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Introduction

After chronic ethanol consumption, there is significant liver 
enlargement, about 50% of which is protein accumulation.1 The 
latter reflects impaired degradation of long-lived proteins, most 
of which are degraded in lysosomes.2,3 While we do not know the 
exact mechanism by which ethanol exposure impairs lysosomal 
protein degradation, we have shown that chronic ethanol admin-
istration to rats disrupts not only lysosomal proteolysis but also 
lysosome biogenesis.4-6 Lysosomes are crucial for the breakdown 
of all forms of cellular macromolecules. They participate in the 
catabolic phase of macroautophagy (autophagy), which begins 
with the formation of double-membrane-bound autophagic 
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vacuoles (AVs or autophagosomes) that envelop and sequester 
soluble and particulate cytoplasmic components. AVs then fuse 
with lysosomes, forming autolysosomes that degrade the AV con-
tents. A recent report showed that acute ethanol administration 
to mice (similar to binge drinking) increases the hepatic content 
of AVs and that this induction depends on ethanol metabolism.7 
These investigators concluded that ethanol oxidation gener-
ates reactive oxygen species (ROS) that inhibit the activity of 
the mechanistic target of rapamycin complex 1 (MTORC1), a 
large, 250 kDa complex with serine/threonine protein kinase 
activity that enhances cellular anabolic reactions, including pro-
tein synthesis, while it suppresses catabolic pathways, including 
macroautophagy. Inhibition of MTORC1 relieves autophagic 

Acute and chronic ethanol administration increase autophagic vacuole (i.e., autophagosome; AV) content in liver cells. 
This enhancement depends on ethanol oxidation. Here, we used parental (nonmetabolizing) and recombinant (ethanol-
metabolizing) Hep G2 cells to identify the ethanol metabolite that causes AV enhancement by quantifying AVs or their 
marker protein, microtubule-associated protein 1 light chain 3-II (LC3-II). The ethanol-elicited rise in LC3-II was dependent 
on ethanol dose, was seen only in cells that expressed alcohol dehydrogenase (ADH) and was augmented in cells that 
coexpressed cytochrome CYP2E1 (P450 2E1). Furthermore, the rise in LC3-II was inversely related to a decline in proteasome 
activity. AV flux measurements and colocalization of AVs with lysosomes or their marker protein Lysosomal-Associated 
Membrane Protein 1 (LAMP1) in ethanol-metabolizing VL-17A cells (ADH+/CYP2E1+) revealed that ethanol exposure not 
only enhanced LC3-II synthesis but also decreased its degradation. Ethanol-induced accumulation of LC3-II in these cells 
was similar to that induced by the microtubule inhibitor, nocodazole. After we treated cells with either 4-methylpyrazole 
to block ethanol oxidation or GSH-EE to scavenge reactive species, there was no enhancement of LC3-II by ethanol. 
Furthermore, regardless of their ethanol-metabolizing capacity, direct exposure of cells to acetaldehyde enhanced LC3-II 
content. We conclude that both ADH-generated acetaldehyde and CYP2E1-generated primary and secondary oxidants 
caused LC3-II accumulation, which rose not only from enhanced AV biogenesis, but also from decreased LC3 degradation 
by the proteasome and by lysosomes.
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Results

AV induction increased with rising ethanol doses and depended 
on ethanol oxidation. We exposed VL-17A cells (ADH+/
CYP2E1+) to zero, 5, 10, 25 and 50 mM ethanol for 24 h. No 
acetaldehyde was detected in the medium after treatment of cells 
with 5 and 10 mM ethanol. Exposure of cells to 25 and 50 mM 
ethanol generated acetaldehyde levels of 58 ± 4 and 81 ± 5 μM, 
respectively, indicating an acceleration of ethanol oxidation with 
increasing ethanol doses. The intracellular content of both LC3-I 
and LC3-II also increased with rising ethanol levels (Fig. 1A). 
The dose response curve shown in Figure 1A is biphasic, with a 
more robust increase in LC3-II content after exposure to 25 and 
50 mM ethanol than after treatment with lower ethanol doses. 

suppression, thereby inducing AV formation. We have recently 
reported that ethanol-exposed rat liver slices and livers of mice 
subjected to chronic ethanol feeding, both exhibit elevated  
AVs and higher levels of the AV marker protein, LC3-II.8 At  
the same time, ethanol exposure decreases 20S proteasome  
activity, which is inversely correlated with the rise in AVs  
and LC3-II. Thus, part of the ethanol-induced rise in LC3II 
(AVs) occurs because LC3-II is stabilized from degradation by  
the 20S proteasome, which is inhibited by products  
of ethanol oxidation.8 The latter findings prompted the investi-
gation described here. Using parental and recombinant Hep G2 
cells, we sought to determine the mechanism of AV induction  
by ethanol and to identify the ethanol metabolite(s) that  
cause(s) it.

