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Abstract
The majority of ethanol metabolism occurs in the 
liver. Consequently, this organ sustains the greatest 
damage from ethanol abuse. Ethanol consumption 
disturbs the delicate balance of protein homeostasis 
in the liver, causing intracellular protein accumulation 
due to a disruption of hepatic protein catabolism. 
Evidence indicates that ethanol or its metabolism 
impairs trafficking events in the liver, including the 
process of macroautophagy, which is the engulfment 
and degradation of cytoplasmic constituents by the 
lysosomal system. Autophagy is an essential, ongoing 
cellular process that is highly regulated by nutrients, 
endocrine factors and signaling pathways. A great 
number of the genes and gene products that govern the 
autophagic response have been characterized and the 
major metabolic and signaling pathways that activate or 
suppress autophagy have been identified. This review 
describes the process of autophagy, its regulation and 
the possible mechanisms by which ethanol disrupts the 
process of autophagic degradation. The implications of 
autophagic suppression are discussed in relation to the 
pathogenesis of alcohol-induced liver injury.
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INTRODUCTION
Lysosomes are the primary hydrolytic organelles of  
higher eukaryotic cells and have been appropriately 
named the cell’s “digestive system”. A large number 
of  acid hydrolases inhabits these organelles. Together, 
these enzymes catalyze the breakdown of  all forms 
of  biopolymers, ranging from intracellular and 
extracellular proteins to storage carbohydrates (e.g. 
glycogen) to nucleic acids. Macromolecular catabolism 
takes place inside the lysosomal lumen at hydrogen ion 
concentrations that are 500-fold higher (pH about 4.7) 
than that in the cytoplasm (pH about 7.4)[1]. Maintenance 
of  such an acidic lysosomal interior occurs through 
the continuous action of  ATP-dependent proton 
transporters that reside on its membrane. Lysosomes 
exhibit morphological and functional plasticity; they 
undergo continuous change as they mature from larger 
primary vesicles that segregate and carry hydrolase 
precursors, to mature hydrolytic organelles that execute 
intracellular digestion. As the catabolic organelles for 
protein degradation, lysosomes differ from proteasomes 
in their size, their complexity, their intracellular locations 
and in the types of  substrates they degrade. While 
proteasomes have essentially supplanted lysosomes as 
the primary system that degrades intracellular proteins 
in higher eukaryotes, the crucial task of  breaking down 
protein substrates that are more difficult to digest, as well 
as hydrolyzing all other forms of  polymeric substrates, 
is left to lysosomes. Certainly, compelling evidence 
of  their importance is the existence of  a number of  
human abnormalities known as lysosomal storage 
diseases, in which afflicted individuals possess genetically 
defective lysosomal hydrolases. Clinically, this group of  
diseases exhibits a spectrum of  impaired function, from 
neurodegeneracy to premature death[2]. Furthermore, 
deficiencies in the pathways that participate in lysosome 
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biogenesis or that have a crucial function in supplying 
lysosomes with their substrates, can be lethal to the 
organism[3]. Studies in the mammalian liver have 
provided a great deal of  our current understanding of  
the lysosomal pathway, as this organ is highly responsive 
to changes in nutrient supply[4,5]. The liver is also the 
predominant organ that metabolizes ethanol and liver 
injury is the principal clinical complication of  alcohol 
abuse[6]. This review will focus on the process of  
autophagy, its role in normal hepatic function and its 
alteration due to ethanol consumption. A portion of  
this review will consider how ethanol disrupts protein 
catabolism, which is believed to have a significant role 
in liver injury. The reader will note the citation of  other 
excellent reviews that have been published on the 
process of  autophagy and/or lysosomal proteolysis[3,7-9] 
The physiological and biomedical importance of  
autophagy is further underscored by the establishment 
of  the international journal, Autophagy, the first issue of  
which was published in 2005.

