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Ethanol withdrawal mitigates fatty liver by normalizing lipid catabolism
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Thomes PG, Rasineni K, Yang L, Donohue TM Jr, Kubik JL,
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normalizing lipid catabolism. Am J Physiol Gastrointest Liver Physiol

316: G509–G518, 2019. First published February 4, 2019; doi:

10.1152/ajpgi.00376.2018.—We are investigating the changes in he-

patic lipid catabolism that contribute to alcohol-induced fatty liver.

Following chronic ethanol (EtOH) exposure, abstinence from alcohol

resolves steatosis. Here, we investigated the hepatocellular events that

lead to this resolution by quantifying specific catabolic parameters

that returned to control levels after EtOH was withdrawn. We hypoth-

esized that, after its chronic consumption, EtOH withdrawal reacti-

vates lipid catabolic processes that restore lipostasis. Male Wistar rats

were fed control and EtOH liquid diets for 6 wk. Randomly chosen

EtOH-fed rats were then fed control diet for 7 days. Liver triglycerides

(TG), lipid peroxides, key markers of fatty acid (FA) metabolism,

lipophagy, and autophagy were quantified. Compared with controls,

EtOH-fed rats had higher hepatic triglycerides, lipid peroxides, and

serum free fatty acids (FFA). The latter findings were associated with

higher levels of FA transporters (FATP 2, 4, and 5) but lower

quantities of peroxisome proliferator-activated receptor-� (PPAR-�),

which governs FA oxidation. EtOH-fed animals also had lower

nuclear levels of the autophagy-regulating transcription factor EB

(TFEB), associated with lower hepatic lipophagy and autophagy.

After EtOH-fed rats were refed control diet for 7 days, their serum

FFA levels and those of FATPs fell to control (normal) levels,

whereas PPAR-� levels rose to normal. Hepatic TG and malondial-

dehyde levels in EtOH-withdrawn rats declined to near control levels.

EtOH withdrawal restored nuclear TFEB content, hepatic lipophagy,

and autophagy activity to control levels. EtOH withdrawal reversed

aberrant FA metabolism and restored lysosomal function to promote

resolution of alcohol-induced fatty liver.

NEW & NOTEWORTHY Here, using an animal model, we show

mechanisms of reversal of fatty liver and injury following EtOH

withdrawal. Our data indicate that reactivation of autophagy and

lysosome function through the restoration of transcription factor EB

contribute to reversal of fatty liver and injury following EtOH with-

drawal.

ethanol; fatty acid; oxidant stress; steatosis; TFEB

INTRODUCTION

Among the many organs affected by alcohol consumption,
the liver sustains the major damage because alcohol is primar-
ily metabolized in the liver (15, 46). Alcohol is metabolized via
the cytosolic alcohol dehydrogenase (ADH) and the micro-
somal cytochrome P-450 2E1 (CYP2E1) (8, 26). Both en-
zymes oxidize alcohol to generate acetaldehyde, a highly
reactive and toxic metabolite that is further oxidized to acetate
by the mitochondrial aldehyde dehydrogenase 2 (ALDH2) (8).
CYP2E1 metabolism of alcohol also generates excess reactive
oxygen species (ROS); this is exacerbated after the enzyme is
induced by ethanol (EtOH) (8, 26). ROS produced by alcohol
metabolism react with cellular macromolecules, promoting
injury due to oxidant stress and alteration of biological function
(8, 15, 26).