Figure 1. Ethanol exposure increased LC3 content, decreased proteasome activity and enhanced AV content in VL-17A cells. (A) Mean densitometric 
ratios of LC3-I and LC3-II, each to β-actin (ACTB) in cells treated 24 h with the indicated doses of ethanol. (B) Proteasome activity in cells treated 24 h 
with the indicated doses of ethanol. Data are mean values of the LC3 protein bands from western blots (A) proteasome chymotrypsin-like activity (B) 
from quadruplicate culture flasks of each treatment group. (C) AV content in VL-17A cells: Cells were exposed to the conditions indicated in the  
figure for 24 h. After treatment, the cells were fixed in 4% paraformaldehyde and immuno-stained for AVs using anti LC3B. Images were captured by 
confocal microscopy. Green puncta are AVs. Nuclei stained with DAPI are shown in blue. Microscopy data (C) indicated are mean values from 400 to 
1100 cell images. (D) AV numbers, size and its proportion to total cell area (fractional volume) in cells from (C). Letter superscripts or letters in the  
figures that are different from each other indicate that the data are significantly different from each other. Data with the same letter are not signifi-
cantly different.
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of ethanol on AV degradation was confirmed by measurements 
of the intracellular content of SQSTM1/p62, a signaling adaptor 
protein that is degraded by autophagy and the levels of which 
decrease when autophagy is enhanced. Exposure of VL-17A cells 
to 50 mM ethanol, bafilomycin A

1
, or both elevated SQSTM1 

levels by 37% over unexposed controls. This increase was simi-
lar to that after bafilomycin A

1
 treatment alone or to combined 

treatment with ethanol and bafilomycin A
1
, to suggest that etha-

nol treatment blocked the degradation of SQSTM1 (Fig. 3B). 
To verify this, we measured both LC3-II and SQSTM1 levels 
after 50 mM ethanol exposure and compared them to that after 
treatment with nocodazole (NOC), a microtubule inhibitor, and 
to rapamycin (Rap), a MTORC1 inhibitor that activates auto-
phagy. Both ethanol and NOC treatments enhanced LC3-II and 
SQSTM1 contents over controls while Rap exposure decreased 
both proteins, indicating that it accelerated autophagic flux 
and enhanced lysosomal proteolysis. The ethanol-induced rise 
in LC3-II and SQSTM1 proteins, exhibited greater similar-
ity to those of nocodazole treatment than that after rapamycin 

These data indicated that, at higher levels of ethanol, additional 
factors contributed to the rise in LC3-II, probably by its stabiliza-
tion from proteolysis by the 20S proteasome, as previously pub-
lished.9 The chymotrypsin-like activity of the 20S proteasome 
in lysates of VL-17A cells was unaffected by prior exposure of 
cells to 5 and 10 mM ethanol, but exposure to 25 and 50 mM 
ethanol, decreased proteasome activity 20% and 46%, relative 
to controls, respectively (Fig. 1B). These results were consistent 
with our recent findings that LC3-II (AVs) and proteasome are 
differentially sensitive to ethanol exposure and respond in a recip-
rocal manner.8 They provided further evidence that proteasome 
inhibition at higher ethanol concentrations (Fig. 1B), stabilized 
LC3-II, thereby augmenting its intracellular content.

The LC3-II level in VL-17A cells was quantitatively associated 
with AV content, as judged by immunocytochemistry in VL-17A 
cells (Fig. 1C). Untreated cells exhibited 3 ± 1 green puncta 
(dots) per cell, which increased 2.6-fold after we treated them 
with 50 mM ethanol. This treatment also increased the AV size 
and its proportion to total cell area by 2.3 and 3-fold respectively, 
over controls (Fig. 1D). We included 4-methylpyrazole (4MP) to 
block ethanol oxidation, after which cells had AV puncta num-
bers and size equal to those in control cells, indicating that inhi-
bition of ethanol oxidation prevented the rise in AVs. After cells 
were nutrient-starved in Earle’s Balanced Salt Solution (EBSS) 
they contained seven times more AV puncta than controls, dem-
onstrating starvation-enhanced autophagosome content.

We assessed the effects of ethanol exposure and nutrient-
deprivation on de novo AV biogenesis by measuring LC3 mRNA 
in VL-17A cells. After exposure of VL-17A cells to each condi-
tion for 12 h, they exhibited 3-fold higher levels of LC3 mRNA 
[MAP1LC3B] than untreated control cells. After 24 h, LC3B 
mRNA in ethanol-treated cells was 2-fold higher than con-
trols while, in starved cells, it returned to basal levels (Fig. 2A). 
These findings indicated that after 12 h of ethanol exposure or 
starvation, both conditions equally enhanced LC3B mRNA for 
eventual pro-LC3 (autophagosome) formation. Ethanol treat-
ment also relieved autophagic suppression by MTORC1, as 
it decreased phosphorylation of the MTORC anabolic target, 
RPS6K/p70S6K (Fig. 2B). However the same treatment did not 
affect the levels of BECN1, a key initiator protein of AV bio-
genesis, nor did it change the levels of phosphorylated AMPK, 
which regulates MTORC1 activity (data not shown). The data 
indicated that the apparent decrease in MTOR activity involved 
no change in AMPK activity but was itself related to ethanol oxi-
dation as demonstrated previously.7

