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Abstract

The regulation and function of autophagy and lipid metabolism have recently been reported to be
reciprocally related. Macroautophagy mediates the breakdown of lipids stored in lipid droplets. An
inhibition of autophagy leads to the development of a fatty liver. We evaluated the ability of
CYP2E1 to modulate the effects of ethanol on lipid accumulation and autophagy in vitro. The E47
HepG2 cell which expresses CYP2E1 was treated with ethanol at 50, 100 and 150 mM for 4 or 5
days. Ethanol induced lipid accumulation and an increase of triglycerides (TG) in E47 cells to a
greater extent than in control C34 cells which do not express CYP2E1. In contrast, autophagy
(LC3 11/LC3 I ratio) was significantly induced by ethanol in C34 cells to a greater extent than in
E47 cells. P62 was significantly increased in E47 cells after ethanol treatment. Thus, there is a
reciprocal relationship between the effects of ethanol on lipid accumulation and autophagy in the
CYP2E1-expressing cells. Inhibition of autophagy by 3-methyladenine (3MA), increased lipid
accumulation and TG levels in C34 cells which display elevated autophagy, but enhanced lipid
accumulation and TG level to a lesser extent in E47 cells which displayed lower autophagy.
Ethanol induced CYP2E1 activity and oxidative stress in E47 cells compared with C34 cells.
These experiments suggest that the expression of CYP2E1 may impair autophagy formation which
contributes to lipid accumulation in the liver. We hypothesize that CYP2E1-induced oxidative
stress promotes the accumulation of lipid droplets by ethanol and this may be responsible for the
suppression of autophagy in the liver.
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1. Introduction

Alcohol-induced liver injury is a multifactorial process involving several mechanisms [1],
[2], including ethanol-induced oxidative stress [3]. Many pathways have been suggested to
contribute to the ability of ethanol to induce a state of oxidative stress [4]. One central
pathway is the induction of cytochrome P4502E1 by ethanol. CYP2E1 metabolizes and
activates ethanol to more reactive, toxic products such as acetaldehyde and the 1-
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hydroxyethyl radical. CYP2EL is also an effective generator of reactive oxygen species [5],
[6]. We recently reported that CYP2EL plays a role in experimental fatty liver in an oral,
Lieber-DeCarli ethanol-feeding model. Fatty liver was observed in wild type mice but not in
CYP2E1 knockout mice fed ethanol chronically [7]. Fatty liver developed and was observed
again when CYP2E1 was restored to the CYP2E1 knockout mice (humanized CYP2E1
knock-in mice) [8], suggesting that CYP2EL1 is critical to the alcohol-induced liver steatosis.

Autophagy is a self-degradative and recycling process to balance sources of energy. It plays
a major role in clearing misfolded or aggregated protein, organelles and intracellular
pathogens. Autophagy protects against genome instability and prevents necrosis. Therefore
autophagy is involved in the pathogenesis of many diseases and can be activated under
several stress conditions [9]. Autophagy can mediate fat mobilization and breakdown in
liver cells. Autophagy regulates lipid content, and there is a reverse relationship between
intracellular lipid and autophagic clearance [10]. Inhibition of autophagy increased TG and
lipid droplets (LD) in liver cells and loss of autophagy decreased TG breakdown and
promoted lipid accumulation, which could then further suppress autophagy function
resulting in an enhanced lipid retention in the liver cells [10].

To study the role of autophagy in CYP2E1 mediated ethanol liver steatosis, HepG2 E47
cells which express CYP2E1 and C34 control cells which do not, were treated with ethanol
or ethanol plus the autophagy inhibitor 3MA. Ethanol-induced autophagy and the
accumulation of LD and TG content were determined. It was found that ethanol treatment
induced lipid accumulation and increased TG content significantly more in E47 cells than in
C34 cells. In contrast, ethanol induced significantly higher autophagy in C34 cells than in
E47 cells. There was a reciprocal relationship between ethanol-induced lipid accumulation
and the extent of ethanol elevation of autophagy in the E47 cells. The inhibition of
autophagy by 3MA led to lipid accumulation in both C34 and E47 cells.

2. Materials and Methods

2.1. Cells and Treatment

HepG2 E47 and control C34 cells were used in this study. E47 cells are HepG2 cells which
were transfected with human CYP2E1 cDNA and constantly express CYP2EL. The control
C34 cells are HepG2 cells which were transfected with empty vector only and do not
express CYP2E1L. Cells were treated with 50, 100 or 150 mM ethanol in the presence or
absence of the autophagy inhibitor 3MA (10 mM, Sigma Chemical CQ.). Cells with alcohol
treatment were cultured in a CO, incubator containing 5% CO, and saturated with 50 mM
or 100 mM alcohol to slow down the evaporation of ethanol in the medium. Fresh medium
containing ethanol or 3MA was replaced every day.