One of the earliest pathophysiological changes that occur in
the liver due to alcohol consumption is the accumulation of fat
in hepatocytes (fatty liver or steatosis) (24, 35, 46). This
initiates the pathogenesis of alcoholic liver disease (ALD),
since fatty liver is considered the “first hit” of alcohol-associ-
ated liver disease (AALD), which increases the liver’s vulner-
ability to “second hit” factors such as gut-derived endotoxins
that leak through tight junctions of the gut wall and enter the
portal vein to initiate and promote hepatic inflammation and
fibrosis (46, 48). Alcoholic fatty liver disease (AFLD) is the
first stage in the spectrum of liver injury brought about by
alcohol consumption (25), and it is generally reversible with
abstinence from alcohol (43). Although accepted from a clin-
ical standpoint that abstinence from alcohol reverses AFLD
(18, 43, 45), the molecular mechanisms of recovery from
alcoholic fatty liver (AFL) remain unclear. Work from our
laboratory showed that EtOH-impaired receptor-mediated en-
docytosis could be restored to control levels in rats refed
control diet for 7 days following 5 wk of EtOH feeding (4). In
those studies we did not measure fat content or fat metabolism
to see if those parameters returned to normal. In the present
study, we took advantage of our EtOH withdrawal and refeed-
ing model to understand mechanisms that contribute to reso-
lution of AFL upon alcohol withdrawal because understanding
resolution of fatty liver is not only critical for prognosis of the
disease but also for development of targeted therapies to block
the progression to more advanced stages of liver disease.
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From extensive work carried out in rodent models (1) of
alcohol-induced liver injury, it is well established that feeding
alcohol in a liquid diet produces fatty liver and mild injury (25,
34). Findings from our laboratory indicate that chronic EtOH
exposure disrupts hepatic protein and lipid metabolism, and
trafficking, to contribute to AFL and injury in rodents (10, 13,
30, 31, 35, 50). In our more recent work we reported that
chronic EtOH exposure disrupts lipophagy, partly by reducing
lysosome motility (40) and their numbers to levels that were
inadequate to carry out lipid droplet (LD) breakdown (36).
Lipophagy is a form of autophagy that selectively degrades
LD. Its disruption contributes to hepatic steatosis (36). Here we
examined whether refeeding control diet after chronic EtOH
administration (to simulate recovery in an animal model)
reverses EtOH-induced alterations in lipid metabolism, thereby
contributing to recovery from fatty liver. We found that EtOH
withdrawal normalizes aberrant fatty acid transport and faulty
fatty acid (FA) oxidation and restores cellular degradation
machinery, including lysosomal hydrolases and the protea-
some, thereby attenuating EtOH-induced fatty liver and injury.

MATERIALS AND METHODS

Reagents. Antibodies to GAPDH and �-actin were from Millipore
Sigma (Burlington, MA). Microtubule-associated protein-1 light
chain 3B antibody was from Cell Signaling Technology (Danvers,
MA). Anti-P62/sequestosome-1 was purchased from Medical and
Biological Laboratories. We obtained peroxisome proliferator-acti-
vated receptor-� (PPAR-�) antibody from Santa Cruz (Dallas, TX).
Anti-fatty acid-binding protein (FABP4) and anti-cluster of differen-
tiation 36 (CD36) were from Novus Biologicals (Littleton, CO).
Anti-fatty acid transporter (FATP) 2 and anti-FATP-5 were from
Mybiosource (San Diego, CA) and Biorbyt (San Francisco, CA),
respectively. We purchased histone 3 (H3) antibody from Invitrogen
(Carlsbard, CA). Anti-ADH was a gift from Dr. Michael Felder,
University of South Carolina. Anti-transcription factor EB (TFEB)
was purchased from Bethyl Laboratories (Montgomery, TX). Anti-
CYP2E1 was from Calbiochem. We purchased protease inhibitor
cocktail, the proteasome substrate N-succinyl-L-leucyl-L-leucyl-L-va-
lyl-L-tyrosyl-7-amino-4-methyl-coumarin, and other specialized re-
agents from Sigma (St. Louis, MO).

Animal treatments. All protocols were approved by the Institutional
Animal Care and Use Committee at the Veterans’ Affairs Nebraska,
Western Iowa Health Care System Research Service. We followed the
eighth edition of the Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health. Male Wistar
rats weighing 175–200 g, purchased from Charles River Laboratories
(Portage, MI), were weight matched and fed control or EtOH-con-
taining Lieber-DeCarli diets for 6 wk (36). Next, randomly chosen
EtOH-fed rats were gradually weaned from the EtOH diet to avoid
withdrawal symptoms. On day 1 of weaning, rats were given two parts
of EtOH diet plus one part of control diet. On day 2, we fed rats with
equal parts of EtOH and control diets. From days 3 to 7, we fed
EtOH-free control diet as described previously (4). At euthanize rats,

we collected blood from the axillary artery. Following exsanguination
and pneumothorax, the liver of each animal was removed, a portion
was homogenized, and the homogenate was subjected to subcellular
fractionation, as described (13). Hepatic nuclear fractions were pre-
pared as detailed (29), and the relative purity of nuclear and cytosolic
fractions was determined by the amounts of marker proteins, histone
3 for nuclear fractions and GAPDH for cytosolic fractions.