AV flux. To further assess the nature of the ethanol-induced 
rise in AVs, we measured LC3-II flux in VL-17A cells treated 
with or without 50 mM ethanol in the presence or absence of 
bafilomycin A

1
. Bafilomycin A

1
 inhibits the lysosome proton 

pump to prevent lysosome acidification, thereby blocking deg-
radation of AV cargo, including LC3-II. Ethanol or bafilomycin 
alone each enhanced the level of LC3-II over untreated cells by 
41 and 53%, respectively. The LC3-II content in cells exposed to 
both ethanol and bafilomycin A

1
, rose above those treated with 

either agent alone (Fig. 3A), indicating that ethanol enhanced 
LC3 synthesis, and decreased its degradation.10 The latter effect 

Figure 2. Ethanol exposure enhanced LC3B mRNA and inhibited 
MTORC1. (A) LC3B mRNA levels in VL-17A cells after 12 and 24 h exposure 
to ethanol or nutrient deprivation. (B) Ethanol effect on RPS6K in VL-17A 
cells. Mean densitometric ratios of pRPS6K/RPS6K in cells treated 24 h 
with zero or 50 mM ethanol. Data are mean values (± SEM) from quadru-
plicate samples. Letters that are different from each other indicate that 
the data are significantly different from each other. Data with the same 
letter are not significantly different.
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Figure 3. For figure legend, see page 67.
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p < 0.05) in cells that expressed these enzymes (Fig. 5A). Ethanol 
exposure increased LC3-II levels in ADH-expressing VL-17A and 
VA-13 cells, while Hep G2 and E-47 cells showed no such induc-
tion (Fig. 5B). Ethanol-exposed VL-17A cells had 48% higher 
LC3-II content than identically treated ADH-expressing VA-13 
cells (Fig. 5B). The latter finding coincided with higher levels of 
lipid peroxides (MDA equivalents) in ethanol-exposed VL-17A 
cells, indicating elevated oxidant stress, compared with the other 
ethanol-treated cell lines (Fig. 5C). Acetaldehyde was detectable 
only in the media from ADH-expressing cell lines (Fig. 5D). 
Here, the acetaldehyde levels were ~100 μM, but we observed 
wide interexperimental variation, ranging from 81 to 400 μM, 

treatment to suggest that ethanol exposure decreased AV degrada-
tion by the same magnitude as that of the microtubule inhibitor  
(Fig. 3C and D).

To further confirm that ethanol exposure, like nocodazole, 
affected AVs and lysosome trafficking, we examined AVs and 
their colocalization (fusion) with lysosomes after transducing 
VL-17A cells with an adenovirus bearing GFP-LC3 expression 
vector, exposing the cells to zero or 50 mM ethanol and stain-
ing them with LysoTracker red to measure AV-lysosome colo-
calization. These analyses revealed that, while ethanol exposure 
increased AVs by 2.2-fold, it simultaneously decreased lysosome 
numbers by 1.7-fold (Fig. 3E). Moreover, ethanol exposure 
decreased AV-lysosome colocalization 2-fold (Fig. 3E) com-
pared with controls, indicating that ethanol treatment likely 
affected AV-lysosome fusion. Decreased lysosome numbers and 
AV-lysosome fusion were further confirmed after immunostain-
ing and colocalizing LAMP1 with AVs in VL-17A cells. Ethanol 
exposure elevated AV numbers 2.6-fold and, decreased LAMP1 
(lysosome numbers) as well as AV-LAMP1 colocalization  
2.2- and 2-fold, respectively, over untreated control cells  
(Fig. 3F). Ethanol treatment also reduced lysosome (LAMP1) 
size 1.4-fold and its proportion to total cell area by 2.5-fold 
respectively, over untreated cells (Fig. 3G). Twenty-four hours 
of ethanol exposure also caused a dose-dependent decrease in the 
specific activities of lysosomal CTSB and CTSL (cathepsins B 
and L) in VL-17A cells. Exposure to 10 or 25 mM ethanol either 
slightly increased or had no effect on either cathepsin activity, 
respectively. Compared with unexposed control cells, exposure to 
50 mM ethanol decreased the activities of both proteases (Fig. 4), 
to suggest that such inhibition would also affect the catabolism of 
AV cargo.11 Collectively, these data strongly suggest that, in addi-
tion to decreasing proteasome activity, 50 mM ethanol exposure 
decreases AV degradation by inhibiting the fusion of AVs with 
lysosomes and disrupting the activities of lysosomal proteases.

