of cell components leading to cell injury or
death. In many models, ROS appears to induce autophagy when then serves to decrease
oxidative damage [43, 44]. However, not all ROS generators increase autophagy e.g.
addition of menadione to Rala hepatocytes did not increase autophagy flow [45]. There are
also indications that ROS can inhibit autophagy. For example, the protease activity of Atg 4,
needed for the lipidation of LC3-I and conversion to LC3-II is inhibited by ROS [42, 46].
AMPK activity, which inhibits mTOR activity via phosphorylating TSC1 and TSC2, is
lowered by ROS [47, 48]; this sustained activation of mTOR blocks autophagy. ROS such
as H2O2 inhibit PTEN [49] which will promote accumulation of pAkt, and stimulation of
mTOR. To evaluate the role of ROS and CYP2E1 in autophagy related liver injury and
hepatotoxicity, we treated E47 or C34 cells with the ROS inhibitor NAC or the CYP2E1
inhibitor CMZ in the presence of 100mM ethanol for 8 days. The inhibition of autophagy by
3MA significantly increased ethanol toxicity, increased TG and TBARS levels and ROS
stress in E47 cells but not in C34 cells. NAC or CMZ prevented the toxicity, lowered TG to
non-treated control cell levels, and decreased TBARS content and ROS stress as compared
with the ethanol plus 3MA group. These results suggest that in the presence of CYP2E1, the
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decrease of autophagy increased the generation of ROS which subsequently lowered cell
viability and enhanced the accumulation of lipid droplets and TG levels (Fig. 9).

Autophagy, in some settings is protective against cell injury, while in other settings,
autophagy can promote cell toxicity [50, 51]. If autophagy is protective against ethanol/
CYP2E1 toxicity, attempts to stimulate autophagy may prove to be helpful in lowering
ethanol-induced liver injury. If autophagy promotes ethanol/CYP2E1 toxicity, inhibitors of
autophagy (3MA, activators of mTOR signaling) may help to ameliorate ethanol
hepatotoxicity. We have previously shown that ethanol induction of CYP2E1 initially
upregulates hepatoprotective factors e.g. activation of Nrf2, induction of glutamate-cysteine
ligase, heme oxygenase I, but this upregulation is not maintained in the face of sustained
activation of CYP2E1 [52–54]. Does ethanol induction of CYP2E1 upregulate autophagy as
an initial mechanism to remove damaged mitochondria and lipid droplets? If so, how can
this upregulation be maintained and how can the harmful effects of overactivation of
autophagy be prevented? Interestingly, Ding et. al (13) reported that an 18 hour binge with
alcohol elevated autophagy, whereas we find that 4 days of binge alcohol lowered
autophagy. The possibility that alcohol initially activates autophagy as a protective
mechanism but this fails to be maintained by longer alcohol treatment merits investigation.
Our results suggest that autophagy in ethanol treated CYP2E1 expressing mice or HepG2
cells can function as a protectant against liver injury or cytotoxicity and fat accumulation. A
possible mechanism by which CYP2E1 promotes ethanol liver toxicity may be via
impairment of liver autophagy, with a consequent loss of protection against liver steatosis,
injury and cytotoxicity, which may have possible therapeutic implications for enhancement
of autophagy to protect against alcohol liver injury.
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List of Abbreviations

CYP2E1 cytochrome P4502E1

KI knock in

KO knock out

3MA 3-methyladenine

NAC N-Acetyl-Cysteine

CMZ chlormethiazole hydrochloride

TG triglycerides

ALT alanine aminotransferase

AST aspartate aminotransferase

MTT 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium-bromide

ROS reactive oxygen species
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Highlights

• Binge alcohol impairs autophagy in CYP2E1 knockin mice not in CYP2E1
knockout mice.

• Activation of Akt and mTOR is found in binge alcohol treatment of CYP2E1 KI
mice.

• N-acetylcysteine prevents binge alcohol-induced steatosis and decline in
autophagy.

• Inhibit or induce autophagy promote or prevent binge alcohol steatosis and
toxicity.