Serum analyses. The clinical laboratory at the Omaha Veterans
Affairs Medical Center performed automated measurements of ala-
nine transaminase and aspartate transaminase activities in rat sera. We
measured the levels of nonesterified fatty acids (NEFA) in sera, using
a colorimetric assay from Cell Biolabs (San Diego, CA).

Proteasome, lysosomal cathepsins, and lysosomal acid lipase

assays. The chymotrypsin-like activity of the proteasome and activi-
ties of cathepsins B and L were assayed fluorometrically, as previ-
ously published (47). Lysosomal acid lipase (LAL) activity was
measured after incubating tissue homogenates with the fluorogenic
substrate 4-methylumbelliferone as described earlier.

RNA isolation and real-time PCR. Total RNA, isolated from liver
pieces using the Pure Link RNA mini kit (Invitrogen, Frederick, MD),
was reverse transcribed using Taqman reverse transcription reagents
(Applied Biosystems) to generate cDNAs. mRNA levels were quan-
tified from amplified cDNA samples using PCR master mix, specific
primers, and SYBR green as the fluorescent marker. Primers used for
PCR are listed in Table 1. Relative mRNA levels were normalized to
RNA encoding �-actin.

Hepatic triglycerides. Preweighed frozen liver pieces were sub-
jected to total lipid extraction (17). The filtered lipid extracts were
saponified to quantify triglycerides using Thermo DMA reagent
(Thermo Electron, Middletown, VA). Results were calculated as
milligram triglyceride using a triolein standard and normalized per
gram of liver.

Lipid peroxidation. Crude liver homogenates were used to measure
lipid peroxides as thiobarbituric acid reactive substances (TBARS),
using a previously published procedure (3a). Malondialdehyde
(MDA) was used as the standard, and results are reported as MDA
equivalents per gram liver.

LD isolation. LDs from crude liver extracts were purified by
gradient centrifugation as described earlier (21). Briefly, postnuclear
supernatant (PNS) fractions of liver homogenates were subjected to
discontinuous sucrose gradient to collect the white band (LD fraction)
at the top of the gradient. The latter band corresponding to LDs was
further purified by additional centrifugation and washing steps as
described (37). LD-enriched fractions were suspended in TE buffer
for Western blot analysis.

Detection of proteins on Western blots. Protein samples were
separated under denaturing conditions on SDS-polyacrylamide mini-
gels and transferred to nitrocellulose membranes. The membranes
were incubated overnight with primary antibodies at 4°C. After being
washed, membranes were incubated with secondary antibodies con-
jugated to green or red infrared dye for 1 h. Proteins were detected
using the Odyssey infrared imaging system. We quantified protein
band densities with Li-Cor analysis software.

Statistical analysis. Data are expressed as means � SE. We deter-
mined statistical significance between groups by one-way analysis of

Table 1. Primer sets used for detection of mRNAs encoding proteins that regulate fatty acid metabolism

Gene Forward Primer 5=–3= Reverse Primer 5=–3=

CD36 AACCCAGAGGAAGTGGCAAAG GACAGTGAAGGCTCAAAGATGG

FABP-4 GTAGAA GGGGAC TTGGTCGTC GCC TTTCATGACACA TTCCAC

FATP-2 TGACGATCACACA GGAA GGA CCA GAAA TCTCTCGGACA GC

FATP-5 TTACCC TCGACAACAACAACC CTTCCC GTCC TTCA GTTTTCT

PPAR-� GTCCTCTGGTTGTCCCCTTG GTCAGTTCACAGGGAAGGCA

CD36, cluster of differentiation 36; FABP-4, fatty acid-binding protein-4; FATP, fatty acid transporter; PPAR-�, peroxisome proliferator-activated receptor-�.
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variance (ANOVA), using a Newman-Keuls post hoc analysis. A P
value � 0.05 was considered statistically significant.