FEEDING THE LYSOSOMAL APPARATUS; 
HETEROPHAGY AND AUTOPHAGY
In order for lysosomes to be “fed”, substrates of  high 
molecular weight must gain entry to the interior of  
the organelle through a membrane that is normally 
impermeable to large molecules. Such access is 
accomplished by a number of  mechanisms, each 
involving the active participation of  membranes. During 
heterophagy extracellular materials are imported into 
the cell by either receptor-mediated or fluid phase 
endocytosis or by bulk phagocytosis of  larger particles, 
including whole cells such as bacteria and apoptotic cells. 
All these are accomplished by invagination of  the plasma 
membrane, thereby transporting the membrane-enclosed 
material, via endosomes to their final destinations, which, 
in many (but not all) cases is degradation in lysosomes.  
Heterophagy has a critical function in the normal 
turnover of  senescent plasma proteins and in adaptive 
immunity, the latter involving antigen presentation 
through the action of  endosomal proteases by the MHC 
class Ⅱ pathway[10].

Autophagy is exclusively an intracellular lysosomal 
process, which literally means “self  eating”. It was 
originally described in the 1950s and later systematically 
analyzed by the classical work of  de Duve and Wattiaux 
in rat liver. Autophagy of  intracellular proteins occurs 
by three distinct mechanisms: Macroautophagy is the 
vacuolar engulfment by membranes of  large portions 
of  cytoplasm and collateral organelles, forming a 
double membrane vesicle called an autophagosome 
or autophagic vacuole. The outer membrane of  the 
autophagosome later fuses with existing lysosomes 
to form an autolysosome in which the contents are 
degraded. Microautophagy describes membrane uptake 
by existing lysosomes of  smaller portions of  cellular 
constituents by lysosomal membrane invagination 
followed by rapid hydrolysis of  those molecules. 

Chaperone-mediated autophagy (CMA) is the singular 
uptake and degradation by lysosomes of  specific protein 
substrates bearing a recognizable peptide motif, KFERQ. 
The latter process is mediated by molecular chaperones, 
the most prominent of  which is a cytoplasmic form of  
heat shock protein 70 (HSC 70), which recognizes and 
binds the peptide motif  of  the substrate protein[11,12]. 
The CMA substrate/chaperone complex then moves to 
the lysosome, where a specific receptor, the lysosome-
associated membrane protein type-2A (LAMP-2A) 
recognizes and binds the complex; the substrate protein 
is then unfolded and translocated across the lysosome 
membrane and degraded in the lysosomal lumen. CMA 
is enhanced by oxidative stress, and, in addition to the 
proteasome, thereby serves a quality control function by 
degrading modified proteins. CMA also declines with 
age, largely due to the depletion of  LAMP-2A. Recent 
studies have demonstrated that CMA can be restored 
in livers of  aged mice that are transgenic for LAMP-
2A. These animals, compared with their wild type 
littermates, showed improved cellular quality control and 
hepatic function[13]. While microautophagy and CMA are 
largely ongoing constitutive processes, macroautophagy 
is more highly regulated. In general, when the term 
autophagy is used here, it will be used synonymously 
with macroautophagy.

Autophagy is clearly important for survival of  the 
organism, particularly in times of  nutrient deprivation 
when degradation of  macromolecular constituents 
becomes necessary to recycle essential carbon sources to 
maintain viability. Autophagy was initially characterized 
morphometrically and biochemically in rat liver, one 
of  the most sensitive organs to changes in nutrient 
supply.  An illustration of  this is when rats are fasted 
for 48 h, they exhibit a 40% loss of  liver protein and a 
significant loss of  liver mass, both of  which are rapidly 
restored to normal levels 12 h after food is replenished.  
These respective changes correlate with an induction of  
autophagy by fasting followed by its nutrient-induced 
suppression after refeeding[4,14,15]. A similar suppression 
of  both autophagy as well as lysosome biogenesis was 
reported 24 h after partial hepatectomy in regenerating 
rat liver[16]. Thus, autophagy rapidly responds to 
these changes and is an important component of  cell 
adaptation. In fact, the half-life of  the autophagosome 
is less than 10 min[5], which indicates that the molecular 
machinery required to form autophagic vacuoles is 
constitutive for rapid degradation of  cellular constituents. 
Furthermore, like the proteasome, autophagy has a 
significant role in removing misfolded proteins from 
the hepatocyte. Such is the case in alpha-1-antitrypsin 
(A-1AT) deficiency, in which the cellular accumulation 
of  the mutated unsecretable form of  A-1AT, known 
as ATZ (the isoform most prone to aggregation), is 
directed to autophagic vacuoles for degradation[17]. 
Similarly, other aggregation-prone proteins are reported 
to have the same fate[18,19]. It was recently demonstrated 
that inhibition of  proteasome activity by treatment of  
mice with bortezomib caused Mallory-Denk-(MD)-
like body formation. Activation of  autophagy with 
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rapamycin treatment prevented the formation of  these 
inclusions, indicating that proteasome inhibition causes 
the formation of  M-D like bodies in livers of  susceptible 
mice, while autophagosomes prevent M-D body 
accumulation by resorbing and degrading these insoluble 
inclusions[20]. Thus, autophagy, not only functions in cell 
survival but also provides an additional line of  cellular 
defense, the latter by removing aggregated, potentially 
toxic proteins, presumably resistant to degradation by 
the proteasome.