LC3-II content in four Hep G2 cell lines. We sought to 
identify the ethanol metabolite(s) that cause(s) the increase in 
AVs. To this end, parental, nonmetabolizing Hep G2 cells and 
their stable recombinant Hep G2 cell lines, VL-17A (ADH+/
CYP2E1+), VA-13 (ADH+/ CYP2E1null) and E-47 (ADHnull/
CYP2E1+) cells were exposed to zero or 50 mM ethanol for  
24 h. The ADH and CYP2E1 phenotypes of the four cell lines 
were confirmed by western blot analyses, which also revealed 
that ethanol exposure enhanced the contents of CYP2E1 
(2-fold vs controls; p < 0.05) and of ADH (1.4-fold vs controls;  

Figure 3 (See opposite page). Ethanol exposure influenced LC3-II and SQSTM1 flux, mimicked the effects of nocodazole, and decreased AV-lysosome 
colocalization. (A) Flux measurements of LC3-II in VL-17A cells treated with or without 50 mM ethanol in the presence or absence of bafilomycin A1 
(added during the last 4 h) and quantified as described in Methods. (B) Quantification of SQSTM1 under the same conditions as described in (A).  
(C) LC3-II levels in VL-17A cells after 24 h exposure to 50 mM ethanol, 10 μM nocodazole or 100 nM rapamycin. (D) SQSTM1 levels in VL-17A cells after  
24 h exposure to 50 mM ethanol, 10 μM nocodazole or 100 nM rapamycin. Data are mean values (± SEM) from quadruplicate flasks per treatment.  
(E) AVs, lysosomes and AV-lysosome colocalization in VL-17A cells. Cells were transduced with adenovirus encoding GFP-LC3 and exposed to zero or  
50 mM ethanol for 24 h. Images were captured by confocal microscopy. Green puncta are AVs and red dots are lysosomes. Nuclei stained with Hoechst 
are shown in blue. (F) Cells exposed to zero or 50 mM ethanol for 24 h and immunostained for AVs and LAMP1. Green puncta are AVs and red dots are 
LAMP1. Nuclei stained with DAPI are shown in blue. (G) Lysosome (LAMP1) number, size and its proportion to total cell area (Fractional volume) in cells 
from (F). Numerical data given above each image are mean AV, or lysosome, (represented as LysoTracker Red or LAMP1) puncta numbers or co-local-
ized AVs with lysosomes (merged images) per nucleus obtained from 600 to 800 cell images per treatment group. Letter superscripts that are different 
from each other indicate that the data are significantly different from each other between the treatment groups. Data with the same letter superscript 
are not significantly different.

Figure 4. Ethanol dose-dependently affected cathepsin activity.  
(A) CTSB-specific activity, and (B) CTSL-specific activity in VL-17A cells  
after 24 h treatment with the indicated ethanol concentrations. Data 
are mean values (± SEM) from quadruplicate flasks per treatment. 
Letters that are different from each other indicate that the data are 
significantly different from each other. Data with the same letter are not 
significantly different.
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reactive species or neutralize their effects. All agents were added 
either alone or with 50 mM ethanol to the culture medium. 
Figure 6A shows only the results of VL-17A cells treated with 
50 mM ethanol plus the compound of interest (see figure leg-
end). When we treated VL-17A cells with 4MP to block ethanol 
oxidation, or with glutathione ethyl-ester (GSH-EE) to scav-
enge reactive species, each compound completely prevented the 

which we attribute, in part, to variations in the rate of acetalde-
hyde clearance by the cells. However, we observed no detectable 
acetaldehyde generation by nonexpressing HepG2 cells and only 
trace quantities of acetaldehyde generated by E-47 cells.

Acetaldehyde and AV induction. To confirm the identity of 
the ethanol metabolite responsible for AV induction we exposed 
VL-17A cells to compounds that either block the generation of 

Figure 5. Ethanol exposure differentially affected LC3-II levels, MDA and acetaldehyde generation in four Hep G2 cell lines that differentially express 
ethanol metabolizing enzymes. (A) Representative western blot showing ADH and CYP2E1 protein phenotypes in the four cell lines indicated. (B) Rep-
resentative western blot and mean densitometric ratios of LC3-II to ACTB in the four Hep G2 cell lines after 24 h exposure to zero or 50 mM ethanol. 
(C) Malondialdehyde levels in the four cell lines after exposure to zero or 50 mM ethanol. (D) Mean acetaldehyde levels in media from the Hep G2 cells 
lines after 24 h exposure to 50 mM ethanol. Data are mean values (± SEM) from 4 to16 culture flasks of each treatment group. Letters that are different 
from each other indicate that the data are significantly different from each other. Data with the same letter are not significantly different.
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over the 24-h period. Inclusion of 10 mM acetate, the oxidation 
product of acetaldehyde had no effect on LC3-II content (data 
not shown), indicating that acetaldehyde formation, but not its 
oxidation is essential for LC3-II elevation in ethanol-metaboliz-
ing Hep G2 cells. When we exposed ethanol nonmetabolizing 
HepG2 cells directly to 300 μM acetaldehyde for 1 h, it elevated 
LC3-II content 1.9-fold over that in untreated controls (Fig. 6C).