RESULTS

EtOH withdrawal alleviated EtOH-induced oxidant stress
and injury. We sought to identify liver parameters that would
return to normal after EtOH withdrawal in rats chronically fed
EtOH for 6 wk. We observed initial signs of resolution of liver
injury, including reductions in serum alanine transaminase

(ALT) and aspartate transaminase (AST) activities and liver

triglycerides as early as 2 and 3 days of feeding control diet

following EtOH withdrawal (data not shown). However, we

found that 7 days of feeding control diet following EtOH

withdrawal (hereafter referred to as “7-day refed”) is necessary

to achieve significant reversal of the parameters associated

with liver pathology. Here, we describe all parameters that

partially or completely returned to control levels after 7 days of

EtOH withdrawal. Feeding the control or EtOH diet or refeed-
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Control EtOH 7 day refed

ADH

β-actin

CYP2E1

Control Ethanol 7 day refedG

Fig. 1. Ethanol (EtOH) withdrawal alleviated EtOH-induced liver pathologies. Representative Western blot (A) and densitometric quantification of cytochrome
P-450 2E1 (CYP2E1, B) and alcohol dehydrogenase (ADH, C) in liver homogenates. Hepatic lipid peroxides (D), serum alanine transaminase (ALT, E) and
aspartate transaminase (AST, F), and hematoxylin and eosin (H&E)-stained paraffin section images obtained by light microscopy (G), serum nonesterified fatty
acids (NEFA) levels (H), and liver triglycerides (I) in the livers of rats treated as indicated in the abscissa. Data are means � SE of 6–25 animals/group. Bars
with different letters are significantly different. Bars with the same letter are not significantly different, P � 0.05.
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ing the control diet following EtOH withdrawal did not alter
body weights among the three groups (control � 380 � 8 g;
EtOH fed � 355 � 11 g; 7-day refed � 372 � 43 g). The
relative liver weight (expressed as g/100 g body wt) was signifi-
cantly higher in EtOH-fed animals than controls. EtOH with-
drawal for 7 days did not significantly affect the relative liver
weight of rats previously fed EtOH (control � 3.1 � 0.08; EtOH
fed � 4.0 � 0.11; 7-day refed � 3.9 � 0.1, P � 0.0004). Hepatic
protein content per 100 g body weight in EtOH-fed rats was
significantly higher than that of pair-fed controls. EtOH with-
drawal caused a partial decline in liver protein content (expressed
as mg protein/100 g body wt) that had been elevated by EtOH
feeding (control � 637 � 30; EtOH fed � 829 � 24; 7-day
refed � 743 � 33, P � 0.0002, ANOVA). However, liver protein
content in EtOH-withdrawn animals was still significantly higher
than pair-fed controls after 7 days of refeeding.

Compared with pair-fed controls, EtOH-fed rats exhibited
mild liver injury as judged by higher activities of ALT and
AST in their sera (Fig. 1). Both enzyme activities returned to
control (ALT) or near control levels (AST) after EtOH with-
drawal and refeeding control diet for 7 days. Compared with
control animals, the contents of the major EtOH-metabolizing
enzymes CYP2E1 and ADH were induced by 50 and 18%,
respectively, in livers of EtOH-fed rats (Fig. 1, A–C), suggest-
ing an acceleration of EtOH oxidation. Indeed, the latter
inductions were associated with a 30% elevation in the levels
of lipid peroxides, measured as MDA, an index of oxidant
stress (Fig. 1D). EtOH withdrawal and refeeding returned
ADH and CYP2E1 to control levels, with a concomitant
decline in hepatic lipid peroxides (Fig. 1D).

EtOH withdrawal attenuated hepatic fat accumulation. He-
patic fat accumulation, indicated by triglyceride levels, was

2.6-fold higher in livers of EtOH-fed rats than in pair-fed
controls (Fig 1I). This was verified histologically in liver
sections of EtOH-fed rats, clearly showing accumulation of
LDs (Fig. 1G). We further detected 1.8-fold higher levels of
NEFA in the sera of EtOH-fed rats. NEFAs are known to
exacerbate EtOH-induced fatty liver, by their accelerated trans-
port in liver cells and reesterification into triglycerides. EtOH
withdrawal and refeeding control diet completely normalized
serum NEFA levels to those of control animals (Fig. 1H),
whereas in 7-day refed rats it only partially reversed liver
triglycerides, which remained significantly higher than in pair-
fed controls (Fig. 1I).