REGULATION OF AUTOPHAGY
Hormonal and nutrient regulators of  autophagy 
include food deprivation or glucagon treatment and 
both are reliable autophagy inducers. Conversely, 
treatment with growth factors such as insulin or 
amino acids are well-known methods of  autophagic 
suppression. The molecular mechanisms by which 
these agents actually induce or suppress autophagy 
have been investigated more recently and this has 
led to investigations of  the protein components and 
signaling mechanisms that regulate macroautophagy to 
form the autophagosome. To date, over 30 autophagy-
related gene products (Atgs) are now known. There 
are extensive molecular interactions that occur 
between these gene products in the early stages of  
autophagosome formation. The most well known 
mechanism is that of  the class Ⅰ phosphoinositol-3-
kinase (PI-3K) pathway, which initiates an upstream 
signaling cascade to regulate the activity of  the 
mammalian target of  rapamycin (mTOR), a kinase, 
which is a major regulatory anabolic protein, and 
a suppressor of  autophagy. Activation of  mTOR 
leads to inhibition of  Atg1, a key signal in autophagy 
induction. If  Atg1 is not inhibited by mTOR, it is free 
to recruit the autophagy proteins, Atg11, Atg13 and 
Atg17 to form a complex which signals the induction 
of  autophagy. The cellular machinery that initiates 
the formation of  the autophagosome occurs through 
the activation of  Beclin-1 (Atg6), which interacts 
with the class Ⅲ PI 3K pathway and complexes with 
Atg 14. A second complex involves the interaction 
of  Atg12, Atg16, Atg5, and Atg 7 complex, which is 
critical for the recruitment of  Atg8, (also known as 
LC31) to the phagophore, the isolation membrane at 
which the macroautophagic response is initiated and 
the precursor of  the autophagosome. Autophagic 
induction leads to cleavage of  Atg8 (LC3-Ⅰ), which 
is covalently bound to phosphatidylethanolamine (PE) 
to form a distinct form of  the protein, LC3-Ⅱ. The 
latter is associated with and is a commonly used marker 
for autophagosome membranes. Atg8 is believed to 
be involved in autophagosome closure as well as its 
relative size to surround portions of  the cytoplasm for 
degradation[21]. Eventual fusion of  the autophagosome 
and the lysosome requires the participation of  the 
LAMP-2 protein. Figure 1 depicts the major regulatory 
proteins and signaling factors in the autophagic 
response.

ETHANOL CONSUMPTION AND THE 
HEPATIC AUTOPHAGIC/LYSOSOMAL 
SYSTEM
The majority of  ethanol is metabolized in the liver and 
individuals who abuse alcohol by routinely drinking 
50-60 g (about 4 to 5 drinks) of  ethanol per day are 
at risk for developing alcoholic liver disease[6]. The 
pathogenesis of  liver disease from alcohol abuse comes 
from the interaction of  several factors, including the 
generation of  oxidants and reactive metabolites from 
ethanol oxidation, which, in turn, causes other metabolic 
derangements. In addition, both acute and chronic 
ethanol administration cause enhanced formation of  
cytokines, especially TNF-alpha by hepatic Kupffer cells, 
which have a significant role in liver injury. This latter 
aspect is reviewed  and described elsewhere[22-24]. Besides 
the development of  fatty liver (steatosis), another 
early sign of  excessive ethanol consumption is liver 
enlargement and protein accumulation, both of  which 
are common findings in alcoholics and heavy drinkers. 
Baraona et al[25,26] originally described this in alcohol-fed 
rats. Later investigations sought to determine the origin 
of  ethanol-elicited protein accumulation. They showed 
that chronic ethanol consumption slowed down the 
catabolism of  long-lived proteins in rat liver[27] and also 
depressed hepatic protein synthesis[28]. Other studies 
confirmed that rats subjected to chronic ethanol feeding 
exhibited lower hepatic proteolysis than control rats. 
This was associated with reduced volume densities of  
autophagosomes and autolysosomes, as determined 
morphometrically[29]. Our later studies, using isolated 
lysosomes from chronically ethanol-fed rats also revealed 
a reduced capacity of  these organelles for proteolysis 
of  endogenous as well as exogenous (i.e. akin to CMA) 
substrates in vitro. Furthermore, there was an enhanced 
tendency of  lysosomes from ethanol-fed rats to leak 
their contents, but the intact organelles still exhibited 
lower levels of  cathepsins, B and L compared with 
those from pair-fed control rats. A later report showed 
that lysosomes from ethanol-fed rats exhibited altered 
sedimentation properties on density gradients. Pulse-
chase analyses, using isolated hepatocytes demonstrated 
that the reduced lysosomal content of  cathepsin L was 
the result of  delayed trafficking of  its nascent  precursor 
and impaired processing to its mature catalytic form in 
cells from ethanol-fed rats[16,30,31]. Both flow cytometric 
and microscopy studies showed that vesicular movement 
and acidification of  lysosomes in hepatocytes are both 
impeded after ethanol exposure[32,33].