Discussion

When VL17A cells, which stably express ADH and CYP2E1, 
were exposed to increasing ethanol concentrations, there was a 
dose-dependent rise in LC3-II content. At lower (5 to 10 mM) 
concentrations, ethanol was principally oxidized by ADH to 
acetaldehyde, which was undetectable because it was rapidly 
oxidized to acetate or it covalently bound to cellular proteins.12 
Exposure of cells to 25 and 50 mM ethanol accelerated ethanol 
oxidation, causing a rise in acetaldehyde production. While expo-
sure to all ethanol concentrations tested here enhanced cellular 

ethanol-induced rise in LC3-II. Chlormethiazole (CMZ), a spe-
cific CYP2E1 inhibitor and trolox, a soluble vitamin E derivative 
that suppresses lipid peroxidation, each partially blocked induc-
tion of LC3-II by 33% and 18%, respectively. Together, these 
results further supported the notion that the product of ADH 
oxidation is the primary inducer of AV content in liver cells. The 
product(s) of CYP2E1 catalysis participated in this induction but 
did not initiate it.

Because, acetaldehyde was implicated as the primary ethanol 
metabolite that initiated AV accumulation (Fig. 5B), we exposed 
VL-17A and VA-13 cells directly to 100 μM acetaldehyde or to 
50 mM ethanol for 24 h and detected significantly higher LC3-II 
levels in acetaldehyde-treated VL-17A cells compared with 
untreated controls. However, the LC3-II level was lower than 
that in 50 mM ethanol-exposed cells (Fig. 6B). The attenuated 
response to direct acetaldehyde treatment reflected its rapid clear-
ance by the cells, as it was undetectable 3 h after its addition (data 
not shown). In contrast, 50 mM ethanol steadily generated acet-
aldehyde levels as high as 300 μM or more in these experiments 

Figure 6. Ethanol and acetaldehyde exposures enhanced LC3-II levels in ethanol-metabolizing and nonmetabolizing Hep G2 cells. (A) LC3-II content 
after 24 h treatment with 50 mM ethanol with or without 5 mM 4-methylpyrazole (4MP), 5mM glutathione ethyl ester (GSH-EE), 100 μM chlormethia-
zole (CMZ) or 20 μM trolox. (B) LC3II content after 24 h exposure of VL-17A cells or VA-13 cells to 50 mM ethanol or to 100 μM acetaldehyde. (C) LC3-II 
levels in Hep G2 cells after treatment for 1 h with 300 μM acetaldehyde. Data are mean densitometric ratios of LC3-II to ACTB from quadruplicate 
culture flasks. Letters that are different from each other indicate that the data are significantly different from each other. Data with the same letter are 
not significantly different.
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data showing that the blockade of ethanol oxidation by 4MP 
completely prevented the rise in LC3-II as did, GSH-EE. The 
latter compound likely obstructed the ethanol-elicited increase in 
LC3-II by binding to and neutralizing metabolically-generated 
acetaldehyde, thereby blocking its ability to enhance LC3 synthe-
sis or disrupt autophagic flux. Ding et al. similarly demonstrated 
that treatment of hepatocytes with N-acetylcysteine (NAC), a 
glutathione precursor, blocks ethanol-elicited AV induction, 
to suggest that NAC acts by a mechanism similar to that of 
GSH-EE.7

Following ethanol treatment, LC3-II content in VL-17A 
cells was 48% higher than in VA-13 cells, indicating that com-
bined catalysis by ADH and CYP2E1 in VL-17A cells increased 
LC3-II levels over those induced by ADH alone in VA-13 cells. 
Further, we showed that CMZ or trolox treatment of ethanol-
exposed VL-17A cells only partially blocked alcohol-induced 
LC3-II content, to suggest that CYP2E1-generated metabolites 
augment LC3-II levels during ethanol exposure, but only after 
initiation of such induction by acetaldehyde. Acetaldehyde’s abil-
ity to form adducts with proteins15 has been implicated in both 
the negative and positive regulation of the transcription factors 
PPARA and SREBPF1, respectively.16,17 There is also recent evi-
dence that another transcription factor, TFEB, regulates auto-
phagy and lysosome biogenesis through its interaction with the 
CLEAR (Coordinated Lysosomal Expression and Regulation) 
gene network.18 Therefore, it is plausible that acetaldehyde bind-
ing to autophagy-related proteins or to TFEB alters their activi-
ties by activating autophagy-related genes, especially during the 
early stages of ethanol exposure when LC3B mRNA was higher 
than at later times (Fig. 2A).