EtOH withdrawal normalizes the levels of signaling proteins
that regulate hepatic fatty acid trafficking and oxidation. Se-
rum free fatty acids taken up by the liver contribute to hepatic
fat accumulation (55). Here we determined whether there is a
corresponding increase in the levels of proteins involved in
hepatocellular fatty acid uptake and trafficking in response to
elevated serum NEFA levels induced by EtOH feeding (Fig.
1H). To this end, we measured the mRNA and protein levels of
CD36, FABP-4, and fatty acid transport proteins FATP-2 and
FATP-5. Each of these participates in fat metabolism by
facilitating cellular fatty acid uptake and esterification with
glycerol, thereby playing key roles in the development of fatty
liver disease. EtOH feeding simultaneously elevated both the
mRNA and the contents of all the aforementioned FA uptake
and transport proteins (Figs. 2 and 3). However, when EtOH
was withdrawn and replaced with control diet, the aforemen-
tioned mRNAs and the proteins they encode all returned to
control levels (Figs. 2 and 3). The mRNA and protein levels of
the transcription factor PPAR-�, which regulates genes encod-
ing enzymes of fatty acid oxidation, were downregulated more

A B C

D E

Fig. 2. Ethanol (EtOH) withdrawal normalized mRNA levels of proteins involved in fatty acid uptake, trafficking, and oxidation. mRNA levels of cluster of
differentiation 36 (CD36, A) fatty acid-binding protein (FABP)-4 (B), fatty acid transporter (FATP)-2 (C), FATP-5 (D), and peroxisome proliferator-activated
receptor-� (PPAR-�, E) in livers of rats treated as indicated in the abscissa. Data are means � SE of 6–12 animals/group. Bars with different letters are
significantly different. Bars with the same letter are not significantly different, P � 0.05.
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than twofold in livers of EtOH-fed rats. EtOH withdrawal and
refeeding control diet restored the mRNA and protein levels of
PPAR-� to control levels (Figs. 2E and 3J).

EtOH withdrawal normalizes hepatic autophagy and pro-
teasome activities. Autophagy and the ubiquitin proteasome
system (UPS) are cellular macromolecule, organelle, and pro-
tein degradative pathways both capable of removing damaged
organelles, excess LDs, damaged proteins, and protein aggre-
gates (12, 33). Compared with livers of pair-fed controls,
chronic EtOH feeding increased the hepatic levels of microtu-
bule-associated protein 1 light chain 3 II (LC3-II), a marker of
autophagosomes, which sequester and deliver cytoplasmic
cargo to lysosomes for degradation (Fig. 4, A and B). The
increase in hepatic LC3-II levels occurred simultaneously with
an EtOH-induced rise in P62 (sequestosome-1) protein, an
autophagic adapter protein that is degraded along with au-
tophagic vacuole cargo during autophagy activation (Fig. 4, C
and D) (22, 47, 50). The nuclear levels of TFEB, which
activates genes involved in autophagy, lysosome, and mito-
chondrial biogenesis, were downregulated by EtOH exposure.
Compared with controls, the mRNA encoding TFEB was also
twofold lower in livers of EtOH-fed rats (see below). The
protein levels of TFEB in the cytoplasm, which is the inactive
form of TFEB, were significantly higher in the livers of
EtOH-fed rats (see below). The transcriptionally active form of
TFEB, measured in the nuclear compartment, revealed that,
compared with pair-fed controls, chronic EtOH feeding re-

duced nuclear TFEB by threefold (Fig. 4, E and F). However,
7-day refeeding restored TFEB mRNA to near control levels
(relative quantification: pair-fed control � 1 � 0; EtOH fed �
0.5 � 0.04; 7-day refed � 0.86 � 0.1, P � 0.001). Nuclear
TFEB protein levels were elevated by threefold (Fig. 4 E and
F), and the levels of cytosolic (inactive) TFEB protein fell by
1.8-fold (pair fed � 1.48 � 0.08; EtOH � 2.7 � 0.77; 7-day
refed � 1.5 � 0.13, P � 0.01). When we calculated the nucle-
ar-to-cytosolic ratio of TFEB, which we found to be a reliable
indicator of autophagy activity in a mouse model (50), we
found that 7-day refeeding restored this ratio to control (nor-
mal) levels (pair fed � 0.8 � 0.07; EtOH � 0.25 � 0.05;
7-day refed � 0.9 � 0.1, P � 0.01). The restoration of TFEB
was accompanied by normalization of the activities of selected
lysosomal proteinases, cathepsins B and L, and the lysosomal
acid lipase, a LD hydrolase. All three enzymes declined sig-
nificantly in activity after chronic EtOH feeding (Fig. 4, H–J).
After 7-day refeeding, the activities of all three enzymes were
restored to control levels (Fig. 4, H–J).