MECHANISMS OF ETHANOL-ELICITED 
SUPPRESSION OF AUTOPHAGY
T h e  e x a c t  m e ch a n i s m s  r e s p o n s i b l e  f o r  t h e 
aforementioned ethanol-induced changes in hepatic 
autophagy and lysosomal proteolysis are not clear but 
some cogent explanations have been advanced. One 
is that oxidants (e.g. peroxynitrite) and reactive species 
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(e.g. acetaldehyde and malondialdehyde-acetaldehyde)[34] 
derived from ethanol metabolism may impair autophagy, 
similar to that which occurs with the proteasome[35-37]. 
Some of  the current evidence for this is circumstantial, 
but nevertheless compelling as there is evidence of  
lysosomal damage, as judged by enhanced lysosomal 
fragility, which could result from either altered lipid 
metabolism, oxidative stress or both[15]. By analogy, 
other instances of  lysosome fragility by iron-induced 
oxidative stress are documented[38,39]. However, ethanol 
administration has little to no effect on the activities 
of  lysosomal hydrolases[31] and, because a significant 
number of  cathepsins rely on a reduced sulfhydryl 
group for their catalytic activity in their active centers, 
the alteration of  lysosomal glutathione or cysteine 
content by ethanol seems unlikely. It is worth noting that 
lysosomes and proteasomes seem to exhibit differential 
sensitivity to ethanol levels in the serum. Animal 
experiments have revealed that proteasome activity 
declines in animals that have higher (i.e. > 40 mmol/L) 
serum ethanol concentrations[40]. The lysosomal system, 
on the other hand, appears to be impaired by lower 
serum ethanol levels, as recently reported in livers of  

female ethanol-fed rats[41].
Ethanol-induced suppression of  autophagy may 

result from alterations in hepatic amino acid pool sizes, 
especially those of  leucine, phenylalanine, methionine, 
histidine, tryptophan, glutamine, proline, and tyrosine, 
which have been deemed regulatory amino acids and 
suppressors of  macroautophagy[5]. L-leucine appears 
to be one of  the strongest autophagic suppressors in 
this group. It is noteworthy that reports indicate that 
chronic ethanol administration in rats increases the 
intrahepatic levels of  leucine by 1.4 to 1.8-fold over pair-
fed controls[27,42]. Thus, the association of  an ethanol-
induced reduction in autophagy with higher levels of  
intrahepatic leucine may partially explain autophagic 
suppression in the ethanol-fed state. However, it remains 
to be conclusively demonstrated whether this association 
represents a causal relationship. It is also paradoxical that 
ethanol feeding results in higher levels of  leucine during 
a slowdown in protein catabolism when one would 
expect the opposite situation. Still, leucine accumulation 
could reflect a reduced ability of  the liver to synthesize 
proteins, which indeed occurs in ethanol-fed animals[42,43].