• Autophagy is protective against CYP2E1-dependent alcoholic fatty liver and
injury.
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Fig. 1. Binge ethanol treatment induces liver steatosis in CYP2E1 knockin and wild type mice
but not in CYP2E1 knockout mice
SV129 wild type (WT), CYP2E1 knockout (KO) and humanized CYP2E1 knockin mice
were gavaged with ethanol at a dose of 3g/kg twice a day or with saline for 4 days. ALT and
AST levels in the serum (A), liver tissue Oil Red O Staining, 100× magnification (B), and
TG levels in the serum (mg/DL) and liver homogenate (µg/mg) were determined (C). *, **,
#, P<0.05 compared with saline treated WT or KI mice. N=4.
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Fig. 2. Binge ethanol treatment induces CYP2E1 and oxidative stress
WT, CYP2E1 KO and KI mice were treated as described in the legend to Fig. 1. CYP2E1
activity (A), *, **, P<0.05 compared with their saline control, n=4. CYP2E1 protein (B),
GSH (C), TBARS (D) and BIP levels (E). *, **, P<0.05 compared with appropriate saline
controls. N=4.
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Fig. 3. Binge ethanol treatment impairs autophagy
Immunoblot for LC3I and LC3II (A); immunohistochemistry staining for total LC3, 200×
magnification (B); Immunoblot for P62 (C); Beclin-1 (D); Akt (E); and mTOR (F). *, **,
P<0.05 compared with the appropriate saline control. N=3.
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Fig. 4. Inhibition of autophagy promotes binge ethanol-induced liver injury and steatosis
CYP2E1 KI, and KO mice were gavaged with ethanol in the absence or presence of 100 mg/
kg body wt, 3MA or 5 mg/kg rapamycin once a day for 4 days. Serum ALT and AST (A).
*,**, P<0.05 compared with ethanol alone, #, P<0.05 compared with saline group. N=4.
Liver H&E staining in KI, 100× magnification (B) or KO mice, 100× magnification (C);
liver TG content (D). *, P<0.05 compared with saline mice; **, #, P<0.05 compared with
ethanol alone. N=4.
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Fig. 5. Inhibition of autophagy enhances binge ethanol induced oxidative stress
CYP2E1 KI mice were treated with ethanol in the absence or presence of 3MA or
rapamycin. GSH (A), TBARS (B), CYP2E1 activity (C), CYP2E1 content (D). *, **,
P<0.05 compared with saline mice or ethanol alone. N=4.
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Fig. 6. Effect of binge ethanol treatment on liver autophagy parameters
CYP2E1 KI (A, C, D) or KO (B) mice were treated with ethanol in the absence of presence
of 3MA or rapamycin. LC3I, II levels in KI (A) or KO mice (B); Levels of Akt or mTOR
(C, D). *, P<0.05 compared with saline; **, P<0.05 compared with 3MA alone; #, P<0.05
compared with Rap alone. N=3.
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Fig. 7. Inhibition of autophagy potentiates ethanol toxicity and steatosis in HepG2 E47 cells
HepG2 E47 cells and C34 cells were treated with 100 mM ethanol in the absence or
presence of 2.5 mM 3MA or 0.2 µg/ml rapamycin for 8 days. Cell viability was determined
by MTT assay (A). *, P<0.05 compared with ethanol group; cell morphology under the light
microscope (B); Oil Red O Staining in E47 (C) or C34(D) cells; GSH (E); LC3II/LC3I ratio
(F). *, P<0.05 compared to control; **, P<0.05 compared to ethanol alone. N=3.
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Fig. 8. Effect of NAC and CMZ on the potentiation of ethanol toxicity, oxidant stress and TG
accumulation produced by 3-MA
E47 or C34 cells were treated with 100 mM ethanol in the presence or absence of 3-MA or
3-MA plus CMZ or 3-MA plus NAC. Cell viability (A); TG content (B); TBARS (C); (*,
P<0.05 compared to control; **, P<0.05 compared to ethanol alone; &, P<0.05 compared
with EtOH plus 3MA); ROS evaluated by fluorescence staining with the Total ROS
Detection Kit (D); LC3-I, LC3-II immunoblot (E); the ratio of LC3 II/LC3I (F). *, P<0.05
compared to control group; **, P<0.05 compared to ethanol alone; &, P<0.05 compared to
EtOH plus 3-MA. N=3.
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Fig. 9. Scheme
A mechanistic link of autophagy, CYP2E1 and ethanol-induced ROS with development of
steatosis and cytotoxicity.
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