Furthermore, as we have reported before (50, 51), chronic
EtOH feeding decreased the chymotrypsin-like activity of the
proteasome by 40% in livers of EtOH-fed rats compared with
controls. This EtOH-induced decline was completely reversed
by 7-day refeeding (Fig. 4G).

EtOH withdrawal alleviates the accumulation of autophagy
machinery on LDs. To determine autophagic targeting of LDs,
we quantified markers of autophagy in LDs isolated from the
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Fig. 3. Ethanol (EtOH) withdrawal normalized proteins involved in fatty acid uptake, trafficking, and oxidation. Representative Western blot and densitometric
quantification of cluster of differentiation 36 (CD36) in total homogenates (A and B), fatty acid-binding protein (FABP)-4 (C and D), fatty acid transporter
(FATP)-2 (E and F), FATP-5 (G and H), and peroxisome proliferator-activated receptor-� (PPAR-�, I and J) in postnuclear supernatants made from liver
homogenates of rats treated as indicated in the abscissa. Data are means � SE of 6–8 animals/group. Bars with different letters are significantly different. Bars
with the same letter are not significantly different, P � 0.05.
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livers of control, EtOH, and 7-day refed animals. We quanti-
fied the levels of autophagosomes (LC3-II) and P62, and LD
protein perilipin-3 (PLIN-3), that tend to accumulate on LDs
due to a slowdown in autophagic degradation of LDs (21).
Compared with pair-fed controls, LDs isolated from EtOH-fed
rats exhibited a 2.2- and a 1.4-fold increase in LC3-II and P62
levels, respectively. However, EtOH withdrawal and refeeding
the control diet for 7 days completely reversed this effect of
EtOH on autophagy markers. Similarly, PLIN-3 levels that
were induced 2.8-fold following EtOH exposure were also
reversed to control levels upon 7-day refeeding (Fig. 5).

DISCUSSION

About 90% of people with alcohol use disorders (AUD)
develop fatty liver (28), which is a risk factor for progression
to advanced stages of ALD and occurs early in the onset of
ALD (19). Currently, there are no established or effective Food
and Drug Administration-approved drugs to treat ALD (2, 53).

Abstinence from alcohol is the only option that reliably re-
verses alcohol-induced steatosis (43). The cessation of alcohol
consumption also ceases EtOH metabolism. This is important
because, to date, most, if not all, EtOH-induced disruptions
reported in liver, including steatosis, require EtOH oxidation
(5, 6, 26). Here, 7 days after EtOH administration (and its
metabolism) ceased upon refeeding control diet, circulating
free fatty acids (FFAs) and their liver transporters were re-
duced to normal. Both were accompanied by a restoration of
hepatoprotective autophagy to mitigate EtOH-induced fatty
liver and subsequent injury.

Fat accumulation and mild liver injury are now predict-
able consequences of feeding rodents the Lieber-DeCarli
EtOH liquid diet (1). We and others reported that EtOH
metabolism plays a crucial role in inducing the aforemen-
tioned hallmark features of ALD in EtOH-fed rodents (5, 14,
49, 50). Here, EtOH withdrawal and refeeding the control
diet for 7 days normalized the induced levels of ADH and
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Fig. 4. Nuclear transcription factor EB (TFEB) levels and hepatic autophagy are restored following ethanol withdrawal and 7-day refeeding. Representative
Western blot and densitometric quantification of microtubule-associated protein 1 light chain 3 II (LC3-II, A and B) and P62 (C and D) in postnuclear
supernatants. E and F: TFEB levels in cytosol and nuclear fractions. Chymotrypsin-like proteasome activity (G), specific activities of lysosomal hydrolases
cathepsin L (H), cathepsin B (I), and lysosomal acid lipase (J) in postnuclear supernatants made from liver homogenates of rats treated as indicated in the abscissa.
Data are means � SE of 6–8 animals/group. Bars with different letters are significantly different. Bars with the same letter are not significantly different, P �

0.05.
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CYP2E1, thereby decreasing the generation of lipid perox-
ides (Fig. 1D). The latter reactive oxygen species are gen-
erated by secondary reactions of unsaturated fatty acids with
oxygen radicals generated by induced levels of CYP2E1,
causing hepatocyte damage (14) and release of hepatocel-
lular ALT and AST in plasma (14).

One of the major mechanisms that contributes to fatty liver
development is the uptake by the liver of circulating FFA
derived from EtOH-induced lipolysis in adipose tissue (55).
FFA uptake by hepatocytes is facilitated and regulated by a set
of transporter proteins (3, 20, 55). Here, EtOH feeding caused
a rise in circulating FFA levels (Fig. 1H) and a corresponding

adaptive increase in the contents of CD36, FABP4, FATP-2,
and FATP-5 (Fig. 3), all of which participate in FA uptake and
their subsequent condensation with glycerol, producing trig-
lycerides that are incorporated into LDs (3, 11, 20). The
EtOH-induced elevation in circulating FFAs was exacerbated
by a concomitant downregulation of PPAR-� (Fig. 3, I and J),
which regulates genes involved in fatty acid oxidation (16).
After EtOH was withdrawn, 7-day refeeding likely normalized
adipocyte lipolysis, thereby decreasing circulating FFAs (Fig.
1H). This was further associated with a corresponding reduc-
tion in hepatic FA uptake proteins (Fig. 3, A–H) and a resto-
ration to normal of PPAR-� (Fig. 3, I and J), allowing FA
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Fig. 6. Proposed mechanism by which ethanol
(EtOH) withdrawal alleviates EtOH-induced liver in-
jury. Chronic EtOH feeding induces adipose tissue
lipolysis, which generates elevated levels of circulat-
ing free fatty acids (FFAs). The latter are taken up by
the liver through fatty acid (FA) uptake proteins,
including cluster of differentiation 36 (CD36) and
fatty acid transporters (FATPs) and incorporated into
lipid droplets with the help of fatty acid-binding
proteins (FABPs) to induce fat accumulation (steato-
sis). EtOH exposure also impedes the nuclear local-
ization of transcription factor EB (TFEB), thereby
disrupting hepatocyte autophagy. Such disruption
causes accumulation of undegraded proteins and lip-
ids. We hypothesize that EtOH withdrawal halts
adipose tissue lipolysis (“???”), thereby normalizing
circulating FFA levels, and their uptake into hepato-
cytes. This reversal of FA accumulation accompanies
restoration of nuclear TFEB to normal, which in turn
restores lysosomal functions, allowing normal degra-
dation of accumulated hepatic proteins and lipids to
restore proteostasis and lipostasis. Short thick arrows,
increase due to EtOH exposure; black arrows, acti-
vation or a subsequent pathway step; cross bars,
inhibition; question mark, “further investigations
required.”
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of rats treated as indicated in the abscissa. Data are means � SE of 6–8 animals/group. Bars with different letters are significantly different. Bars with the same
letter are not significantly different, P � 0.05.
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oxidation to resume normally. Both of these partially alleviated
EtOH-induced fat accumulation (Fig. 1, G and I). Interestingly,
although EtOH withdrawal promoted fat utilization, it did not
completely reverse EtOH-induced fatty liver (Fig. 1I), proba-
bly because the amount of residual fat (and protein) in livers of
EtOH-fed rats overwhelmed the degradation and subsequent
oxidation systems, requiring a longer recovery period to com-
pletely reverse fatty liver.