A third likely mechanism of  autophagic suppression 
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by ethanol is its well-documented ability to disrupt 
protein trafficking in the liver. Autophagy requires 
the action of  cytoskeletal elements, including the 
microtubules and microfilaments. Both are necessary 
for autophagosome formation and their fusion with 
other vesicular bodies, as demonstrated by blockage 
of  these processes with specific inhibitors, including 
nocadazole and vinblastine (microtubules) and the 
cytochalasins (microfilaments)[44,45]. Disruption of  
vesicular movement within the hepatocyte by ethanol 
treatment occurs by mechanisms that are independent 
of  the molecular motors, dyenin and kinesin, although 
there is evidence for alterations in the protein, 
dynamin[32]. Trafficking of  exogenous proteins into 
the hepatocyte by endocytosis[46,47] and the intracellular 
delivery of  proteases to lysosomes[31] are both inhibited 
by ethanol consumption. Furthermore, the anti-secretory 
properties of  ethanol in the liver are well documented. 
Studies with liver slices and cultured cells indicate that 
ethanol metabolism is required for disruption of  these 
protein trafficking events[48-51]. In vitro investigations 
also revealed that acetaldehyde, the initial product 
of  ethanol oxidation, inhibits the polymerization of  
tubulin to form microtubules, indicating that the reactive 
metabolite may impair protein trafficking by forming 
adducts with tubulin subunits, thereby blocking their 
polymerization into microtubules[52]. Further, the finding 
that acetaldehyde can undergo secondary reactions 
with malondialdehyde (MDA) to form more bulky 
substituents on proteins, known as malondialdehyde 
acetaldehyde adducts (MAA) with proteins, makes this 
mechanism of  autophagic suppression an attractive 
hypothesis.

ETHANOL-INDUCED ALTERATIONS IN 
CELLULAR SIGNALING: REGULATION OF 
AMP KINASE
While the foregoing mechanisms of  autophagic 
suppression by ethanol are plausible, it is likely that 
ethanol and/or its metabolites impact signaling events 
that govern the autophagic response. There have been 
significant advances in our understanding of  these 
processes at the molecular level, as recently reviewed[3]. 
Because autophagy is an energy-dependent process and 
requires ATP[53], it follows that ATP depletion naturally 
suppresses autophagy. Ethanol consumption has been 
reported to inhibit ATP production by mitochondria[54], 
in part by enhancing oxidative modification and 
inactivation of  proteins within these organelles[55]. 
However, others have reported an increased efficiency 
of  mitochondrial  oxidative phosphorylation in 
livers of  ethanol-fed animals[56], Thus, reduced ATP 
availability from mitochondria may not fully explain 
such downstream effects on autophagy. Adenosine 
monophosphate-activated protein kinase (AMPK) is a 
heterotrimeric protein that is, itself, activated by elevated 
ratios of  AMP/ATP and is a significant regulator of  a 
variety of  metabolic and signal transduction pathways, 

including autophagy. Elevated AMP/ATP ratios are 
indicators of  low intracellular energy charge. Therefore, 
when AMP activates the AMPK it generally down-
regulates energy requiring pathways and stimulates 
catabolic pathways. Interestingly, however, inhibition of  
AMPK also suppresses autophagy[57]. These findings are 
consistent with the suppression of  autophagy by ethanol 
consumption, which significantly reduces AMPK 
activity in liver[58]. Such a decline in AMPK activity 
would, in turn cause the release of  suppression of  
mTOR activity by AMPK[59], thereby permitting mTOR 
to suppress proteolysis. Conversely, AMPK activation 
suppresses mTOR, thereby allowing autophagy to 
proceed. Recent work with cultured hepatoma cells 
determined that ethanol metabolism is required for 
suppression of  AMPK phosphorylation. This occurs 
by an inactivation of  two upstream kinases, LKB-1 and 
protein kinase C-zeta. Simultaneously, ethanol exposure 
activates protein phosphatase 2A (PP2A), which causes 
dephosphorylation (and inactivation) of  AMPK[60]. The 
latter findings seem paradoxical, as AMPK is generally 
activated by reactive oxygen and nitrogen species[22,61]. 
Thus, while ethanol metabolism similarly generates 
oxidants and reactive species, including acetaldehyde, 
these molecules down-regulate upstream kinases and up-
regulate the downstream phosphatase, PP2A, resulting in 
AMPK inactivation, which, in turn, can cause autophagic 
suppression. AMPK also has an important role in 
regulating lipid metabolism and AMPK suppression 
by ethanol allows activation of  rate-limiting enzymes 
involved in lipid biosynthesis, which contribute to 
ethanol-induced fatty liver[62,63]. Figure 2 depicts the 
putative mechanisms of  autophagic suppression.