Lipid droplet and triglyceride determination—Lipid droplets were determined by Oil
Red O Staining. Cells were grown on a cover slide. After treatment, the cells were fixed
with 10 % buffered formalin for 10 min and placed in absolute propylene glycol for 5 min
and then stained in pre-warmed Oil Red O solution for 10 min in a 60° C water bath. Slides
were differentiated in 85% propylene glycol solution for 5 min and stained in Gill’s
Hematoxylin for 30 seconds. After mounting with glycerol-PBS medium, the red stained
lipid droplets were observed under a light microscope. TG levels in the cells after treatment
with ethanol or ethanol plus 3MA were determined with a kit from Pointe Scientific
(Canton, Michigan) following the guide provided by the company, and results were
expressed as pug TG per mg cell protein.
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2.2. Autophagy analysis

Levels of autophagy after treatment with ethanol in the presence or absence of 3MA were
detected by determining amounts of LC3 in cell lysates by immunoblot analyses using a
LC3 polyclonal antibody from Thermo Scientific (Rockford, Illinois). An
Immunoflurorescence assay was also carried out to localize LC3 in the cells. Cells were
grown on cover slides and treated with ethanol in the absence and presence of 10 mM 3MA.
Cells were fixed with 10 % buffered formalin and incubated with LC3 antibody (1:300) in a
humidity incubation box for 3 hours. After rinsing with PBS, the cells were incubated with
FITC conjugated secondary antibody for 1 hour and mounted with glycerol-PBS medium.
The presence of LC3 was observed under a fluorescence microscope. Ten fields were
randomly picked and counted for the positive stained cells.

2.3. Cell viability, CYP2EL activity, lipid peroxidation and ROS

HepG2 E47 and C34 cells were treated with 100 mM ethanol for 4 or 5 days and cell
viability was determined by MTT assay (thiazolyl blue, tetrazolium bromide, Sigma
Chemical Co.). CYP2EL activity was analyzed by measuring the rate of oxidation of 1 mM
para-nitrophenol to para-nitrocatechol by 100 pg of microsomal protein incubated for 1 hour
at 37°C [11]. Lipid peroxidation was determined by measuring malondialdehyde as detected
by the TBARS assay (TBARS, ThioBarbituric Acid Reactive Substances) [12]. Total
cellular ROS produced after ethanol administration was determined with a Total ROS
Detection Kit purchased from Enzo Life Sciences (Plymouth Meeting, PA). The
fluorescence activated by ROS was detected under a fluorescence microscope. At least 15
fields in each culture plate were observed to determine the fluorescence intensity.

2.4. Statistics

3. Results

Statistical analysis was carried out using One-Way ANOVA followed by the student-
Newman-Keuls Post hoc test.

3.1. Ethanol induces steatosis to a greater extent in E47 cells than in C34 cells

The treatment of HepG2 E47 cells with 50 to 150 mM ethanol for 5 days causes significant
lipid accumulation in the cells (Fig. 1). Treatment of C34 cells with ethanol in
concentrations of 50, 100 or 150 mM, induced much less lipid droplets (Fig. 1A). Since TG
is the major component of the lipid droplets, TG levels in E47 and C34 cells after ethanol
treatment were determined. In E47 cells, ethanol treatment for 5 days increased TG levels
from 130 pg/mg cellular protein to 360, 395 and 365 pg/mg at ethanol concentrations of 0,
50, 100 and 150 mM respectively. In C34 cells, ethanol treatment produced smaller
increases in TG content; levels were 22, 50, 75 and 80 pg/mg at concentrations of 0, 50 100
and 150 mM ethanol, respectively.

3.2. Ethanol induces autophagy to a greater extent in C34 cells than in E47 cells

Autophagy can mediate the breakdown of lipids stored in LD in the liver. To determine
whether ethanol can induce autophagy in E47 or C34 cells, the level of the autophagy
marker LC3 was determined and the LC3 I and LC3 Il ratio was calculated to assess
autophagy flux in the cells after treatment with ethanol for 4 or 5 days. Ethanol treatment
significantly increased autophagy in C34 cells which do not express CYP2E1 and contain
few lipid droplets but ethanol induced less autophagy in E47 cells with elevated lipid
droplets (Fig. 2A). LC3 1 levels were higher in the absence of ethanol in C34 cells compared
to E47 cells and levels of LC3 | were increased about 4 and 2 fold after ethanol treatment for
4 days in C34 and E47 cells, respectively. LC3 1l was induced 4 fold after 50 to 150 mM
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ethanol treatment for 5 days in C34 cells but no induction was found in E47 cells. Thus,
ethanol elevated autophagy flux (increased LC3 I1/CL3 I ratio) in C34 cells four-fold but did
not increase autophagy flux in E47 cells.