The lysosome-dependent autophagy pathway has received
considerable attention in recent years due to its importance in
maintaining liver homeostasis (9, 38, 52). It is likely that
autophagic breakdown of LDs was partly responsible for the
attenuation of fatty liver following EtOH withdrawal. We and
others showed that chronic EtOH feeding to mice inhibits
hepatic lipophagy (36, 39, 40) and macroautophagy (i.e., au-
tophagy) (7, 23, 32, 47, 50), causing lipid and protein accu-
mulation, and cellular stress, while restoration of hepatic au-
tophagy/lipophagy alleviates EtOH-induced liver pathologies
(27). In other recent work on EtOH regulation of autophagy
and lipophagy, we have shown that chronic EtOH feeding
impedes the nuclear localization of TFEB (50) to downregulate
de novo lysosome biogenesis and simultaneously cause accu-
mulation of the autophagic adapter protein P62 on LDs (36),
indicating a block in lipophagy of LDs marked by P62 for
degradation, owing in part to inadequate levels of lysosomes
for LD breakdown (36, 50). Here, we show that chronic EtOH
feeding to rats similarly disrupted the nuclear localization of
TFEB and enriched its content in the cytoplasm (Fig. 4, E and
F). We propose that the EtOH-induced downregulation of
proteasome activity reported here (Fig. 4G) results in a failure
to degrade the inactive cytosolic (and phosphorylated) form of
TFEB (44), leading to its cytosolic accumulation in that com-
partment (50). Disruption of TFEB nuclear localization was
further accompanied by a downregulation of lysosomal pro-
teolytic and lipolytic activity (Fig. 4, H–J), with a simultaneous
accumulation of autophagosomes (LC3-II) and of the au-
tophagic adapter protein P62 both in whole liver and on
isolated LDs (Fig. 4, A–D and Fig. 5, A–C), all indicating a
downregulation of autophagy and its participation in lipid
metabolism (36, 50) in livers of EtOH-fed rats. In contrast,
EtOH withdrawal restored TFEB nuclear localization (Fig. 4, E
and F), normalized proteasome activity (Fig. 4G), and reversed
EtOH-induced accumulation of autophagosomes and P62 pro-
tein content in the whole liver (Fig. 4, A–D) and on LD
fractions (Fig. 5, A–C), indicating normalization of hepatic
autophagy. Importantly, restoration of TFEB in the nuclear
compartment restored lysosomal proteolytic and acid lipase
activities (Fig. 4, H–J), which was further associated with a
partial reversal of EtOH-induced hepatic protein and triglyc-
eride accumulation to suggest that restoration of autophagy and
lysosome hydrolase activity likely allowed normal resumption
of proteolysis and lipid metabolism after EtOH withdrawal.
Although all of our data indicate that EtOH withdrawal re-
stored lysosomal function to alleviate steatosis, it is plausible
that EtOH withdrawal also restored lipolysis, which partially
contributed to attenuation of steatosis because LD catabolism
occurs through the coordinated cross talk between lipolysis and
lipophagy (21, 41, 54). The involvement of lysosomal partic-
ipation in LD catabolism is further confirmed by our finding
that 7-day refeeding reversed EtOH-induced levels of LD
membrane protein PLIN-3 (Fig. 5, D and E), which upon its

stabilization protects the LDs from degradation through lipol-
ysis and lipophagy (21, 42). PLIN-3 is a substrate of chaper-
one-mediated autophagy (21, 42), which is the uptake and
degradation directly by lysosomes of selected subsets of pro-
teins like PLIN-3, which contains a KFERQ-like pentapeptide
sequence (21, 42). Such degradation is executed by chaperone-
mediated autophagy-positive lysosomes, which express both
heat shock cognate 70 and lysosome-associated membrane
protein 2A on the lysosomal membrane, that facilitate substrate
entry and their degradation (21, 42). Collectively these findings
suggest that EtOH withdrawal promoted LD catabolism
through the lysosomal pathway.

In summary, by quantifying specific catabolic parameters
that returned to normal (control) levels following EtOH with-
drawal, we found that EtOH withdrawal attenuated fatty liver
predominantly by reactivating autophagy and lysosomal func-
tion. Our findings suggest that these mechanisms that allevi-
ated EtOH-induced fatty liver (Fig. 6) are hepatoprotective and
that targeting these pathways may benefit the management
and/or prevention of advanced stages of liver injury, including
steatohepatitis and fibrosis. Importantly, treatment with phar-
macological agents that promote hepatocyte autophagy may
accelerate reversal of liver injury following EtOH withdrawal.
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