Acetaldehyde generation by ethanol-treated VL-17A and 
VA-13 cells was associated with higher LC3-II levels, which, in 
part, reflects faulty AV trafficking to lysosomes. Acetaldehyde 
binds to a highly reactive lysine residue on the α tubulin sub-
unit, thereby slowing its association with the tubulin β subunit 
and their subsequent polymerization into microtubules.19 The lat-
ter comprise the principal cellular transit system by which AVs 
fuse with lysosomes for subsequent AV degradation. Our find-
ings suggest that acetaldehyde generation via ADH initiated this 
process and its action was augmented by reactive species derived 
from enhanced CYP2E1 catalysis. Such reactive products include 
malondialdehyde (MDA), a product of lipid peroxidation and 
which was clearly elevated by ethanol oxidation in VA-13 cells 
and further increased in VL-17A cells (Fig. 5C). MDA reacts with 
acetaldehyde to form distinct species called malondialdehyde-
acetaldehyde, also known as MAA.20,21 The latter compound rap-
idly reacts with proteins to form covalent adducts on proteins that 
are more bulky than those with acetaldehyde alone. MAA adducts 
are also immunochemically detectable in livers of ethanol-fed 
animals20 and antibodies against such adducts are detectable in 
patients with alcoholic liver disease.21 Our observations here were 
consistent with a scenario in which MDA could augment acetal-
dehyde-induced formation of AVs by reacting with acetaldehyde 
to form MAA, which, in turn, may similarly react with tubulin 
to prevent AV trafficking to lysosomes, resulting in enhanced AV 
content. This hypothesis, however, must be rigorously tested.

LC3-II content over controls, only exposure to higher (25 and 
50 mM) ethanol concentrations inhibited proteasome activity, 
which, in turn, augmented LC3-II content. The ethanol-induced 
rise in AVs was caused initially by an increase in AV biogenesis, 
as judged by higher levels of LC3B mRNA, which likely resulted 
via a release from MTOR suppression, as judged by decreased 
phosphorylation of the MTOR target, RPS6K, thereby induc-
ing alterations in AV flux. The latter measurement also implied 
decreased LC3-II and SQSTM1 degradation, which was verified 
when we quantified LC3-II and SQSTM1 levels after exposing 
VL-17A cells to ethanol, nocodazole or rapamycin. Ethanol or 
nocodazole treatment enhanced the levels of both LC3-II and 
SQSTM1 proteins, to suggest that treatment with each agent 
had the same effect on the degradative phase of autophagy. In 
contrast, rapamycin, an autophagy inducer, enhanced the disap-
pearance of LC3-II and SQSTM1 indicating that it accelerated 
autophagic flux, as expected. Our microscopy analyses confirmed 
that ethanol exposure increased AV number and size while it 
decreased these parameters in lysosomes. Increased AV size likely 
reflects ballooning of these organelles, due to decreased degrada-
tion of their cargo. Conversely, the reduction in lysosome num-
ber and size indicates that ethanol exposure decreased lysosome 
biogenesis, which is consistent with our earlier studies in rats.6 
The ethanol-elicited reduction in lysosome size is consistent with 
lower CTSB and CTSL activities (Fig. 4) and leads us to suggest 
that ethanol oxidation caused not only decreased lysosome pro-
duction but also generated faulty lysosomes.

Our confocal microscopy studies revealed that ethanol expo-
sure decreased AV-lysosome colocalization (fusion). These results 
strongly implied that ethanol metabolism impaired AV traffick-
ing to lysosomes. The latter finding supported the notion that 
ethanol metabolism likely affected the microtubule network and 
had effects similar to nocodazole to decrease AV degradation. 
Further evidence for decreased AV degradation was again indi-
cated by decreased CTSB- and CTSL-specific activities in etha-
nol-treated cells. SQSTM1 protein is degraded by the proteasome 
and is also elevated by higher levels of its mRNA in response to 
oxidative stress through the NFE2L2/NRF2 transcription fac-
tor.13 Even though ethanol oxidation induces oxidant stress and 
downregulates proteasome activity, we associate a significant part 
of the rise in SQSTM1 content to its decreased degradation due 
to defects in the distal phases of autophagy. However, we rec-
ognize that SQSTM1, like LC3-II, is a proteasome substrate14 
and we could not exclude this possibility under our experimental 
conditions.

The involvement of acetaldehyde in ethanol-elicited AV induc-
tion was clearly illustrated by the differential effects of ethanol 
exposure in native and recombinant HepG2 cell lines. Ethanol 
exposure increased LC3-II content only in VA-13 and VL-17A 
cells. Each cell line produces acetaldehyde from ADH catalysis. 
Acetaldehyde production from ethanol oxidation proved to be 
essential for AV induction in cells. This was strengthened by 
the finding that direct exposure of cells to acetaldehyde induced 
LC3-II not only in ADH-expressing cells but also in nonex-
pressing Hep G2 cells, which do not oxidize ethanol to acetal-
dehyde (Fig. 6B and C). Further supporting this notion were 
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that after acute ethanol consumption (binge drinking) there is 
enhanced AV biogenesis, while long-term continuous (chronic) 
drinking causes a downstream blockade of AV degradation due 
to decreased proteasome activity, reduced lysosome biogenesis, 
compromised lysosomal hydrolytic function and faulty AV traf-
ficking. From the data presented here, Figure 7 depicts our cur-
rent view of how short- and long-term ethanol oxidation affects 
autophagy in liver cells.