P62/SQSTML1 is degraded by autophagy through direct interaction with LC3. A decrease of
autophagy may lead to the accumulation of p62 [13]. P62 levels in E47 and C34 cells were
determined to further support differences in the induction of autophagy after ethanol
treatment in E47 and C34 cells. In contrast to the greater increase of autophagy after ethanol
treatment in C34 cells compared to E47 cells, p62 protein levels was induced to a lesser
extent by ethanol in C34 cells (1.7 to 2.3 fold) compared with E47 cells (4.7 to 5.2 fold).
Levels of p62 were also higher in E47 than C34 cells even in the absence of ethanol, in
contrast to the lower levels of LC3 in E47 than C34 cells. These results somewhat
surprisingly suggest that the expression of CYP2E1 may impair ethanol induced autophagy.

3.3. Ethanol induces CYP2EL activity, lipid peroxidation and ROS formation and decreases
cell viability in E47 cells

MTT assay was carried out to determine the viability of E47 and C34 cells after 5 day
ethanol treatment. Ethanol decreased cell viability 25 % in E47 cells but had no effect in
C34 cells (Fig. 3A). Ethanol treatment also induced CYP2E1 activity from 200 pmoles/min/
mg in the absence of ethanol to 345, 435 and 500 pmoles/min/mg microsomal protein at
ethanol concentrations of 0, 50, 100 and 150 mM, respectively, in E47 cells but no CYP2E1
activity was induced in C34 cells (Fig. 3B). The TBARS assay was carried out to determine
lipid peroxidation after ethanol treatment. Malondialdehyde levels increased from 5.4
nmoles/mg E47 cell lysate protein in the absence of ethanol to 6.0 to 6.5 nmole/mg protein
in the presence of ethanol (Fig. 3C). Ethanol did not increase lipid peroxidation in C34 cells
(Fig. 3C). Ethanol significantly induced ROS production in E47 cells to a much greater
extent than in C34 cells (Fig. 3D).

3.4. The inhibition of autophagy increases ethanol-induced accumulation of lipid droplets

To evaluate whether autophagy plays a role in alcohol induced lipid accumulation in C34
and especially E47 cells, cells were treated with ethanol in the presence or absence of 3MA,
and the accumulation of LD was determined. Treatment of C34 cells with ethanol did not
induce significant lipid accumulation as shown previously (Fig 1), but when autophagy was
inhibited by 3MA, there was an increase in LD in C34 cells in the absence and especially in
the presence of ethanol (Fig. 4A). Inhibition of autophagy also further increased LD in E47
cells in the absence of ethanol and to a lesser extent in the presence of ethanol which already
displayed elevated LD formation in the presence of ethanol alone (Fig. 4A). An
immunofluorescence assay to detect LC3 showed that in the presence of 3MA, ethanol
induced autophagy was blocked and confirmed that ethanol induced higher autophagy in
C34 cells than in E47 cells (Fig. 4B). There was an average of 7.6 fluorescence positive cells
per field with an average of 4.5 fluorescence spots per ethanol-treated C34 cell compared
with 2.6 fluorescence positive cells per field with 1.7 fluorescence spots per ethanol-treated
E47 cell (Fig. 4B arrows). The contents of TG in the cells after ethanol treatment paralleled
the results with Oil Red O Staining. The inhibition of autophagy by 3MA increased the TG
content in E47 and C34 cells, in the absence of ethanol (Fig. 4C). Ethanol alone increased
the TG content in E47 and to a slight extent in C34 cells. TG levels were further which was
further increased in ethanol plus 3MA treated cells (Fig. 4C).