PATHOLOGICAL CONSEQUENCES OF 
AUTOPHAGIC SUPPRESSION
Protein accumulation due to ethanol-elicited decline 
in protein catabolism probably contributes to the 
formation of  Mallory Denk (M-D) bodies in liver cells. 
These inclusions are prominent histological hallmarks 
of  liver disease in alcoholics[64]. M-D bodies contain 
the cytokeratins 8 and 18 as well as ubiquitin, and p62, 
an adaptor protein. As pointed out earlier, M-D bodies 
comprise an aggresome, consisting of  filamentous 
ubiquitylated misfolded proteins that are believed 
to represent a failed attempt by the proteasome to 
degrade them. Recent evidence indicates that autophagy 
can degrade these insoluble complexes[20]. However, 
clearance of  such cellular debris is hampered by an 
ethanol-elicited suppression of  autophagy, a situation 
that may have a perilous outcome if  drinking continues.

In addition to the accumulation of  potentially toxic 
proteins, ethanol also causes mitochondrial damage. 
Changes ranging from morphologically detectable 
mitochondrial swelling, to DNA fragmentation, to 
depolarization of  the inner membrane, (commonly 
known as the mitochondrial permeability transition or 
MPT) to disruption of  mitochondrial gene products 
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as well as decreases in glutathione occur in livers of  
ethanol-fed animals[55,65-72]. It is crucial that such damaged 
organelles be removed from the cell and there is evidence 
that selective engulfment of  mitochondria (called 
mitophagy) into autophagic vacuoles occurs in cells as 
a quality control device[73-75]. Similarly, there appears to 
be rather selective autophagy of  ER components (ER-
phagy) as well as peroxisomes (pexophagy) in cells under 
conditions where there is an accumulation of  these 
organelles[76,77]. It remains to be demonstrated whether 
such selective autophagy represents actual recognition of  
damaged organelles or simply occurs because of  mass 
action due to their accumulation, however, reports show 
that the permeability transition may act as a signal for 
autophagic destruction of  the mitochondrion[74]. While 
there is no firm evidence of  ethanol-elicited suppression 
of  mitophagy, the detection of  increased numbers 
of  damaged mitochondria in livers of  ethanol-fed 
animals provides circumstantial evidence of  mitophagy 
inhibition. In this regard it is also worth noting that 
mitochondrial damage also occurs by non-oxidative 
products of  ethanol metabolism, namely fatty acid ethyl 
esters (FAEE). These condensation products between 
ethanol and fatty acids are generated enzymatically and 
have been shown to cause mitochondrial damage[78]. 
Thus a mechanism for ethanol-induced injury in 
nonhepatic tissue such as pancreas, heart and brain could 
occur by the generation of  FAEE.

CONCLUSION
This review has summarized the evidence for the 
ethanol-el icited suppression of  autophagy as a 
mechanism by which liver cells can accumulate damaged 

proteins and organelles. Suppression of  proteolysis 
in general can be lethal to cells, as normal turnover is 
disrupted and the removal of  potentially toxic proteins 
is prevented. As an organ that is sensitive to nutrients 
as well as toxins, the liver is highly active in autophagy. 
The inability to respond to depletion of  nutrient supply 
in the alcoholic state is a potentially perilous condition. 
Still, while there have been numerous investigations 
of  hepatic autophagy, the actual mechanism(s) by 
which ethanol may influence this process remain(s) to 
be conclusively determined. From this summary of  
results from our laboratory and from the literature, 
we hypothesize that ethanol consumption probably 
influences pathways upstream of  the autophagic 
process, including inhibition of  AMPK, but this awaits 
experimental confirmation. Finally, while this review has 
specifically focused on autophagy in hepatic tissue, a 
recent report indicates that ethanol exposure also slows 
autophagy in neural cells[79], indicating that this effect of  
ethanol is not exclusively liver-specific. In conclusion, 
while autophagy has been recognized for decades as an 
indispensable means of  macromolecular disposal, its 
roles in other cellular processes from differentiation to 
cell death are now being documented, thus rekindling 
new interest in this fascinating field of  investigation.
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