Our findings also provide a unique perspective in understand-
ing how metabolism of toxic substances such as ethanol sub-
stantially alters the intracellular catabolism of macromolecular 
species. Accumulation of undegraded molecules is the pathologi-
cal basis for the hereditary lysosomal storage diseases, as well as 
normal aging.28,29 Here, an acquired defect caused by ethanol 
oxidation, contributes to macromolecular accumulation, thereby 
increasing the likelihood for intracellular aggregate formation 
that likely hastens cell injury and death after years of heavy 
drinking.

Materials and Methods

Reagents. Antibodies directed against LC3 and to the phos-
phorylated and unphosphorylated forms of RPS6K/p70S6 kinase 
were from Cell Signaling Technology, Inc. (9205 and 9202, 
respectively). Anti-SQSTM1 was purchased from Medical and 
Biological Laboratories LTD (PM045). Anti-CYP2E1 (C9095-
15M) and anti-ACTB (A-5316) were from Calbiochem and 
Sigma Chemical Co., respectively. Anti-LAMP1 (ab25630) was 
from Abcam. Alexa Fluor 568 (A-11031) and 488 (A11070) was 
from Invitrogen. Anti-ADH was a gift from Dr. Michael Felder, 
(University of South Carolina). Protease inhibitor cocktail 

Of equal importance are 
reports of ethanol-induced hyper-
acetylation (addition of acetyl 
groups to susceptible lysine resi-
dues) of tubulin as well as other 
cellular proteins. Such chemical 
modifications seem to explain 
ethanol-induced alterations in 
protein trafficking.22-24 There 
appears to be a close association 
between autophagy and protein 

acetylation, although the results from different experimental 
systems are mixed.25-27 Our preliminary analyses of autophagy 
using one de-acetylation inhibitor, indicate that this compound 
enhances LC3 content to a degree that is similar to that caused by 
ethanol exposure (unpublished data). Thus protein acetylation is 
an alternative post-translational mechanism that may have a role 
in ethanol-induced disruption of autophagy.

In summary, ADH-catalyzed ethanol oxidation generated 
acetaldehyde, which enhanced AV content in ethanol-metaboliz-
ing VL-17A and VA-13 cells. Such induction occurred at multiple 
levels: There was enhancement of AV (LC3-II) formation brought 
about by MTOR suppression due to ethanol oxidation, confirm-
ing previous findings.7 There was increased LC3B mRNA, to 
suggest enhanced LC3B gene expression. Ethanol-induced inhi-
bition of proteasome activity further contributed to LC3-II eleva-
tion by stabilizing the protein from degradation. Finally, there 
was disruption of autophagic flux due, in part to downstream 
defects in the degradative phase of autophagy. Our current stud-
ies are focused on the temporal sequence of these events, as we 
have made similar observations in animal studies.8 We postulate 

Figure 7. Multilevel regula-
tion of autophagosome con-
tent by ethanol oxidation 
liver cells. During acute (or 
early) ethanol administra-
tion, metabolically-derived 
acetaldehyde (Ach) enhances 
AV formation in liver cells 
by increasing the level of 
LC3B mRNA (presumably by 
enhanced transcription). LC3B 
mRNA is then translated into 
pro-LC3, which matures to 
LC3-I. The latter is lipidated 
with phosphatidylethanol-
amine (PE) to form LC3-II, 
which attaches to the AV 
membrane. The AV is traf-
ficked by microtubules to the 
lysosome for degradation. 
During habitual (chronic) 
ethanol exposure, CYP2E1 is 
induced, generating MDA and 
other lipid peroxides (LPs), 
which inhibit proteasome  
activity and stabilize LC3-II 
from degradation. Acetalde-
hyde (Ach) generated by etha-
nol oxidation forms adducts 
with proteins, including the α 
tubulin subunit.19 We hypoth-
esize that formation of Ach-
a-tubulin adducts or tubulin 
acetylation block or stabilize 
the polymerization of micro-
tubules (see “???” in lower half 
of figure). Either change will 
prevent the fusion of AVs with 
lysosomes, thereby causing 
ethanol-induced proteopathy 
and steatosis in liver cells.
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Immunochemical protein quantification. After subjecting 
cell lysates to SDS-PAGE and transferring proteins onto nitrocel-
lulose membranes, we quantified specific proteins by incubating 
with primary antibodies. Membranes were then incubated with 
either HRP-conjugated or fluorescent-tagged secondary antibod-
ies and blots were developed using enhanced chemiluminescence 
(ECL) (Thermo Scientific, 34080) or by the Odyssey® infrared 
imaging system (Li-Cor, Inc.). Each immunoreactive protein 
band was quantified by densitometry using either Quantity 
One software from Bio-Rad or the Li-Cor software (LI-COR 
Biosciences). Each protein of interest was corrected for its pro-
tein load by calculating the densitometric ratio of each protein of 
interest to that of β-actin (ACTB).