4. Discussion

Alcoholic liver disease including alcoholic fatty liver, alcoholic hepatitis and alcoholic
cirrhosis is a result of complex pathophysiological events involving several mechanisms,
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[14], [15]. CYP2EL is suggested to play an important role in this process. After 4 weeks of
oral ethanol feeding, macrovesicular fat accumulation and increase of liver triglycerides
were observed in wild type mice but not in CYP2E1 knockout mice [7]. CYP2E1 and
oxidative stress was induced by ethanol in wild-type mice but not in CYP2E1 knockout
mice. Peroxisome proliferator- activated receptor a (PPARGa), a regulator of fatty acid
oxidation, was up-regulated in CYP2E1 knockout mice fed ethanol but decreased in wild-
type mice [7]. Administration of ethanol to CYP2E1 knock-in mice restored ethanol-induced
liver steastosis, increased TG content and down-regulated PPARGa, effects as seen in wild-
type mice. These results suggest that CYP2E1 plays an important role in ethanol induced
liver steatosis [8]. In the current study, treatment of HepG2 cells with ethanol induced LD
accumulation and enhanced TG content in HepG2 E47 cells which express CYP2E1 to a
much greater extent than in the control HepG2 C34 cells, which do not express CYP2E1
(Fig. 1A, B). This result further suggests that CYP2E1 plays an important role in ethanol-
induced liver steatosis.

Autophagy is a self-degratative pathway responsible for the turnover of long-lived proteins,
clearance of damaged organelles and aggregate-prone proteins. It is also a process to recycle
energy in times of nutrient deprivation [16], [17]. A dysfunction of autophagy results in
cytoplasmic protein inclusions such as misfolded protein and excess accumulation of
deformed organelles which may lead to liver injury and other diseases [18]. Autophagy
mediates the breakdown of lipid stored in LD and inhibition of autophagy leads to the
development of a fatty liver [10]. Autophagy and lipid have a bidirectional relationship. The
change of cellular lipid content may be caused by altered autophagy function [19], [20].
Acute ethanol treatment induced autophagosome synthesis and promoted autophagy to
remove damaged mitochondria and hepatic LD, and genetic knockdown of Atg7 by Atg7
siRNA to inhibit autophagy, promoted ethanol-induced lipid accumulation [13]. These
results suggested that autophagy may play a role in ethanol induced steatosis. To compare
the effect of both CYP2E1 and autophagy on ethanol-induced lipid accumulation in the liver
and whether the expression of CYP2E1 impacts on the formation of macroautophagy in
relation to ethanol-induced lipid accumulation, we evaluated whether ethanol induced
autophagy in HepG2 E47 or C34 cells. In contrast to ethanol induction of LD accumulation
in E47 cells to a greater extent than in C34 cells, ethanol administration induced autophagy
to a greater extent in C34 cells than in E47 cells. P62/SQSTM1 an adaptor molecule which
binds to both LC3 and ubiquitinated autophagic substrates and uptake and degradated by the
autophagosome [21], was higher in the basal state in E47 cells and induced by ethanol to a
greater extent in E47 cells than in C34 cells (Fig. 2). Current reports suggest that autophagy
and lipid storage are reciprocally related. Increased liver augophagy enhances the
degradation of lipid storage. Inversely, increased hepatocellular lipid accumulation can
impair macroautophagy [ 22 ], [23]. In a cultured hepatocyte model, treatment with the fatty
acid oleate impaired the movement of lipid through the autophagy pathway [10]. In a genetic
model of obesity, the ob/ob mouse, hepatic macroautophagy function was inhibited [24].
Thus, cell lipid accumulation may lead to hepatocellular defects in macroautophagy. Ethanol
did not significantly induce autophagy in E47 cells perhaps due to CYP2E1 mediated lipid
accumulation in these cells leading to impairment of ethanol-induced autophagy, and
blocking of macroautophagy. There were less LD accumulation in the C34 cells perhaps due
to the lack of CYP2E1, which therefore, did not impair macroautophagy formation and
consequently did not lower LD removed by autophagy.

ROS generated by ethanol metabolism is considered a major cause of autophagy induction
[25], [26], [27]. ROS may act through impairment of the AKT/mTOR pathway which then
promotes autophagy, since mTOR is the main negative regulator of autophagy [28], [29].
Acute ethanol administration may blunt AKT activation, an upstream activator of mTOR,
thereby lowering mTOR activity, leading to increased autophagy [30], [31], [32]. Ethanol
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administration decreased E47 cell viability but not C34 cells; induced CYP2E1 activity in
E47 but not in C34 cells, and induced higher lipid peroxidation and ROS formation in E47
cells than in C34 cells. Ethanol induced higher lipid accumulation and TG content in E47
cells (Fig. 1) but ethanol induced less autophagy in E47 cells compared with C34 cells. This
suggests that CYP2E1 or CYP2E1- mediated ROS stress promotes the formation of lipid
accumulation in association with impairment of the formation of macroautophagy.