AV flux. We quantified LC3-II as the marker for AVs by expos-
ing cells to zero or 50 mM ethanol for 24 h. Four h before cell 
harvest, we added bafilomycin A

1
, a lysosome inhibitor, to half 

the culture flasks (final concentration: 100 nM; Sigma-Aldrich, 
B1793). The other half of the culture flasks received no bafilo-
mycin A

1
. Following cell harvest, we quantified LC3-II and the 

protein, SQSTM1 in cell lysates by immunoblot analysis.
Lipid peroxides. These were quantified in cell lysates as thio-

barbituric acid reactive material and quantified spectrophoto-
metrically as malondialdehyde (MDA) equivalents, using a MDA 
standard.35

Proteasome and lysosomal cathepsin assays. The chymotryp-
sin-like activity of the 20S proteasome was assayed as described 
previously.36 Activities of CTSB and CTSL were assayed fluoro-
metrically as published.37

Statistical analysis. All data are presented as mean values ± 
SEM. We determined statistical significance between two groups 
by Student’s t-test and among multiple groups by one way analy-
sis of variance, with a Newman-Keuls post-hoc analysis. A prob-
ability value p ≤ 0.05 is statistically significant.
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(P2714), 4-methylpyrazole (4MP) (M-1387), glutathione ethyl-
ester (GSH-EE; G-1404), chlormethiazole (CMZ; C-1240), tro-
lox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; 
238813) and other specialized reagents were purchased from 
Sigma-Aldrich.

Cell lines. Parental Hep G2 (ADHnull/CYP2E1null) hepato-
blastoma cells were purchased from the American Type Culture 
Collection (HB-8065). Dr. Arthur Cederbaum (Mt. Sinai 
Medical Center) provided us with E-47 cells that are stably-trans-
fected Hep G2 cells that constitutively express human CYP2E1.30 
VA-13 and VL-17A cells are both recombinant Hep G2 cells that 
stably express either ADH alone (VA-13) or both CYP2E1 and 
ADH (VL-17A). Both the latter two cell lines were established at 
this VA Medical Center and previously characterized.31,32

Cell treatments. We cultured Hep G2 cells and their recom-
binant cell lines in high glucose Dulbecco’s modified Eagle’s 
medium (DMEM, 12800-017) supplemented with 10% FBS, 
100 units penicillin/ml and 100 μg streptomycin/ml (Life 
Technologies, 15140-122). E-47cells were grown in the presence 
of the selective antibiotic, G418 sulfate (400 μg/ml; Gemini Bio-
Products, 400-113). VA-13 cells were grown in the presence of 
zeocin (400 μg/ml; Life Technologies, R25001). VL-17A cells 
were cultured with both antibiotics at the same concentrations. 
For experiments, we seeded cells into T-12.5 or T-25 flasks at 
densities of 6 × 105 or 1 × 106 cells per flask, respectively. Before 
treatment, we washed the cells and replaced the medium with 
serum-free DMEM with or without ethanol and/or other agents 
as described in the figures and text. At harvest, we removed 
aliquots of culture media and subjected each to head-space gas 
chromatography33 to quantify ethanol and acetaldehyde. After 
washing, we scraped the cells into PBS, pelleted them by cen-
trifugation and resuspended them in PBS containing 1× protease 
inhibitor cocktail. Cells were then sonically disrupted and then 
frozen as lysates at −70°C.

Cell transfections and microscopy. Cells were transduced 
with adenovirus that carried GFP fused to the human LC3B 
gene (courtesy of Dr. Xiao-Min Yin, Indiana University). 
Untransduced and transduced cells were grown on coverslips or 
a chambered cover glass and treated as described in results. After 
treatment, cells were stained for lysosomes and nuclei using lyso-
tracker red and Hoechst respectively in the chambered cover glass. 
For AVs and LAMP1, cells were stained with rabbit anti-LC3 
and mouse anti-LAMP1 respectively, followed by incubation of 
goat anti-rabbit (Alexa Fluor 488) and goat anti-mouse secondary 
antibody (Alexa Fluor 568). We digitally acquired images with 
a Zeiss confocal fluorescent microscope (Carl Zeiss, LSM 510 
Meta Confocal Laser Scanning Microscope) and quantified the 
number of AVs as GFP-LC3 puncta, lysosome and LAMP1 num-
bers in multiple images using NIH Image J analyzer software. 
Particles were quantified with the ‘analyze particles’ function in 
thresholded images with size (pixel2) settings from 0.1 to 10 and 
circularity from 0 to 1.34 Numerical data presented above each 
image are expressed as puncta per nucleus.
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