Liver LD disposition is regulated by lysosomal or proteasomal degradation and can be
broken down by lipolysis into free fatty acids for mitochondrial f-oxidation. This process is
under the control of cytosolic lipases [33], [34]. Studies have suggested that
macroautophagy may function to regulate hepatocyte lipid content by mediating breakdown
of lipid droplet through so called macrolipophagy [10], which may be considered as another
lipid degradative pathway in hepatocytes. To further evaluate whether autophagy plays a
role in ethanol- induced lipid accumulation in E47 or C34 cells, the chemical inhibitor of
autophagy, 3MA was used to block the autophagy, followed by determination of the
formation of LD after ethanol administration. Ethanol did not significantly induce lipid
accumulation in C34 cells but ethanol did significantly induce autophagy in C34 cells; the
inhibition of autophagy by 3MA promoted the formation of LD in C34 and E47 cells (Fig.
4A, B). The inhibition of autophagy in ethanol-treated E47 cells by 3MA only slightly
induced the accumulation of lipid and the TG content over the ethanol alone treated E47
cells, likely due to the already elevated lipid droplet and TG formation and diminished
autophagy produced by ethanol in the E47 cells (Fig. 4C).

5. Conclusion

HepG2 EA47 cells and control C34 cells were treated with ethanol. Lipid accumulation
occurred in E47 cells to a higher extent than in C34 cells. In contrast, ethanol administration
induced autophagy to a greater extent in C34 cells compared to E47 cells; p62/SQSTM1 was
induced by ethanol in E47 cells but was degradated in C34 cells. The induction and
expression of CYP2E1 by ethanol administration in E47 cells elevated ROS stress and
promoted lipid accumulation which may suppress the formation of autophagy in E47 cells.
The inhibition of autophagy by 3MA led to lipid accumulation in C34 and E47 cells,
suggesting that autophagy plays a prominent role in lipid droplets breakdown and in
regulating the ability of ethanol to modulate cellular lipid levels.
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Fig. 1. Ethanol induces steatosis in E47 but not C34 cells

E47 and C34 cells were treated with ethanol at concentrations of 0, 50, 100 and 150 mM,
respectively for 5 days in a humidity atmosphere which was saturated with a 50 mM ethanol
solution. Oil Red O Staining (A) was carried out to evaluate the accumulation of lipid
droplets. The TG levels (B) in the cell lysate were determined, and results represented as ug/
mg cell lysate protein. Results reflect mean+SD and are from three experiments. * P<0.05,
compared with C34 cells.
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Fig. 2. Ethanol induced autophagy is enhanced in C34 cells to a greater extent than in E47 cells
E47 and C34 cells were treated with 50-150 mM ethanol for 4 or 5 days. Cell lysates were
prepared and immunoblots were carried out to determine the levels of the autophagy marker
LC3 land LC3II (A). Bands of LC3 | and Il were scanned and the LC3 1I/LC3 I ratio
determined. P62 levels in E47 and C34 cells (B) were determined by immunaoblot with a
polyclonal antibody. The P62/B-actin ratio is shown below the blot.
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Fig. 3. Effects of Ethanol on CYP2EL1 activity, ROS stress and cellular viability

E47 and C34 cells were treated with 50-150 mM ethanol for 5 days. MTT assay was carried
out to determine cell viability. P<0.05, E47 cells compared to C34 cells (A). CYP2E1
activity was analyzed by determining the oxidation of para-nitrophenol, and results are
presented as pmoles/min/mg microsomal protein P< 0.05, E47 cells compared to C34 cells
(B). Lipid peroxidation was evaluated by determining the production of malondialdehyde
(nmoles/mg cellular protein) (C) by the TBARS assay. Results are from three experiments.
P<0.05, E47 cells compared to C34 cells. E47 and C34 cells were treated with ethanol for 5
days and ROS was detected with a fluorescence Total ROS Detection Kit (D). Fifteen
different fields in each plate were observed under the fluorescence microscope to determine
the fluorescence intensity.
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Fig. 4. Inhibition of autophagy promotes lipid accumulation in C34 and E47 cells

E47 and C34 cells were treated with 100 mM ethanol or ethanol plus 3MA (10 mM) for 5
days. Oil Red O Staining was carried out to evaluate the accumulation of lipid droplets (A).
The inhibition of autophagy by 3MA was determined with an immunofluorescence method
which detects LC3 in the cellular cytosol. The arrows indicate the positive stained
autophagy in the cells (B). The contents of TG after ethanol or ethanol plus 3MA treatment
(C). * Significantly different P<0.05 compared with C34 cells (n=6).
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